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Abstract: Myeloid cells such as monocytes, dendritic cells (DC) and macrophages (MΦ) are key
components of the innate immune system contributing to the maintenance of tissue homeostasis and
the development/resolution of immune responses to pathogens. Monocytes and DC, circulating
in the blood or infiltrating various lymphoid and non-lymphoid tissues, are derived from distinct
bone marrow precursors and are typically short lived. Conversely, recent studies revealed that
subsets of tissue resident MΦ are long-lived as they originate from embryonic/fetal precursors
that have the ability to self-renew during the life of an individual. Pathogens such as the human
immunodeficiency virus type 1 (HIV-1) highjack the functions of myeloid cells for viral replication
(e.g., MΦ) or distal dissemination and cell-to-cell transmission (e.g., DC). Although the long-term
persistence of HIV reservoirs in CD4+ T-cells during viral suppressive antiretroviral therapy (ART) is
well documented, the ability of myeloid cells to harbor replication competent viral reservoirs is still a
matter of debate. This review summarizes the current knowledge on the biology of monocytes and
DC during homeostasis and in the context of HIV-1 infection and highlights the importance of future
studies on long-lived resident MΦ to HIV persistence in ART-treated patients.
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1. Introduction

Cells of the innate immune system, such as myeloid cells (e.g., monocytes, macrophages (MΦ)
and dendritic cells (DC)), contribute to the first line of defense against pathogens. Monocytes and
DC originate from specific hematopoietic precursors in the bone marrow [1–4]. When homeostasis
is perturbed, monocytes recruited at sites of inflammation give rise to distinct subsets of DC that
will be able to rapidly stimulate effector T-lymphocytes. DC allow the early response against a
particular pathogen to be translated into memory response with the activation of the adaptive
immune system. HIV-1 exploits the features of monocytes and DC for its own replicative advantage.
Although HIV-1 mainly infects CD4+ T lymphocytes, it also replicates in myeloid cells in various
tissues [5,6]. Whether myeloid cells represent cellular reservoir for HIV remains highly controversial
since no current studies have established viral persistence in myeloid cells of infected individuals
after sustained control of viral replication using ART. Herein, we review the current knowledge on the
biology of monocytes and DC as well as their contribution to HIV pathogenesis.

2. Monocytes Are Precursors for Macrophages (MΦ) and Dendritic Cells (DC)

Monocytes are bone marrow-derived mononuclear phagocyte cells that circulate in the blood
for few hours/days before being recruited into tissues [7,8]. The expression of various chemokine
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receptors and cell adhesion molecules at their surface allows them to exit the bone marrow into the
blood and to be subsequently recruited from the blood into tissues [9,10]. Monocytes are present in all
vertebrates [11]. A similar population has been detected in fly haemolymph [12]. Monocytes represent
approximately 10% and 4% of leukocytes in the human and mice peripheral blood, respectively, with a
considerable pool located in the spleen and lungs, as well as homing into inflammatory sites in response
to specific chemokines [11]. Monocytes belong to the innate arm of the immune system providing
responses against viral, bacterial, fungal or parasitic infections [10,13]. Their functions include the
killing of pathogens via phagocytosis, the production of reactive oxygen species (ROS), nitric oxide
(NO), myeloperoxidase and inflammatory cytokines [13]. Under specific conditions, monocytes can
stimulate or inhibit T-cell responses during cancer as well as infectious and autoimmune diseases.
They are also involved in tissue repair and neovascularization [14].

Monocytes exhibit well-established developmental plasticity as they differentiate into MΦ, DC,
or osteoclasts, depending on the inflammatory milieu [15,16]. Monocytes were originally considered
the only precursors for MΦ and DC [9,11,17,18]. However, it is now well established that specific
subsets of DC directly originate from bone marrow progenitors that are maintained independently
of monocytes [2]. Also, most recent evidence demonstrated the existence of tissue resident MΦ of
embryonic/fetal origin, with local precursors able to self-renew [3,19]; they include skin Langerhans
cells [20]; liver Kupffer cells [21]; as well as peritoneal [22]; arterial [23] and brain MΦ [24]. The pool of
resident MΦ coexists with the pool of monocyte-derived MΦ and the proportion between these
two pools vary from homeostasis to inflammation and tissue injury [25]. For example, in the
brain, microglia can be generated from monocytes under specific conditions when brain tissues
are damaged [26]. Also, monocytes contribute to the replenishment of cardiac MΦ following local
inflammation [27]. In contrast, in the intestine, the majority of MΦ and DC derive from blood
monocytes that are continuously replenished [11]. These new insights in the ontogeny of myeloid cells
may have profound implication for understanding disease pathogenesis and optimizing treatment.

Of particular importance, at steady state, monocytes traffic into tissues, capture antigens and
return into the blood stream while retaining their “monocyte” phenotype [28,29]. This may explain the
transcriptional and functional heterogeneity of monocyte subsets in the blood, subsets that represent
distinct stages of differentiation [8,30–32].

3. Heterogeneity of Blood Monocytes

Monocytes are the largest cells in the normal peripheral blood (14–20 µm diameter); they
have particular morphology features that include an irregular cell shape, a nucleus with oval or
kidney-like shape, cytoplasmic vesicles and a high nucleus to cytoplasm ratio (approximately 3:1) [33].
The original identification of monocytes was based on their morphology and cytochemistry, since
monocytes are difficult to differentiate from blood DC, activated lymphocytes, or NK cells based on
microscopic morphology only. The advances in flow cytometry allowed the proper identification of
monocytes using size/granularity features and the expression of specific markers [34]. Flow cytometry
also provided knowledge on the heterogeneity of the monocyte population. Human monocytes
are now classified into three subtypes based on the differential expression of CD14 and CD16:
classical CD14++CD16− (also referred as CD14+ or CD14+CD16−), intermediate CD14++CD16+
(also referred as CD14+CD16+ or CD14+CD16int/low) and non-classical CD14+CD16++ (also referred
as CD14LowCD16+ or CD14dimCD16+) monocytes [11,33,35,36] (Figure 1). The main marker of
human monocytes, CD14, is a glycoprotein and myelomonocytic differentiation antigen that functions
as an accessory protein to toll-like receptor (TLR)-4 [37,38]. The CD16 (or the Fcγ receptor III)
is a molecule of the Ig superfamily that is implicated in antibody-dependent T-cell cytotoxicity
(ADCC) [37]. Originally, CD16 was reported to be expressed on NK cells and trigger target T-cell
lysis [39]. In addition, CD16 is expressed on MΦ and neutrophils where it is involved in the uptake and
clearance of antibody-opsonized pathogens [37]. The classical CD16− and intermediate/non-classical
CD16+ monocytes represent ~90% and 10% of total monocytes, respectively [7,40]. Until the discovery
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of CD16+ monocytes in 1989 [34], monocytes were viewed as a homogeneous population [35].
Very recent studies elucidated the sequential differentiation and lifespan of human monocyte subsets
and demonstrated that classical monocytes egress from the bone marrow into the blood stream
where they give raise to intermediate monocytes that subsequently differentiate into non-classical
monocytes [8].
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Figure 1. Human monocytes are classified into three subtypes based on the differential
expression of CD14 and CD16: classical CD14++CD16− (also referred as CD14+ or CD14+CD16−),
intermediate CD14++CD16+ (also referred as CD14+CD16+ or CD14+CD16int/low) and non-classical
CD14+CD16++ (also referred as CD14LowCD16+ or CD14dimCD16+) monocytes.

For several years, the mechanisms regulating recruitment of CD16+ monocytes into the tissues
where elusive; therefore, their functional role in inflammation and immunity was poorly understood.
Indeed, it was reported that CD16− but not CD16+ monocytes expressed the MCP-1/CCL2 receptor
CCR2 [41], known to be a major regulator of monocyte trafficking [42]. In 2003, studies by our
group [43] and by Geissmann et al. [44] independently identified the fractalkine/CX3CL1 receptor
CX3CR1 as a major regulator of CD16+ monocyte trafficking. Of note, CX3CR1 levels are higher on
non-classical compared to intermediate monocytes, while classical monocytes expressed CCR2 and
low/undetectable levels of CX3CR1 [43]. The CD16+CX3CR1+ monocytes migrate in response to
soluble CX3CL1 but also attach under shear stress conditions to the CX3CL1 expressed on the surface
of inflamed endothelial cells [43,45]. This interaction leads to the production of pro-inflammatory
cytokines thus explaining the involvement of CD16+ monocytes in the pathogenesis of multiple
diseases [46]. Subsequent genome-wide analysis of gene expression confirmed the preferential
expression of CX3CR1 and CCR2 in CD16+ and CD16− monocytes, respectively [30]. All these findings
opened the path for major advances in the field of monocyte biology and disease pathogenesis [17].
It is now well-established that monocytes subsets exhibit unique features. Classical monocytes express
high levels of CCR2, CD62L, CD11b and TLR-4 with low levels of CX3CR1 [15,33]. In addition,
a meta-analysis merging several transcriptional studies on monocyte subsets indicate that classical
monocytes highly express low-density lipoprotein receptor (LDLR), scavenger receptor class B type-1
(SCARB1) and Stabilin-1 (STAB1) genes that may make the classical monocytes efficient scavenging
cells [15,30]. Classical compared to intermediate and non-classical monocytes exhibit superior
phagocytic and myeloperoxidase activities [33]. They also release heightened levels of superoxide.
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Non-classical monocytes are less granular, express high levels of the chemokine receptors CX3CR1
and CXCR4, the activation molecules HLA-DR and Lymphocyte function-associated antigen 1 (LFA-1),
with low to undetectable levels of CCR2 and CD11b [35,41,43,47]. The differential expression of
chemokine receptors suggests that classical and non-classical monocytes are recruited into distinct
anatomical locations. In contrast to classical monocytes, non-classical monocytes produce very high
amounts of TNF-α [48,49]. Non-classical monocytes appear to represent a more advanced stage of
monocytes differentiation as they express transcripts typical for MΦ and DC [30]. Also, a transcription
network meta-analysis suggested that non-classical monocytes are highly migratory cells since they
exhibit elevated expression of genes involved in the cytoskeletal dynamic [15]. The expression of CD16
itself makes the non-classical monocytes a unique population. CD16 is known to activate the negative
regulators of the TLR-MyD88-dependent pathway, rendering monocytes tolerant to sepsis [50].

Within the pool of CD16+ monocytes, the monoclonal antibodies M-DC8 bind to non-classical
CD14+CD16++ monocytes and distinguish these cells from the intermediate CD14++CD16+
monocytes [51,52]. It was found that the M-DC8 antibodies (Abs) recognize the 6-sulfo LacNAc
(SLAN) epitope [53], a carbohydrate modification of the P-selectin glycoprotein ligand 1 (PSGL-1)
or CD162) [54,55]. The M-DC8+ population represents up to 40% of the non-classical monocytes.
Of note, the highest production of TNF-α was detected in the M-DC8+ fraction within the non-classical
monocytes following LPS stimulation [56]. Although non-classical CD14+CD16++ monocytes represent
a small fraction of the total monocyte population in healthy individuals, this subset is significantly
expanded in the blood of individuals with inflammatory conditions [33,35]. Excessive exercise and
stress also leads to increased numbers of non-classical monocytes in the peripheral blood [57]. It is
now well accepted that a developmental relationship exists between the classical and non-classical
monocytes, including the fraction expressing M-DC8 [56,58–60].

Intermediate monocytes are a population that exhibit phenotypic and functional characteristics
in between those of classical and non-classical monocytes [35,43]. Intermediate monocytes were not
initially considered as a separate population and were originally allocated to classical or non-classical
monocytes depending on the gating positioning in flow cytometry. Nevertheless, intermediate
monocytes were later recognized as a distinct population from the two subsets previously found [35,40].
In fact, genome-wide transcriptional profiling demonstrated 90% of genes highly expressed in classical
or non-classical monocytes were observed at intermediate levels in intermediate CD14++CD16+
monocytes [58]. Nevertheless, intermediate monocytes were shown to express higher levels of major
histocompatibility complex (MHC)-class II including HLA-DR and transmembrane receptor CD74, the
scavenger receptor CD163, the C-type lectin/C-type lectin-like domain member CLEC10A and Glial cell
line-derived neurotrophic factor family receptor-α2 (GFRA2) [58,61–63]. Also, studies by Zawada et al.
identified a higher expression of the angiopoietin receptor Tie2 [61]. The Tie2-expressing monocytes
(TEM) were previously characterized as a subset of monocyte promoting angiogenesis [64,65]. The fact
that intermediate CD14++CD16+ cells express the highest levels of Tie2 among the monocyte subsets
indicates that this population may overlap with TEM [40].

Early studies by Frankenberg et al. demonstrated IL-10 mRNA expression in CD14++CD16−
(classical monocytes) but not CD14+CD16+ (non-classical monocytes) in response to lipopolysaccharide
(LPS) stimulation, while TNF-α, IL-1 and IL-6 transcripts were detected in both subsets [66]. Of note,
CD14++CD16+ (intermediate monocytes) were not sorted/investigated in the later study. Most recent
studies, demonstrated that intermediate monocytes produce the highest levels of IL-10 upon LPS
or zymosan stimulation [67]. Despite some controversies related to the cytokines measured and
monocyte subsets sorted, there is consensus on the pro-inflammatory features of non-classical and
intermediate monocytes as opposed to their classical counterparts [35,68]. Other studies demonstrated
that intermediate monocyte produce the highest level of IL-12 and IFN-γ in the context of antigenic
presentation and have an increased ability to induce super antigen mediated T-cell proliferation [61].
This is in contrast to previous studies by Schakel et al. reporting that IL-12 production is associated
with M-DC8+ monocytes [69], which are mainly non-classical monocytes [51].
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Although some differences exist in the nomenclature of murine and human monocytes, explained
by the availability of similar reagents for specific surface markers, the identification of monocyte
subsets in mice similar to classical and non-classical monocytes allowed important mechanistic
insights in monocyte biology with relevance for disease pathogenesis [2,17]. Murine monocytes
are classified in two subsets: the Gr1+Ly6Chigh and Gr1−/Ly−6Clow. Of note, CX3CR1
is mainly expressed on Gr1−/Ly−6Clow, while CCR2 is highly expressed on Gr1+Ly6Chigh
monocytes [17,44]. Thus, the classical and intermediate monocytes are closely related to Gr1+Ly6Chigh,
whereas the non-classical monocytes are equivalent to the Gr1−/Ly−6Clow [13,33]. Based on
the fact that only Gr1+Ly6ChighCCR2+ monocytes migrate in the peritoneal cavity in response
to thioglycolate, while Gr1−/Ly−6ClowCX3CR1+ monocytes infiltrate various other tissues at
homeostasis, Geissmann et al. proposed the term “inflammatory” for Gr1+Ly6ChighCCR2+ monocytes
and “resident” for Gr1−/Ly−6ClowCX3CR1+ monocytes [70]. This classification is in part misleading
because it implies that mice Gr1−Ly6CLowCX3CR1+ monocytes are not inflammatory; this contradicts
a whole body of literature on the inflammatory potential of human CD16+ monocytes. Considering the
fact that monocyte migration into the peritoneal cavity is dependent on CCR2, it is normal that CCR2+
but not CX3CR1+ monocytes migrate into this specific anatomic site. In fact, subsequent elegant
studies by the group of Geissmann demonstrated that Gr1−/Ly−6Clow monocytes are the first line
of defense against pathogens via the production of TNF-α and other pro-inflammatory cytokines as
well as acting as “patrolling” cells on endothelial beds [47]. Therefore, the classification of monocyte
subsets into “inflammatory” versus “resident” requires revision because all monocyte subsets can be
either “inflammatory” depending on the specific chemotactic and activator stimuli they receive from
specific tissues. Accumulating evidence indicates that the role of mouse Gr1−/Ly−6Clow and their
human homologues, the non-classical CD14+CD16++ monocytes, is the surveillance of endothelial
integrity. Indeed, intravital microscopy studies demonstrated the CX3CR1-mediated crawling of
Gr1−/Ly−6Clow monocytes on the luminal side of the endothelium [47,71]. Also, Gr1−/Ly−6Clow
cells were shown to be involved in the coordination of intraluminal stress response. These monocytes
induce the recruitment of neutrophils that will promote endothelial necrosis and afterwards are
involved in the clearance of the neutrophil-induced cellular debris. In contrast, the function of mouse
Gr1+Ly6Chigh and human classical monocytes in the peripheral blood is poorly documented and
is associated with their high phagocytic and scavenger activity [11]. Interestingly, it was recently
demonstrated that Gr1+Ly6Chigh monocyte expression is under the control of circadian marker
Bmal1 [72]. The same study also showed that these monocytes exit the bone-marrow in diurnal
rhythmic waves. Such aspects require further investigations to establish a link between the alteration
of circadian rhythms and the uncontrolled inflammatory features of monocytes during various
inflammatory conditions.

4. DC Subsets and Associated Functions

DC represent a heterogeneous group of specialized antigen-sensing and antigen-presenting cells
(APCs) that are essential for the induction and regulation of immune responses. The first DC were
originally described in 1973 at a conference in Leiden by Ralph Steinman, an M.D. and Ph.D. candidate
in the laboratory of Dr. Zanvil Cohn [73]. MΦ could only be distinguished from lymphocytes by
their ability to adhere in culture dishes. Steinman et al. identified DC as cells able to extend or
contract dendrites and named then DC as a reference to the Greek word dendron, which stands for tree.
Steinman was awarded the Nobel Prize for this discovery in 2011. In the years following the original
discovery, many types of DC were described in mice as well as in humans, including most recently
the merocytic DC, a newly discovered DC subset with a unique ability to reverse T cell anergy and
promote autoimmunity [74]. Several genetic comparisons succeeded in aligning mouse and human
DC, supporting the hypothesis that human and mice have a similar organization of the DC system.
In the peripheral blood, human DC are characterized as cells lacking the T-cell (CD3, CD4, CD8), the B
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cell (CD19, CD20) and the monocyte markers (CD14, CD16) but highly expressing HLA-DR and other
DC lineage markers (e.g., CD1a, CD1c) [37].

Similar to mice, human DC are divided into three major subsets: plasmacytoid DC (pDC), myeloid
DC (mDC) and monocyte-derived DC (MDDC) (Figure 2).
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4.1. Plasmacytoid Dendritic Cells

The pDC are distinct from mDC as they are long-lived specialized cells that massively produce
type 1 interferons (IFNs) upon viral infection [9,75]. The transcription factor TCF4 plays a critical
role in pDC lineage specification and effector functions [76]. In addition to inducing a wide range
of responses affecting the function of multiple immune cells, type 1 IFNs produced by pDC directly
block viral infections, resulting in pathogen clearance [75]. The pDC also can function as APCs that
regulate T-cell responses but less potently than mDC. Human pDC can be detected by the expression
of BDCA-2 and -4, leukocyte immunoglobulin-like receptor subfamily A member 4 (LILRA4-ILT7)
and IL-3 receptor α-chain CD123 at the cell surface [77]. Under steady-state conditions, pDC have the
morphology of an antibody-secreting plasma cell as indicated by their name [75,78]. As opposed to
mDC, pDC have a narrow range of TLR expression. The pDC highly express TLR-7 and TLR-9 that
detect viral and bacterial nucleic acids. Once activated via TLR-7 or TLR9, the pDC undergo changes in
their morphology, with the acquisition of dendrites and up regulate the expression of MHC molecules
and activation markers that will allow antigenic presentation to T-cells [79,80]. Indeed, pDC were
reported to activate CD8+ T-cells [80]. However, pDC were shown to exhibit a low ability to activate
CD4+ T-cells [75,81] possibly due to their limited ability for antigen uptake and presentation compared
to mDC. The pDC can be divided in two subsets, pDC1 and pDC2 [75]. The pDC1 display an immature
phenotype with low to undetectable expression of MHCII and activation markers, whereas pDC2
express highly MHCII and CD86. The pDC1 were reported to induce T-reg while pDC2 promote the
differentiation of pro-inflammatory T-cells. Nevertheless, pDC1 and pDC2 are not stable lineages and
can display plasticity between each other depending on local environment. Furthermore, ligation of
CD123 on pDC has been found to result in the induction of iTreg producing IL-10. Interestingly, pDC
were shown to promote Th17 differentiation [81]. Therefore, similar to mDC, pDC represent a distinct
class of DC with a critical role in shaping the innate and adaptive immunity.
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4.2. Myeloid Dendritic Cells

Often termed classical or conventional DC (cDC) in mice, mDC are specialized APCs with an
extraordinary ability to sense and process antigens [9]. The mDC express CD4 but at lower levels
compared to CD4+ T-cells [37]. Immature mDC have high phagocytic abilities, while mature mDC
have an increased capacity to produce cytokines. Unlike mice mDC, human mDC can be detected
in the peripheral blood [9]. The mDC are short-lived and constantly replaced by blood-derived
precursors [82,83]. The mDC are highly migratory and regularly traffic from the periphery into T-cell
and B-cell zones of lymphoid organs. At steady state or during infection, mDC regulate T-cell functions.
The mDC are classified in two major populations based on the expression of CD141 (or blood DC
antigen 3, BDCA-3) and CD1c (or BDCA-1): CD141+ DC (or cDC1) and CD1c+ DC (or cDC2) [35,84].

Human CD141+ mDC are found in peripheral tissues such as the lungs, skin, intestinal lamina
propria and peripheral blood [84]. The CD141+ DC represent the mDC subsets with the highest capacity
for cross-presentation [85,86]. Human CD141+ mDC are the homologues for mouse CD8α+CD103+
mDC that exclusively express the chemokine receptor XCR1 and the transcription factor IRF8.
Both mice CD8α+CD103+ mDC and human CD141+ DC also express the cell adhesion molecule
1 (CAM1), activation receptor CLEC92A and TLR3. Also, human CD141+ DC conserved their function
of being large producers of type III interferons. Although CD141 is also expressed in pDC, dermal
CD14+ cells and CD1c+ DC, CD141+ DC are distinguished by their low to undetectable expression of
cytosolic RNA or DNA sensors RIG-1 and MDA5 as well as surface molecules CD14, SIRPα, CD11b,
CD1c and CD11c [84,87]. In addition, human CD141+ mDC express at high levels CD26 (or dipeptidyl
peptidase 4) [84], a receptor for the enzyme adenosine deaminase and costimulatory molecules [88,89].
In fact, the combination of CD26, IRF8 and CAM1 are sufficient for the identification of CD141+
DC [84]. Anatomic locations can further define CD141+ DC. For example, intestinal CD141+ DC
express the gut-homing marker CD103 (integrin αE). The CD141+ DC are known to express the
co-stimulatory molecules CD40, CD80 and CD86 and upon maturation acquire the expression of CCR7
and CXCR3. The CD141+ DC migrate into the draining lymph nodes where they are specifically
localized in paracortical regions [90].

Human CD1c+ DC are the most abundant mDC in the human peripheral blood [79]. The CD1c+
DC were also detected in lymphoid and non-lymphoid organs [84]. Human CD1c+ DC are the
homologues of mouse CD11b+ DC [78,84]. Although all CD1c+ DC express considerable levels
of CD1c, CD11c and SIRPα, the expression of several markers is dependent on their anatomic
location. For instance, dermal CD1c+ DC express langerin, a marker of Langerhans cells [91], a type
of antigen-presenting cell located in the skin. Also, dermal CD1c+ DC when compared to peripheral
blood CD1c+ DC exclusively express CD1a and CD141 and down regulate the skin-homing epitope
cutaneous lymphocyte antigens (CLA) [84]. In the same manner, lamina propria CD1c+ DC are
distinguished from peripheral blood CD1c+ DC by their high expression of CD103 and CCR6 and
lower expression of CX3CR1 as well as membrane glycoprotein CD64. Similar to CD141+ DC, CD1c+
DC express the co-stimulatory molecules CD40, CD80 and CD86 and acquire CCR7 expression upon
maturation, a typical switch required for migration onto lymph nodes [92]. The CD1c+ DC distinguish
from CD141+ DC by their expression of various TLR including TLR1-8. Whereas CD141+ DC were
shown to induce Th1 and CD8+ T-cell differentiation [84,93], CD1c+ DC were found to generate not
only Th1 but also Th2,Th17 and iTreg immune responses [84]. Indeed, mice cDC2 cells were reported
as the primary inducers of Th2 and Th17 immune response following antigenic stimulation [94,95].
Mice cDC2 produce IL-23 during infection whether they are located in the lungs, skin, or within
the intestine [94,96,97]. These particularities insure that each DC subset has a distinct role during
host defense.

4.3. Monocyte-Derived Dendritic Cells

The discovery of monocytes as precursors of DC was made by Federica Sallusto and
Antonio Lanzavecchia in 1994 [98] and further confirmed by others, including the group of
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Ralph Steinman [18,29,99,100]. Of note, MDDC exhibit similar transcriptomic features as CD1c+
DC [101]. In contrast to pDC and cDC, the development of MDDC is independent of Flt3L,
a key regulator of DC commitment, consistent with the absence of Flt3 receptor on MDDC [33].
Both human and mice have MDDC [9,78,84]. Under steady state conditions, DC induction is
independent of monocytes, while upon infection murine classical monocytes are recruited to the
site of inflammation to be converted into “inflammatory” DC (inf-DC). The inf-DC have a large
capacity to produce microbicidal compounds and appear to perform functions distinct from those
of DC that are present under steady-state conditions [87]. Although inf-DC have been characterized
phenotypically, distinguishing them from conventional DC and MΦ remains a challenge in vivo. It is
thought that DC are shaped to induce tolerance during homeostasis thus preventing inflammatory
responses from Th1 cells [102]. The inf-DC are thought to bypass this conditioning to become one
of the first APCs capable of activating effector T-cells at the local site of infection [87]. Indeed, many
research groups provided evidence that the immune system uses monocytes as precursors of DC for
efficient antigenic presentation in the periphery during inflammation [103–105]. The MDDC are thus
recognized as specialized APCs that potentially serve as an emergency plan in peripheral organs under
hostile inflammatory settings. The Inf-DC are cleared from immune system once the inflammation
is resolved [78]. The inf-DC produce large amounts of IL-23 upon specific stimulation leading to
the differentiation of Th17 cells [106]. Following ligation of TLR-4, TLR-8, or nucleotide-binding
oligomerization domain-containing (NOD) family members, inf-DC become a source of TNF and
inducible nitric oxide (NO) synthase ((iNOS)-producing DC (Tip-DC)) with effective antimicrobial
effector properties [78,87]. The MDDC can be generated in vitro from human and mouse monocyte
precursors in the presence of IL-4 and GM-CSF (or CFS-2) [98,107]. The inf-DC are homologous to
mouse and human MDDC generated in vitro [87]. Although not well described, inf-DC and Tip-DC
were identified in humans with similar characteristics [108].

Human CD16− and CD16+ monocytes differentiate into DC in vitro [33]. Both MDDC subsets
internalize soluble antigen and induce effector T-cells proliferation in similar manners [109]. In addition,
human MDDC express at the cell surface CD11b, CD11c, MHC-II, Dendritic Cell-Specific Intercellular
adhesion molecule-3-Grabbing Non-integrin (DC-SIGN), cell adhesion molecule CD24, SIRPα and
macrophage markers CD107b and LAMP2 [33]. Indeed, DC-SIGN can distinguish MDDC from other
subsets of DC [100]. Nevertheless, DC derived from CD16− and CD16+ monocytes are functionally
distinct. Indeed, CD16+ compared to CD16− MDDC express higher levels of CD86, CD11a and
CD11c as well as lower levels of CD1a and B cell co-receptors CD32 [109]. Also, CD16+ versus
CD16− MDDC express higher levels of TGF-β1. The CD16+ MDDC were reported to preferentially
differentiate into migratory DC upon transendothelial migration [110]. Furthermore, CD16+ MDDC
induce the production of IL-4 following stimulation with TLR-2 ligand peptidoglycan, TLR-3 ligand
poly-IC and TLR4 ligand LPS [111]. Conversely, CD16− MDDC primed with LPS express high
mRNA levels of IL-12p40 mRNA and secrete high levels of IL-12 [109]. The CD16− MDDC also
express high levels of DC maturation marker CD83 following ligation of TLR2, TLR3 and TLR4 [111],
suggesting possible differences in the activation of signal transduction molecules between the
two subsets of MDDC. Interestingly, a subset of DC distinct from CD1c+ DC and CD141+ DC
referred to as Slan DC was identified in human peripheral blood [54]. These Slan DC are identified
as CD1c−CD11c+CD16+CD14− cells that massively produce TNF-α, IL-12 and iNOS, as well as
highly expressing TLR7 and TLR8 [112]. The group of Schäkel found that Slan DC produce high
levels of IL-23, IL-1β and IL-6, which leads to the development of Th1/Th17 cells [113]. By being
inducers of Th1/Th17 cells, slan DC are thought as pro-inflammatory DC that contribute to the
pathogenesis of autoimmune diseases such as psoriasis. However, the identity of Slan DC as a distinct
DC subset is still controversial since these cells are not detected in peripheral tissues and are genetically
close to the monocyte lineage [114,115]. They are thought to be non-classical monocytes with DC
properties [51,114]. In addition, MDDC were reported to possess the capacity of cross-presentation to
naive T-cells and the ability to transfer peptides from MHC-I to lymphoid resident DC [116].
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Peripheral blood monocytes represent an important pool of DC precursors that traffic to sites
of infection. Monocytes are numerous in the blood and constitute an essential component in the
induction of T-cell immunity. In fact, MDDC generated in vitro are the most common type of DC used
in vaccine-based therapies [33,117,118].

5. Monocytes and HIV

During HIV/SIV infection, monocytes undergo changes in their frequency, phenotype and
function. Indeed, monocytes expressing CD16 were first found to expand during AIDS, the late-stage
of HIV infection [119–121]. The expansion of CD16+ monocytes was also reported during the
chronic phase of infection [48,122]. This increase ranges from 30 to 50% in HIV-chronically
infected and AIDS patients [48,119,122–124], as opposed to 5–10% observed in healthy individuals.
This expansion may be due to high levels of monocyte/macrophage growth factor (M-CSF) observed
in HIV-infected subjects [59], which was reported to induce monocytic maturation including the
acquisition of CD16 expression [125,126]. The expansion of CD16+ monocytes was reported mainly
in HIV-infected viremic individuals but not individuals receiving viral suppressive antiretroviral
therapy (ART) [48,56,124,127,128]. The initial reports did not dissociate the intermediate from the
non-classical monocytes. However, a most recent study reported that expansion of monocytes
affected the non-classical population [129]. In contrast, Ancuta et al. observed the expansion of
intermediate monocytes in a cohort of AIDS subjects with HIV-associated dementia (HAD) [124].
Of note, the expression of the HIV co-receptor CCR5 is the highest on intermediate monocytes [43].
Recently, emerging data confirmed the expansion of the intermediate monocytes in HIV-infected
treatment-naive individuals and SIV-infected primates [56,130,131] and further documented their
role during HIV pathogenesis [125,132,133]. Interestingly, the frequency of intermediate monocytes
expressing CD163, a scavenger receptor, is increased in HIV-infected individuals with detectable viral
loads but not in uninfected or in HIV-infected subjects with undetectable viremia [134]. The frequency
of CD16+CD163+ monocytes is positively correlated with the viral load. Of note, the CMV status
is associated with increased levels of soluble CD163 in the plasma of HIV-infected individuals
treated with ART [135]. The frequency of intermediate monocytes positively correlated with levels
of the inflammation marker IL-6, the monocyte activation marker soluble CD14 (sCD14) and the
cardiovascular disease marker high-sensitivity C-reactive protein (hs-CRP) [136]. Therefore, this
intermediate population may represent a biomarker for AIDS progression as well as non-AIDS related
pathologies. The numbers of intermediate CD14+CD16++ cells are also increased during the acute
and chronic phases of SIV infection [137]. Within the non-classical monocytes, the M-DC8+ fraction
represent the most predominant population and contribute to the overproduction of TNF-α observed
in HIV+ viremic individuals [56]. The expansion and infection of CD16+ monocytes can be decreased
following Maraviroc intensification, a CCR5 inhibitor [138]. Furthermore, glucocorticoid treatment
was shown to result in a decreased proportion of the CD16+ monocytes during SIV infection [130].
CD16+ monocytes expressing high levels of TLR4, particularly the non-classical monocytes, are major
sources of IL-23 in response to commensal enteric bacteria such as E. coli during HIV infection [139].
Induction of IL-23 by CD16+ monocytes may contribute to systemic immune activation as it correlates
with levels of immune activation marker CD27. Of note, the numbers of circulating classical monocytes
were found unaltered during HIV infection by certain groups [48,56]. Nevertheless, Gama et al.
identified the expansion of classical monocytes lacking the expression of CCR2 during HIV and SIV
infection [140]. This enhancement was observed as early as seven days post primary SIV infection.
CCR2low/neg classical monocytes harbored low levels of SIV-DNA compared to CD16+ monocytes
but had defects in phagocytosis function and CCL2-mediated chemotaxis. In addition, CCR2low/neg
classical monocytes suppressed CD8+ T-cells proliferation and IFN-γ release, indicating that these
monocytes may postpone the development of the antiviral responses. The emergence of CCR2low/neg
classical monocytes appears to be linked to viral replication, since ART initiation in infected primates
and human individuals resulted in their decline [140]. However, Ancuta et al. reported a decreased
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frequency of classical monocytes in AIDS subjects with neurocognitive impairment but an increased
expression of the HIV co-receptor CCR5 on these cells [124]. In this later report, HIV-DNA detection in
FACS-sorted monocytes was a rare event, in contrast with the robust detection of the virus in CD4+ T
cells isolated form the same in ART-treated individuals. Potential contaminations with CD4+ T-cells
may explain controversies existent in the field regarding the presence of HIV-DNA in monocytes of
ART treated individuals.

Studies by multiple groups including that of Suzanne Crowe demonstrated that CD16+
monocytes are more permissive to HIV infection and preferentially harbored HIV-DNA compared
to CD14++CD16− monocytes even with successful ART [129,141,142]. This is consistent with the
fact that CD16+ versus CD16− monocytes express higher levels of CCR5, which may facilitate
HIV entry [124,142]. Of note, monocytes were previously reported to be resistant to HIV infection
in vitro [143–146]. The HIV restriction in monocytes was described at the level of viral entry [145].
This HIV restriction was also localized at post-entry levels and explained by their limited ability
to support HIV reverse transcription [147], due to low levels of dNTP available in monocytes
for reverse transcription [144]. The function of SAMHD1 in cleaving dNTPs may explain the
resistance of monocytes toward HIV infection [148,149]. Another HIV restriction mechanisms in
monocytes is mediated by the beta-catenin/TCF4 pathway, which acts by restricting viral replication
at transcriptional level [150,151]. The small frequency of CD16+ monocytes in the peripheral
blood of uninfected individuals, together with the difficulties in working with such cell subsets,
explains the limited knowledge in the field [126]. Permissiveness to HIV increases during monocyte
differentiation [46,125,152,153]. Indeed, the induction of monocyte differentiation into MΦ leads
to increased HIV permissiveness as opposed to freshly isolated monocytes [125,144]. Compared to
classical CD16− monocytes, intermediate/CD16+ monocytes differentiating into MΦ were shown
to promote HIV infection in CD4+ T-cells [154]. Genome-wide transcriptional profiling of CD16+
versus CD16− monocytes showed increased expression of syndecan-2 and fibronectin transcripts [125],
two proteins previously reported to interact with HIV [155,156]. Syndecan-2 may promote viral entry
as it acts as a trans attachment receptor for HIV [155]. Fibronectin was reported to interact with the
HIV-gp120 protein thus facilitating virus-cell interaction [156].

Monocytes, particularly those expressing CD16, were reported to contribute to the initiation
and persistence of neuroAIDS, a cognitive, motor and behavioral deficit pathology affecting the
central nervous system (CNS) during HIV infection, also referred to as HIV-associated neurocognitive
disorder (HAND) [126,157]. A correlation between the increased levels of circulating CD16+ monocytes
expressing CD69 and HIV-related dementia was first reported in the late 1990’s [123,158]. Despite the
success of ART, HAND affects 40% to 60% of HIV-infected individuals [159,160]. In fact, infection of
monocytes correlates with HAND during successful ART [161]. The expansion of CD16+ monocytes
persists even after one year of treatment [161]. Several lines of evidence support a model in which
infected CD16+ monocytes migrate into the CNS where they differentiate into MΦ and act as cellular
reservoirs for HIV [157]. Of note, levels of FKN/CX3CL1 are elevated in the brain of HIV-infected
subsets and correlated with neurocognitive impairment [162]. Also, CD16+ monocyte recruitment
into the brain is highly likely mediated via the FKN receptor CX3CR1 [43,70]. CD16+ mononuclear
phagocytes expressing HIV antigens were observed in the perivascular space and within the brain
parenchyma of HIV-infected subjects [163,164]; this supports the contribution of these monocytes
to HIV seeding of the CNS. Myeloid cells are resistant to the HIV cytopathic effects, relative to
CD4+ T-cells and monocyte-derived MΦ represent long-lived cells [165]. The infiltration of infected
monocytes leads to chronic immune activation and inflammation within the CNS [157]. In addition,
the transmigration of infected monocytes results in further infection of CNS associated cells including
microglia, MΦ and, at low levels, astrocytes [126]. Although HIV does not productively infect
neurons, they are affected by the consequences of HIV infection in the CNS. HIV-infected cells release
viral proteins such as Tat and gp120, which results in the activation of surrounding cells including
the MΦ, microglia and astrocytes [166]. The activated cells will in turn secrete cytokines such as
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IL-1β, IL-6 and TNF-α, as well as CCL2 and CXCL12 chemo-attractants recruiting more CD16+
monocytes in the CNS that will amplify neuro-inflammation [126,157]; neuro-toxic host factors such
as arachidonic acid, quilolinic acid and NO will also be produced [167]. The presence of all these
factors leads to deregulation of the blood brain barrier (BBB) permeability and astrocytic glutamate
uptake; this will result in neuronal cell damage and death related to HAND. The transmigration
of CD16+ monocytes is partly due to the increased expression of CCR2 [133]. The ligand of CCR2,
CCL2 (or monocyte chemotactic protein 1 (MCP-1) is elevated in brain tissues of individuals with
HAND [168]. Infected CD16+ monocytes appear to be highly sensitive to CCL2 in the induction
of chemotaxis [133]. As mentioned earlier, the non-classical monocytes were previously reported
to express low levels of CCR2 [35,43]. With the goal of amplifying CD16+ cells from the total
monocytic population, Williams et al. established a protocol in which monocytes expressing CD14
and CD16 were generated following three days culture with M-CSF [125,133,157]. M-CSF functions as
a factor differentiating monocytes into MΦ [169]. Cells generated following culture, which may
be perceived as intermediate monocytes, express CCR2 and were found to transmigrate across
the BBB in response to CCL2 in vitro [125,126,133]. In fact, the intermediate monocytes from
HIV-infected individuals suffering with HAND expressed higher levels of CCR2 compared with
HIV-infected subjects with unaltered cognition [132]. CCR2 levels were similarly high on classical or
non-classical monocytes in the two groups of HIV-infected individuals. The enhancement of CCR2
on the intermediate monocytes was independent on ART, the severity of dementia, viremia and
CD4+ T-cell counts/nadir. Furthermore, this increase of CCR2 observed in patients with HAND
led to higher CCL2-mediated trafficking of intermediate monocytes into the BBB compared to
counterpart monocytes from HIV-infected subjects with normal cognition. These results suggest that
the intermediate monocytes play an important role in neurocognitive disorders and may be regarded
as a biomarker for HAND [132]. This is consistent with findings by Ancuta et al. reporting preferential
expansion of intermediate monocytes in AIDS subjects with dementia [124]. Another mechanism
contributing to the intermediate monocytes entering the brain involved the expression at cell surfaces
of junctional proteins interacting with the brain microvascular endothelial cells (BMVEC) of the
BBB [126]. As the monocytes mature, they acquire increased expression of the junctional proteins such
as junctional adhesion molecule-A (JAM-A), activated leukocyte cell adhesion molecule (ALCAM),
CD99 and platelet endothelial cell adhesion molecule 1 (PECAM-1) [133]. Of note, HIV infection
of intermediate monocytes results in an elevation of JAM-A and ALCAM, which, together with
CCR2, were reported to mediate transmigration of intermediate monocytes across the BBB [133].
Consequently, JAM-A and ALCAM may be used as therapeutic target to inhibit the diapedesis of
CD16+ monocytes across the BBB [170]. Other factors including osteopontin, an activation marker with
chemotactic properties [171], may contribute to the maintenance of intermediate monocytes in the CNS.
Osteopontin levels are elevated in HIV-infected individuals with dementia and also in intermediate
monocytes [125,172]. Osteopontin was reported to decrease reverse transmigration across the BBB
of CD16+ but not that of CD16− monocytes in vitro [173]; this mechanism potentially promotes
selective retention of these CD16+ monocytes in the CNS during HIV infection. Targeting these surface
molecules therapeutically may limit neuroinflammation during HIV infection.

The pro-inflammatory environment induced by HIV resembles that observed during the natural
biological process of aging. Both HIV infection and aging affect the functions of the innate immune
system [127]. Indeed, studies from the group of Suzanne Crowe showed that HIV infection leads
to premature aged-related changes to monocytes [127]. The frequency, phenotype and functions of
monocytes from young HIV-infected individuals are similar to those displayed by healthy elderly
people [127]. In both groups, an expansion of CD16+ monocytes was observed. Also, monocytes
from young HIV-infected individuals and elderly control individuals showed increased expression in
CD11b and decreased levels of CD62L and M-CSF receptor CD115. Exposure of monocytes to TNF-α
and LPS leads to decreased CD62L and enhanced CD11b expression at the cell surface, suggesting that
the pro-inflammatory conditions induced during HIV-infection and aging may result in changes in



Viruses 2018, 10, 65 12 of 31

the monocyte phenotype. The decrease in CD115 may be due to the high M-CSF levels observed in
HIV-infected subjects leading to CD115 internalization and degradation. Furthermore, monocytes from
elderly and young HIV-infected subjects have impairment in their phagocytic functions and displayed
telomere shortening compared to cells from young uninfected controls [127]. Telomere shortening
appears to reflect the increase turnover of monocytic precursors as monocytes do not typically undergo
cell division. Indeed, monocyte turnover in SIV-infected primates is correlated to the innate immune
activation marker soluble CD163 (sCD163) [174]. The increased CD16+ monocyte frequency, telomere
shortening and changes in monocyte phenotype correlated with another innate immune activation
marker, CXCL10 [127]; this indicates that CXCL10 may represent a biomarker for aging. The immune
impairments and phenotypic changes in monocytes observed in HIV-infected individuals are not
reversed by ART [122,124]. Most recent studies, revealed differences in myeloid cell responsiveness
to TLR triggering between HIV-infected individuals with and without immunological restoration in
response to ART [175]. Together, these lines of evidence reveal major alterations in the monocyte
compartment during HIV/SIV infection. New questions emerge now concerning the impact of
these alterations on the quality of the innate and adaptive immune responses since monocytes are
well-established precursors for DC and MΦ.

6. Dendritic Cells and HIV

Primary HIV infection more frequently occurs via vaginal or rectal routes [176]. These mucosal
tissues comprise a variety of DC subsets ready to encounter the virus. Due to their localization, DC
play an important role in disseminating viral infection to CD4+ T-cells [177]. During early SIV infection,
pDC are recruited to the site of infection following viral challenge [178]. This recruitment is mediated
by CCL20 produced by endocervical epithelial cells. The pDC, in turn, secrete CCL3 and CCL4 leading
to the trafficking of CCR5+CD4+ T-cells into the endocervix [178]. Furthermore, endocervical epithelial
cells were demonstrated to secrete thymic stromal lymphopoietin (TSLP) in vitro, resulting in the
activation of mDC that subsequently produce CCL17 and CCL22, further attracting naive CD4+ T-cells
for expansion and infection [179]. Elevated levels of TSLP are associated with high viral replication
in vaginal tissues of rhesus macaques during the first two weeks of SIV infection [179]. MDDC and
mDC have also been found to capture HIV at the female reproductive tract [180]. Compared to
CD4+ T-cells, DC are poorly infected [181]. Studies on early SIV infection demonstrated that resting
CD4+ T-cells but not DC, represent the initial SIV-infected population in mucosal tissues [182,183].
Nevertheless, DC were found to sequester virus for several days before efficiently spreading the
infection to CD4+ T-cells [184–188]. DC express high levels of the HIV-1 co-receptors CCR5 and CXCR4
and low levels of CD4 thus, allowing attachment and entry via the viral glycoprotein gp120 [189,190].
In addition to the expression of these key molecules for HIV entry, DC express other receptors capable
of binding to the HIV-gp120 envelope protein. Indeed, myeloid dermal DC and MDDC express
C-type lectin (CLR) receptor DC-SIGN as well as the mannose receptor [191–194]. Initially, studies
by the group of Littman [195] demonstrated that DC-SIGN allowed HIV internalization into low
pH sub-membrane vesicles thus preserving virion virulence [196]. The same group later published
contradictory results that DC-SIGN was not essential for HIV trans-infection by DC [197]. The MDDC
also express DC immunoreceptor (DCIR) that binds HIV-gp120 and contributes to HIV dissemination
by DC to T-cells [198]. Other receptors such as syndecan-3 attach to gp120 and subsequently contribute
to viral transmission [199]. Although pDC express the CLR BDCA2 and DEC-205, recognition
and binding of HIV-gp120 is mediated by CD4 followed by the endocytosis of viral particles [200].
The HIV can also enter in DC independently of HIV-gp120. Interaction between glycosphingolipids
in the virus lipid bilayer and an unknown receptor at the DC surface membrane were reported to
occur [201–203]. Lipid content on DC membrane surface may affect envelope-independent HIV capture.
Indeed, peroxisome proliferator-activated receptor (PPAR)γ and liver X receptor (LXR) prevent HIV
uptake by triggering cholesterol efflux which diminishes the lipid content [204]. The maturation of
both MDDC and mDC results in an increased HIV dissemination infection potential [205].
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The DC play a dual role in HIV dissemination via infection in cis and/or trans. Cis-infection
occurs when HIV infects DC as target cells, generating virions de novo [206]. This phase lasts
24 to 72 h after HIV exposure [176]. Indeed, low levels of productive HIV infection occurs in
DC [207]. Nevertheless, DC excel in their ability to capture HIV and facilitate infection of CD4+
T-cells [185,193,208]. The transfer of virus from DC to CD4+ T-cells is referred to as HIV trans-infection.
Transmission of viral particles from DC to CD4+ T-cells involves exosome secretion pathway or
structures called virological/infectious synapse [209–213]. More precisely, the virological synapse is
defined as an adhesive junction between two cells (one infected and one uninfected) involving the
cytoskeleton and lipid rafts that allow transmission of a virus from a donor to a recipient T-cell [214,215].
The first documentation of the virological synapse was made in the context of human T-cell leukemia
virus type 1 (HTLV-1) transmission between infected and uninfected T-cells [216]. Viral transmission
by DC occurs when a DC loaded with HIV is in the proximity of a T-cell allowing the formation of
a cell-contact in the context of antigen presentation [209]. The virological synapse between DC and
T-cells is strengthened by molecules such as DC-SIGN, ICAM-1, LFA-1 and CD4 that are also involved
in the formation of the immunological synapse [208,209,217,218]. In immature DC, HIV exposure
induces membrane extensions through the activation of the Rho-GTPases Cdc42 and promotes viral
transfer in CD4+ T-cells [219]. Conversely, trans-infection involving LPS-matured DC leads to filopodial
extensions of the CD4+ T-cells into the structured pocket of DC [220]. Viral transfer in this context
depends on the activation of CD4 molecules at the T-cell surface. DC also express molecules that can
attenuate trans-infection. Indeed, the expression of proteins involved in control of actin nucleation and
stabilization such as TSPAN7 and DNM2 in MDDC, have been demonstrated to display an important
role in the limitation of HIV-1 endocytosis and in the maintenance of virus particles on dendrites [221].
Mature DC are more efficient in HIV trans-infection compared to immature DC [146]. Of note, a specific
DC subset expressing both CD14 and CD16 was demonstrated to have a high capacity to transmit
infection to CD4+ T-cells through DC-SIGN expression [222]. Cell-to-cell viral transmission favors
HIV dissemination and persistence as it is less sensitive to the presence of antiretroviral drugs such as
the nucleotide reverse transcriptase inhibitor tenofovir and the non-nucleoside reverse transcriptase
inhibitor efavirenz [223]. Studies in humanized mice also emphasized the importance of DC-mediated
trans-infection of T-cells in promoting viral persistence [224].

Once the virus interacts with DC, its fate is dependent on the bound receptor, the subset of
DC, the stage of maturation and the cell interaction [189]. The majority of virions captured are
in part degraded by DC. However, interaction with DC-SIGN does not result in complete viral
degradation. Virions bound to DC-SIGN are retained in early endosome compartments and this
may promote trans-infection [186,196]. Once captured in mature MDDC, HIV is localized within
the cholesterol-enriched and tetraspanin-containing compartments where it may be subsequently
delivered to target CD4+ T-cells through the exosome pathway [201,225]. Retention of virions in pDC
non-acidic early endosomes will activate IRF7, triggering IFN-α production [226]. The pDC up regulate
CD83 as well as CCR7 following viral interaction and respond to CCL19-mediated chemotaxis [227].
Nevertheless, HIV infection in pDC does not lead to complete maturation. The pDC stimulated
with HIV do not result in high expression of CCR7, CD40 and CD86 compared to pDC activated
with TLR7 agonists [226]. In addition, pDC partially matured by HIV induce low levels of CD4+
and CD8+ T-cell proliferation as opposed to pDC stimulated with TLR7 or TLR9 agonists [226].
Furthermore, HIV-exposed pDC produce inferior levels of IL-6 and TNF-α compared to other stimuli.
In contrast to ligands that can traffic to late endosome/lysosome, HIV retention in early endosomes
leads to poor activation of the NF-κB signaling resulting in incomplete maturation and lack of MHC
expression. Therefore, pDC are not able to efficiently present antigens. The induction of the NF-κB
signaling pathway leading to complete maturation is closely associated to TLR regulation in which
previously activated pDC become resistant to further stimuli that would lead to additional production
of IFN-α [189]. Therefore, the lack of maturation in HIV-exposed DC leads to unregulated, persistent
production of IFN-α due to repetitive stimulation and this increase in the levels of IFN-α can induce
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serious immunological consequences including cell exhaustion [189,226]. Other studies reported that
the interaction between HIV envelope and CD4 may promote type 1 IFN production by pDC without
reaching maturation [228]. Similar to pDC, mDC exposed to HIV exhibit a certain level of activation
but do not fully mature [229]. Early studies demonstrated that HIV exposure impairs the immunogenic
potential of DC [230]. In contrast to pDC, TLR7-mediated immune response is poorly induced in
MDDC following HIV exposition [231]. Partially matured mDC lead to the generation of Tregs, which
attenuate the pro-inflammatory antiviral response. Also, alterations of the crosstalk between mDC and
NK cells lead to poor DC maturation. Immature MDDC exposed to HIV secrete considerable levels of
IL-10 leading to resistance of NK-cell mediated lysis and accumulation of poorly immunogenic DC in
lymph nodes of HIV-infected individuals [232]. Innate-like T cells, invariant NKT (iNKT), respond to
infected DC as an early immune detection mechanism [233]; however, the presence of Vpu and Nef
inhibit mechanism of action performed by the iNKTs.

Evidence provided by various groups including that of Dan Littman support the concept that
mDC and MDDC are unable to appropriately sense HIV due to restricted viral replication in these cells;
this impedes their maturation process and immunogenic potential [195]. The HIV capsid includes
motifs able to block sensing of viral cDNA [234]. Studies by Manel et al. demonstrated that increased
HIV replication by ectopic SIV-Vpx expression in human DC results in increased viral replication and
immunogenic potential [235]. In contrast, other lines of evidence provided by the groups including
that of Vincent Piguet suggest that a decreased immunogenic potential of DC during HIV infection
is explained by HIV altering cellular metabolic processes important for antiviral responses [236].
Indeed, autophagy, a process required for TLR-induced immune response, was shown to be exhausted
in MDDC during HIV-infection [236]. Interaction with HIV envelope leads to the activation of mTOR
in MDDC; this results in suppression of autophagy and impaired TLR signaling. Also, the defect in
autophagy upon HIV exposition leads to altered antigen processing and presentation [236].

The fact that DC are poorly infected with HIV compared to CD4+ T-cells is explained by the
presence of several host factors shutting down HIV replication. Several restriction factors including
TRIM5α, APOBEC3G, BST-2 and SAMHD1 are expressed in DC [189,229,237,238]. The ABOBEC3G
is up regulated in immature MDDC following stimulation with type 1 IFN, preventing viral
infection [239]. The most effective restriction factor probably remains SAMHD1 [237]. The pDC
and mDC were reported to express high levels of SAMHD1 that is not degraded by HIV and this leads
to inhibition of viral replication [240]. Before the discovery of SAMHD1, it was well established that
SIV-Vpx over expression induces MDDC maturation and production of type 1 interferon [235,241].
The immune activation induced by the presence of Vpx is dependent on interaction of de novo synthesis
of viral capsid protein with cellular cyclophilin A leading to subsequent activation of IRF3 [235].
The innate sensor involved in this pathway has been proposed to be cyclic GMP-AMP (cGAMP)
synthase (cGAS), a factor sensing reverse-transcribed HIV-DNA [234,242]. Nevertheless, the viral
capsid prevents sensing of HIV-DNA by cGAS after reverse transcription [234,243]. The lack of Vpx
in HIV-1 may in part explain the inability of mDC to accurately induce priming and expansion of
HIV-specific T-cell responses. A recent study on HIV-2 that expresses Vpx, demonstrated that infected
individuals show higher mDC activation that may contribute to effective viral control [244]. The effect
of Vpx in the activation of mDC appears to be difficult to observe as mDC expressed by 30-fold
higher levels of SAMHD1 compared to MDDC [229]. Independently of induction by Vpx, type 1 IFN
production itself can inhibit early and late stages of HIV replication [245]. In addition to cGAS, another
cell host factor has been reported for the recognition of HIV components. Indeed, Gringhuis et al.
just recently identified RNA helicase DDX3 as an HIV-1 sensor that interact with abortive HIV-1
RNA, leading to MDDC maturation and production of type 1 interferon, via the signaling adaptor
MAVS [246]. HIV interferes with this mechanism through interaction with DC-SIGN that induce the
activation of mitotic kinase PLK1, which inhibit signaling downstream of MAVS. Other host factors
may favor HIV replication by annihilating the activation of innate immunity. The host exonuclease
TREX1 contributes to viral evasion by degrading reverse transcribed HIV-DNA thus preventing
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sensing by PRRs; deletion of TREX1 triggers innate immune responses [247]. Therefore, impaired
viral immune recognition and blocking of infection at different stages of replication may allow HIV to
escape detection by DC.

The impact of HIV on DC is also observed quantitatively. Both pDC and mDC frequency
is reduced, starting during early stages of infection and throughout the chronic phase of HIV
pathogenesis [248,249]. Nevertheless, it appears that CD163+ DC lacking CD16 expression are
increased in frequency during HIV infection compared to CD163− DC expressing CD16 [250].
The frequency of DC is inversely associated with viral load. The decrease in peripheral blood
pDC numbers may indicate enhanced recruitment into lymph nodes or other tissues, early death,
or a defect in precursor differentiation in the bone marrow [229]. Indeed, during primary SIV
infection in rhesus macaques, elevated frequencies of pDC tend to migrate into lymph nodes where
they subsequently undergo cell death [251]. The number of peripheral blood pDC is positively
correlated to CD4+ T-cell counts [229]. The antiviral therapy only partially restores the number of
pDC [249]. During the acute phase of HIV infection, pDC appear to be in a hyperactive mode as
they produce superior levels of pro-inflammatory cytokines including IL-6, TNF-α and chemokine
ligands of CCR5 following stimulation with TLR-7 agonist [248]. Throughout the acute and chronic
phase of infection, pDC constantly persist in being large producers of IFN-α; this is possibly due to
impairment in type 1 interferon regulation as these cells partially mature [229]. The HIV does not
trigger the signaling pathway involved in shutting down IFN-α expression. In fact, HIV-exposed
pDC continuously up regulate IRF7 that is associated with the persistent production of type 1 IFN.
High levels of IFN-α in infected primates and humans are correlated with immune activation and
disease progression. Persistent production of type 1 IFN is also associated with the T-cell exhaustion
reflected by the up regulation of PD-1 and CTLA-4 [252–254]. Compared to the non-pathogenic primate
model in which the intense expression of IFN-α and IFN-stimulated genes is resolved following
primary SIV infection, the pathogenic model of SIV is characterized by sustained levels of type 1
IFN [255,256]. Whether the IFN signature mirrors SIV replication or the control of SIV replication in
pathogenic versus non-pathogenic SIV models remains unclear [257,258]. However, several studies
report that HIV-exposed pDC produced reduced levels of IFN-α following stimulation by TLR-7
and TLR-9 agonists and display decreased capacity to activate NK cells [259–261]. Recent studies
demonstrated that Vpu interacts with BST2 and inhibits TLR-7 mediated IFN-α production in
pDC [262]. Persistent production of IFN-α can result in enhanced apoptosis of uninfected CD4+
T-cells with the up regulation of the TNF-mediated cell death pathway [263]. Furthermore, sustained
type 1 IFN signaling during chronic infection leads to up regulation of PD-1 on DC, production of IL-10
and reduced frequency of CD4+ T-cells producing IFN-γ [264,265]. In addition to HIV, other factors
including an altered microbiome appear to be involved in the persistence of immune activation [266].
The high prevalence of Prevotella species in HIV-infected individuals activates mDC which will induce
increased T-cell activation.

The effects of type 1 IFN on Th17 polarization are controversial. Although, pDC and IFN
trigger exacerbated Th17 responses in a model of psoriasis [267], it was also reported that type 1 IFN
decreases the development Th17 responses [268]. The HIV-exposed pDC can induce the generation of
Tregs from naive CD4+ T-cells [269]. This induction of Tregs involved in IDO expression is trigged
following CD4-mediated endocytosis and TLR7 activation. The generated Tregs by pDC were shown
to suppress CD4+ T-cell responses and inhibit maturation of mDC upon stimulation with TLR4
and TLR7 agonist thus reducing antigen-presentation [270]. This finding reflects the dichotomous
impact of pDC during HIV infection as previous studies demonstrated that pDC could also induce
bystander activation and maturation of mDC through the production of TNFα [227]. Growing evidence
indicates that mDC functions are altered within weeks following HIV infection where viremia is
still undetectable. During early stages of acute HIV infection, mDC lose the capacity to produce
high levels of IL-12 and TNF-α following stimulation with TLR-7 agonist [271]. The MDDC from
uninfected individuals exposed to plasma from acutely HIV infected subjects had a reduced ability to
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secrete pro-inflammatory cytokines. Also, culture with plasma from acutely HIV-infected individuals
inhibited NK and T-cell activation induced by MDDC [271]. The HIV itself does not seem to be
directly involved in DC suppressed cytokine production. Conversely, non-viral components including
apoptotic microparticles seem to affect mDC function, preventing the establishment of much needed
innate and adaptive immune response at early stage of infection [271]. As opposed to the early
stages of acute HIV infection, mDC from later stages are hyper-responsive to TLR7 agonist and
produce strong levels of IL-12, IP-10, TNF-α and ligands of CCR5 [248]. These findings indicate that
the alteration in mDC function during acute HIV infection is time specific as it transitions from an
absence to a massive production of pro-inflammatory cytokine, which affects the course of immune
response. The impairment in mDC functions continues during the chronic phase of HIV infection [229].
The MDDC from chronically HIV-infected individuals produce lower levels of IL-12 upon stimulation
with LPS and CD40 ligand [272]. The IL-12 is essential for the activation of NK cells and generation of
Th1 cells. Furthermore, MDDC from infected individuals exposed to plasma from untreated viremic
subjects have a reduced ability to produce IL-12, IL-6 and TNF-α after stimulation with TLR3 and
TLR7 ligands [273]. Again, non-viral components seem to be responsible for the altered functions of
MDDC. The direct effect of HIV on MDDC function was shown to involve production of IL-10 that
inhibits cell maturation [229].

In addition to their direct role in HIV replication and trans-infection, studies by the group of
Sharon Lewin revealed the capacity of monocytes and mDC to promote post-integration HIV latency
in resting CD4+ T-cells [274].

7. Conclusions

Myeloid cells such as monocytes, MΦ and DC represent key components of the innate immune
system, being able to detect and signal the presence of pathogens and further instruct the adaptive
immune system for efficient control and elimination. Myeloid cells are functionally diverse and
comprise well-defined subsets. Novel insights into the myeloid cell diversity are expected now, with
the impressive development of transcriptional profiling technologies at single-cell level. In this sense,
it is important to emphasize that very recent studies identified classical monocytes as predictors for
response to cancer immunotherapy [275]. HIV impairs the functional properties and exploits the
biology of myeloid cells to ensure its survival. The recent advances in the ontogeny of myeloid cells,
with the discovery of long-lived tissue resident MΦ able to self-renew, raise new questions relative to
the role of such myeloid cells during homeostasis and disease [276]. Whether these long-lived myeloid
cells contribute to HIV reservoir persistence during ART remains unknown. In the light of the newly
proposed trained immunity concept [277], the ability of HIV to act at epigenetic level and imprint
myeloid cells and their precursors with specific features, thus shaping the quality of immune response
to other pathogens, remains an investigation area of the future. Finally, understanding how changes
in the microbiome influence the myeloid cells biology in various tissue swill lead to the discovery of
novel therapies.

Acknowledgments: This study was supported by the HOP-120239 operating grant (to P.A.) from the Canadian
Institutes of Health Research (CIHR), the TCO-125276 and PJT-148482 team grants from CIHR and the
R01AG054324-01 grant from National Institutes of Health (NIH) (to C.L.T. and P.A.), grants from the CIHR
Canadian HIV Trials Network (CTN #247) and the Fonds de Recherche du Québec-Santé (FRQ-S)/AIDS and
Infectious Diseases Network, Québec, Canada (to J.-P.R.) and by The Canadian HIV Cure Enterprise Team
Grant HIG-133050 (to P.A. and J.-P.R.) from the CIHR in partnership with CANFAR and IAS. V.S.W. received a
CIHR Doctoral award. J.-P.R. holds a Louis Lowenstein Chair in Hematology and Oncology, McGill University.
The authors thank Amélie Cattin and Natalia Fonseca do Rosario for their critical reading of the manuscript.

Author Contributions: Vanessa Sue Wacleche conceived and wrote the manuscript. Cécile L. Tremblay and
Jean-Pierre Routy contributed to manuscript revision. Petronela Ancuta contributed to the conception of the
manuscript and performed the final revisions.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the writing
of the manuscript and in the decision to publish.



Viruses 2018, 10, 65 17 of 31

References

1. Geissmann, F. The origin of dendritic cells. Nat. Immunol. 2007, 8, 558–560. [CrossRef] [PubMed]
2. Auffray, C.; Sieweke, M.H.; Geissmann, F. Blood Monocytes: Development, Heterogeneity and Relationship

with Dendritic Cells. Ann. Rev. Immunol. 2009. [CrossRef] [PubMed]
3. Epelman, S.; Lavine, K.J.; Randolph, G.J. Origin and functions of tissue macrophages. Immunity 2014,

41, 21–35. [CrossRef] [PubMed]
4. Alvarez-Errico, D.; Vento-Tormo, R.; Sieweke, M.; Ballestar, E. Epigenetic control of myeloid cell

differentiation, identity and function. Nat. Rev. Immunol. 2015, 15, 7–17. [CrossRef] [PubMed]
5. Stevenson, M. Role of myeloid cells in HIV-1-host interplay. J. Neurovirol. 2015, 21, 242–248. [CrossRef]

[PubMed]
6. Sattentau, Q.J.; Stevenson, M. Macrophages and HIV-1: An Unhealthy Constellation. Cell Host Microbe 2016,

19, 304–310. [CrossRef] [PubMed]
7. Ziegler-Heitbrock, L. Reprint of: Monocyte subsets in man and other species. Cell. Immunol. 2014, 291, 11–15.

[CrossRef] [PubMed]
8. Patel, A.A.; Zhang, Y.; Fullerton, J.N.; Boelen, L.; Rongvaux, A.; Maini, A.A.; Bigley, V.; Flavell, R.A.;

Gilroy, D.W.; Asquith, B.; et al. The fate and lifespan of human monocyte subsets in steady state and systemic
inflammation. J. Exp. Med. 2017, 214, 1913–1923. [CrossRef] [PubMed]

9. Geissmann, F.; Manz, M.G.; Jung, S.; Sieweke, M.H.; Merad, M.; Ley, K. Development of monocytes,
macrophages, and dendritic cells. Science 2010, 327, 656–661. [CrossRef] [PubMed]

10. Serbina, N.V.; Jia, T.; Hohl, T.M.; Pamer, E.G. Monocyte-mediated defense against microbial pathogens.
Annu. Rev. Immunol. 2008, 26, 421–452. [CrossRef] [PubMed]

11. Ginhoux, F.; Jung, S. Monocytes and macrophages: Developmental pathways and tissue homeostasis.
Ann. Rev. Immunol. 2014, 14, 392–404. [CrossRef] [PubMed]

12. Williams, M.J. Drosophila hemopoiesis and cellular immunity. J. Immunol. 2007, 178, 4711–4716. [CrossRef]
[PubMed]

13. Saha, P.; Geissmann, F. Toward a functional characterization of blood monocytes. Immunol. Cell Biol. 2011,
89, 2–4. [CrossRef] [PubMed]

14. Nahrendorf, M.; Swirski, F.K.; Aikawa, E.; Stangenberg, L.; Wurdinger, T.; Figueiredo, J.L.; Libby, P.;
Weissleder, R.; Pittet, M.J. The healing myocardium sequentially mobilizes two monocyte subsets with
divergent and complementary functions. J. Exp. Med. 2007, 204, 3037–3047. [CrossRef] [PubMed]

15. Anbazhagan, K.; Duroux-Richard, I.; Jorgensen, C.; Apparailly, F. Transcriptomic network support distinct
roles of classical and non-classical monocytes in human. Int. Rev. Immunol. 2014, 33, 470–489. [CrossRef]
[PubMed]

16. Chomarat, P.; Banchereau, J.; Davoust, J.; Palucka, A.K. IL-6 switches the differentiation of monocytes from
dendritic cells to macrophages. Nat. Immunol. 2000, 1, 510–514. [CrossRef] [PubMed]

17. Gordon, S.; Taylor, P.R. Monocyte and macrophage heterogeneity. Ann. Rev. Immunol. 2005, 5, 953–964.
[CrossRef] [PubMed]

18. Randolph, G.J.; Inaba, K.; Robbiani, D.F.; Steinman, R.M.; Muller, W.A. Differentiation of phagocytic
monocytes into lymph node dendritic cells in vivo. Immunity 1999, 11, 753–761. [CrossRef]

19. Dey, A.; Allen, J.; Hankey-Giblin, P.A. Ontogeny and polarization of macrophages in inflammation: Blood
monocytes versus tissue macrophages. Front. Immunol. 2014, 5, 683. [CrossRef] [PubMed]

20. Chorro, L.; Geissmann, F. Development and homeostasis of ‘resident’ myeloid cells: The case of the
Langerhans cell. Trends Immunol. 2010, 31, 438–445. [CrossRef] [PubMed]

21. Krenkel, O.; Tacke, F. Liver macrophages in tissue homeostasis and disease. Ann. Rev. Immunol. 2017,
17, 306–321. [CrossRef] [PubMed]

22. Cassado Ados, A.; D’Imperio Lima, M.R.; Bortoluci, K.R. Revisiting mouse peritoneal macrophages:
Heterogeneity, development and function. Front. Immunol. 2015, 6, 225. [CrossRef] [PubMed]

23. Ensan, S.; Li, A.; Besla, R.; Degousee, N.; Cosme, J.; Roufaiel, M.; Shikatani, E.A.; El-Maklizi, M.;
Williams, J.W.; Robins, L.; et al. Self-renewing resident arterial macrophages arise from embryonic CX3CR1(+)
precursors and circulating monocytes immediately after birth. Nat. Immunol. 2016, 17, 159–168. [CrossRef]
[PubMed]

http://dx.doi.org/10.1038/ni0607-558
http://www.ncbi.nlm.nih.gov/pubmed/17514208
http://dx.doi.org/10.1146/annurev.immunol.021908.132557
http://www.ncbi.nlm.nih.gov/pubmed/19132917
http://dx.doi.org/10.1016/j.immuni.2014.06.013
http://www.ncbi.nlm.nih.gov/pubmed/25035951
http://dx.doi.org/10.1038/nri3777
http://www.ncbi.nlm.nih.gov/pubmed/25534619
http://dx.doi.org/10.1007/s13365-014-0281-3
http://www.ncbi.nlm.nih.gov/pubmed/25236811
http://dx.doi.org/10.1016/j.chom.2016.02.013
http://www.ncbi.nlm.nih.gov/pubmed/26962941
http://dx.doi.org/10.1016/j.cellimm.2014.06.008
http://www.ncbi.nlm.nih.gov/pubmed/25015741
http://dx.doi.org/10.1084/jem.20170355
http://www.ncbi.nlm.nih.gov/pubmed/28606987
http://dx.doi.org/10.1126/science.1178331
http://www.ncbi.nlm.nih.gov/pubmed/20133564
http://dx.doi.org/10.1146/annurev.immunol.26.021607.090326
http://www.ncbi.nlm.nih.gov/pubmed/18303997
http://dx.doi.org/10.1038/nri3671
http://www.ncbi.nlm.nih.gov/pubmed/24854589
http://dx.doi.org/10.4049/jimmunol.178.8.4711
http://www.ncbi.nlm.nih.gov/pubmed/17404248
http://dx.doi.org/10.1038/icb.2010.130
http://www.ncbi.nlm.nih.gov/pubmed/21102535
http://dx.doi.org/10.1084/jem.20070885
http://www.ncbi.nlm.nih.gov/pubmed/18025128
http://dx.doi.org/10.3109/08830185.2014.902453
http://www.ncbi.nlm.nih.gov/pubmed/24730730
http://dx.doi.org/10.1038/82763
http://www.ncbi.nlm.nih.gov/pubmed/11101873
http://dx.doi.org/10.1038/nri1733
http://www.ncbi.nlm.nih.gov/pubmed/16322748
http://dx.doi.org/10.1016/S1074-7613(00)80149-1
http://dx.doi.org/10.3389/fimmu.2014.00683
http://www.ncbi.nlm.nih.gov/pubmed/25657646
http://dx.doi.org/10.1016/j.it.2010.09.003
http://www.ncbi.nlm.nih.gov/pubmed/21030305
http://dx.doi.org/10.1038/nri.2017.11
http://www.ncbi.nlm.nih.gov/pubmed/28317925
http://dx.doi.org/10.3389/fimmu.2015.00225
http://www.ncbi.nlm.nih.gov/pubmed/26042120
http://dx.doi.org/10.1038/ni.3343
http://www.ncbi.nlm.nih.gov/pubmed/26642357


Viruses 2018, 10, 65 18 of 31

24. Goldmann, T.; Wieghofer, P.; Jordao, M.J.; Prutek, F.; Hagemeyer, N.; Frenzel, K.; Amann, L.; Staszewski, O.;
Kierdorf, K.; Krueger, M.; et al. Origin, fate and dynamics of macrophages at central nervous system
interfaces. Nat. Immunol. 2016, 17, 797–805. [CrossRef] [PubMed]

25. Wang, J.; Kubes, P. A Reservoir of Mature Cavity Macrophages that Can Rapidly Invade Visceral Organs to
Affect Tissue Repair. Cell 2016, 165, 668–678. [CrossRef] [PubMed]

26. Mildner, A.; Schmidt, H.; Nitsche, M.; Merkler, D.; Hanisch, U.K.; Mack, M.; Heikenwalder, M.; Bruck, W.;
Priller, J.; Prinz, M. Microglia in the adult brain arise from Ly-6ChiCCR2+ monocytes only under defined
host conditions. Nature Neurosci. 2007, 10, 1544–1553. [CrossRef] [PubMed]

27. Epelman, S.; Lavine, K.J.; Beaudin, A.E.; Sojka, D.K.; Carrero, J.A.; Calderon, B.; Brija, T.; Gautier, E.L.;
Ivanov, S.; Satpathy, A.T.; et al. Embryonic and adult-derived resident cardiac macrophages are maintained
through distinct mechanisms at steady state and during inflammation. Immunity 2014, 40, 91–104. [CrossRef]
[PubMed]

28. Jakubzick, C.; Gautier, E.L.; Gibbings, S.L.; Sojka, D.K.; Schlitzer, A.; Johnson, T.E.; Ivanov, S.; Duan, Q.;
Bala, S.; Condon, T.; et al. Minimal differentiation of classical monocytes as they survey steady-state tissues
and transport antigen to lymph nodes. Immunity 2013, 39, 599–610. [CrossRef] [PubMed]

29. Jakubzick, C.V.; Randolph, G.J.; Henson, P.M. Monocyte differentiation and antigen-presenting functions.
Ann. Rev. Immunol. 2017, 17, 349–362. [CrossRef] [PubMed]

30. Ancuta, P.; Liu, K.Y.; Misra, V.; Wacleche, V.S.; Gosselin, A.; Zhou, X.; Gabuzda, D. Transcriptional profiling
reveals developmental relationship and distinct biological functions of CD16+ and CD16− monocyte subsets.
BMC Genom. 2009, 10, 403. [CrossRef] [PubMed]

31. Ingersoll, M.A.; Spanbroek, R.; Lottaz, C.; Gautier, E.L.; Frankenberger, M.; Hoffmann, R.; Lang, R.;
Haniffa, M.; Collin, M.; Tacke, F.; et al. Comparison of gene expression profiles between human and
mouse monocyte subsets. Blood 2010, 115, e10–e19. [CrossRef] [PubMed]

32. Villani, A.C.; Satija, R.; Reynolds, G.; Sarkizova, S.; Shekhar, K.; Fletcher, J.; Griesbeck, M.; Butler, A.;
Zheng, S.; Lazo, S.; et al. Single-cell RNA-seq reveals new types of human blood dendritic cells, monocytes
and progenitors. Science 2017, 356. [CrossRef] [PubMed]

33. Qu, C.; Brinck-Jensen, N.S.; Zang, M.; Chen, K. Monocyte-derived dendritic cells: Targets as potent
antigen-presenting cells for the design of vaccines against infectious diseases. Int. J. Infect. Dis. Off.
Publ. Int. Soc. Infect. Dis. 2014, 19, 1–5. [CrossRef] [PubMed]

34. Passlick, B.; Flieger, D.; Ziegler-Heitbrock, H.W. Identification and characterization of a novel monocyte
subpopulation in human peripheral blood. Blood 1989, 74, 2527–2534. [PubMed]

35. Ziegler-Heitbrock, L.; Ancuta, P.; Crowe, S.; Dalod, M.; Grau, V.; Hart, D.N.; Leenen, P.J.; Liu, Y.J.;
MacPherson, G.; Randolph, G.J.; et al. Nomenclature of monocytes and dendritic cells in blood. Blood
2010, 116, e74–e80. [CrossRef] [PubMed]

36. Lauvau, G.; Chorro, L.; Spaulding, E.; Soudja, S.M. Inflammatory monocyte effector mechanisms.
Cell. Immunol. 2014, 291, 32–40. [CrossRef] [PubMed]

37. Murphy, K.; Travers, P.; Walport, M.; Janeway, C. Janeway’s Immunobiology, 8th ed.; Garland Science: New York,
NY, USA, 2012; 868p.

38. Paul, W.E. Fundamental Immunology, 7th ed.; Wolters Kluwer Health/Lippincott Williams & Wilkins:
Philadelphia, PA, USA, 2013; 1283p.

39. Mandelboim, O.; Malik, P.; Davis, D.M.; Jo, C.H.; Boyson, J.E.; Strominger, J.L. Human CD16 as a lysis
receptor mediating direct natural killer cell cytotoxicity. Proc. Natl. Acad. Sci. USA 1999, 96, 5640–5644.
[CrossRef] [PubMed]

40. Ziegler-Heitbrock, L.; Hofer, T.P. Toward a refined definition of monocyte subsets. Front. Immunol. 2013,
4, 23. [CrossRef] [PubMed]

41. Weber, C.; Belge, K.U.; von Hundelshausen, P.; Draude, G.; Steppich, B.; Mack, M.; Frankenberger, M.;
Weber, K.S.; Ziegler-Heitbrock, H.W. Differential chemokine receptor expression and function in human
monocyte subpopulations. J. Leukocyte Biol. 2000, 67, 699–704. [CrossRef] [PubMed]

42. Serbina, N.V.; Pamer, E.G. Monocyte emigration from bone marrow during bacterial infection requires
signals mediated by chemokine receptor CCR2. Nat Immunol. 2006, 7, 311–317. [CrossRef] [PubMed]

43. Ancuta, P.; Rao, R.; Moses, A.; Mehle, A.; Shaw, S.K.; Luscinskas, F.W.; Gabuzda, D. Fractalkine preferentially
mediates arrest and migration of CD16+ monocytes. J. Exp. Med. 2003, 197, 1701–1707. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/ni.3423
http://www.ncbi.nlm.nih.gov/pubmed/27135602
http://dx.doi.org/10.1016/j.cell.2016.03.009
http://www.ncbi.nlm.nih.gov/pubmed/27062926
http://dx.doi.org/10.1038/nn2015
http://www.ncbi.nlm.nih.gov/pubmed/18026096
http://dx.doi.org/10.1016/j.immuni.2013.11.019
http://www.ncbi.nlm.nih.gov/pubmed/24439267
http://dx.doi.org/10.1016/j.immuni.2013.08.007
http://www.ncbi.nlm.nih.gov/pubmed/24012416
http://dx.doi.org/10.1038/nri.2017.28
http://www.ncbi.nlm.nih.gov/pubmed/28436425
http://dx.doi.org/10.1186/1471-2164-10-403
http://www.ncbi.nlm.nih.gov/pubmed/19712453
http://dx.doi.org/10.1182/blood-2009-07-235028
http://www.ncbi.nlm.nih.gov/pubmed/19965649
http://dx.doi.org/10.1126/science.aah4573
http://www.ncbi.nlm.nih.gov/pubmed/28428369
http://dx.doi.org/10.1016/j.ijid.2013.09.023
http://www.ncbi.nlm.nih.gov/pubmed/24216295
http://www.ncbi.nlm.nih.gov/pubmed/2478233
http://dx.doi.org/10.1182/blood-2010-02-258558
http://www.ncbi.nlm.nih.gov/pubmed/20628149
http://dx.doi.org/10.1016/j.cellimm.2014.07.007
http://www.ncbi.nlm.nih.gov/pubmed/25205002
http://dx.doi.org/10.1073/pnas.96.10.5640
http://www.ncbi.nlm.nih.gov/pubmed/10318937
http://dx.doi.org/10.3389/fimmu.2013.00023
http://www.ncbi.nlm.nih.gov/pubmed/23382732
http://dx.doi.org/10.1002/jlb.67.5.699
http://www.ncbi.nlm.nih.gov/pubmed/10811011
http://dx.doi.org/10.1038/ni1309
http://www.ncbi.nlm.nih.gov/pubmed/16462739
http://dx.doi.org/10.1084/jem.20022156
http://www.ncbi.nlm.nih.gov/pubmed/12810688


Viruses 2018, 10, 65 19 of 31

44. Geissmann, F.; Jung, S.; Littman, D.R. Blood monocytes consist of two principal subsets with distinct
migratory properties. Immunity 2003, 19, 71–82. [CrossRef]

45. Ancuta, P.; Moses, A.; Gabuzda, D. Transendothelial migration of CD16+ monocytes in response to fractalkine
under constitutive and inflammatory conditions. Immunobiology 2004, 209, 11–20. [CrossRef] [PubMed]

46. Ancuta, P.; Kunstman, K.J.; Autissier, P.; Zaman, T.; Stone, D.; Wolinsky, S.M.; Gabuzda, D. CD16+ monocytes
exposed to HIV promote highly efficient viral replication upon differentiation into macrophages and
interaction with T cells. Virology 2006, 344, 267–276. [CrossRef] [PubMed]

47. Auffray, C.; Fogg, D.; Garfa, M.; Elain, G.; Join-Lambert, O.; Kayal, S.; Sarnacki, S.; Cumano, A.; Lauvau, G.;
Geissmann, F. Monitoring of blood vessels and tissues by a population of monocytes with patrolling behavior.
Science 2007, 317, 666–670. [CrossRef] [PubMed]

48. Thieblemont, N.; Weiss, L.; Sadeghi, H.M.; Estcourt, C.; Haeffner-Cavaillon, N. CD14lowCD16high:
A cytokine-producing monocyte subset which expands during human immunodeficiency virus infection.
Eur. J. Immunol. 1995, 25, 3418–3424. [CrossRef] [PubMed]

49. Belge, K.U.; Dayyani, F.; Horelt, A.; Siedlar, M.; Frankenberger, M.; Frankenberger, B.; Espevik, T.;
Ziegler-Heitbrock, L. The Proinflammatory CD14(+)CD16(+)DR(++) Monocytes Are a Major Source of
TNF. J. Immunol. 2002, 168, 3536–3542. [CrossRef] [PubMed]

50. Shalova, I.N.; Kajiji, T.; Lim, J.Y.; Gomez-Pina, V.; Fernandez-Ruiz, I.; Arnalich, F.; Iau, P.T.; Lopez-Collazo, E.;
Wong, S.C.; Biswas, S.K. CD16 regulates TRIF-dependent TLR4 response in human monocytes and their
subsets. J. Immunol. 2012, 188, 3584–3593. [CrossRef] [PubMed]

51. Hofer, T.P.; Zawada, A.M.; Frankenberger, M.; Skokann, K.; Satzl, A.A.; Gesierich, W.; Schuberth, M.;
Levin, J.; Danek, A.; Rotter, B.; et al. Characterization of subsets of the CD16-positive monocytes: Impact of
granulomatous inflammation and M-CSF-receptor mutation. Blood 2015. [CrossRef] [PubMed]

52. Ancuta, P. A slan-based nomenclature for monocytes? Blood 2015, 126, 2536–2538. [CrossRef] [PubMed]
53. Siedlar, M.; Frankenberger, M.; Ziegler-Heitbrock, L.H.; Belge, K.U. The M-DC8-positive leukocytes are a

subpopulation of the CD14+ CD16+ monocytes. Immunobiology 2000, 202, 11–17. [CrossRef]
54. Schakel, K.; Kannagi, R.; Kniep, B.; Goto, Y.; Mitsuoka, C.; Zwirner, J.; Soruri, A.; von Kietzell, M.; Rieber, E.

6-Sulfo LacNAc, a novel carbohydrate modification of PSGL-1, defines an inflammatory type of human
dendritic cells. Immunity 2002, 17, 289–301. [CrossRef]

55. Johansson, M.W. Activation states of blood eosinophils in asthma. Clin. Exp. Allergy J. Br. Soc. Allergy
Clin. Immunol. 2014, 44, 482–498. [CrossRef] [PubMed]

56. Dutertre, C.A.; Amraoui, S.; DeRosa, A.; Jourdain, J.P.; Vimeux, L.; Goguet, M.; Degrelle, S.; Feuillet, V.;
Liovat, A.S.; Muller-Trutwin, M.; et al. Pivotal role of M-DC8(+) monocytes from viremic HIV-infected
patients in TNFα overproduction in response to microbial products. Blood 2012, 120, 2259–2268. [CrossRef]
[PubMed]

57. Steppich, B.; Dayyani, F.; Gruber, R.; Lorenz, R.; Mack, M.; Ziegler-Heitbrock, H.W. Selective mobilization
of CD14(+)CD16(+) monocytes by exercise. Am. J. Physiol. Cell Physiol. 2000, 279, C578–C586. [CrossRef]
[PubMed]

58. Wong, K.L.; Tai, J.J.; Wong, W.C.; Han, H.; Sem, X.; Yeap, W.H.; Kourilsky, P.; Wong, S.C. Gene expression
profiling reveals the defining features of the classical, intermediate and nonclassical human monocyte
subsets. Blood 2011, 118, e16–e31. [CrossRef] [PubMed]

59. Weiner, L.M.; Li, W.; Holmes, M.; Catalano, R.B.; Dovnarsky, M.; Padavic, K.; Alpaugh, R.K. Phase I
trial of recombinant macrophage colony-stimulating factor and recombinant gamma-interferon: Toxicity,
monocytosis and clinical effects. Cancer Res. 1994, 54, 4084–4090. [PubMed]

60. Sunderkotter, C.; Nikolic, T.; Dillon, M.J.; van Rooijen, N.; Stehling, M.; Drevets, D.A.; Leenen, P.J.
Subpopulations of mouse blood monocytes differ in maturation stage and inflammatory response. J. Immunol.
2004, 172, 4410–4417. [CrossRef] [PubMed]

61. Zawada, A.M.; Rogacev, K.S.; Rotter, B.; Winter, P.; Marell, R.R.; Fliser, D.; Heine, G.H. SuperSAGE evidence
for CD14++CD16+ monocytes as a third monocyte subset. Blood 2011, 118, e50–e61. [CrossRef] [PubMed]

62. Shantsila, E.; Wrigley, B.; Tapp, L.; Apostolakis, S.; Montoro-Garcia, S.; Drayson, M.T.; Lip, G.Y.
Immunophenotypic characterization of human monocyte subsets: Possible implications for cardiovascular
disease pathophysiology. J. Thromb. Haemost. 2011, 9, 1056–1066. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S1074-7613(03)00174-2
http://dx.doi.org/10.1016/j.imbio.2004.04.001
http://www.ncbi.nlm.nih.gov/pubmed/15481136
http://dx.doi.org/10.1016/j.virol.2005.10.027
http://www.ncbi.nlm.nih.gov/pubmed/16305804
http://dx.doi.org/10.1126/science.1142883
http://www.ncbi.nlm.nih.gov/pubmed/17673663
http://dx.doi.org/10.1002/eji.1830251232
http://www.ncbi.nlm.nih.gov/pubmed/8566032
http://dx.doi.org/10.4049/jimmunol.168.7.3536
http://www.ncbi.nlm.nih.gov/pubmed/11907116
http://dx.doi.org/10.4049/jimmunol.1100244
http://www.ncbi.nlm.nih.gov/pubmed/22427642
http://dx.doi.org/10.1182/blood-2015-06-651331
http://www.ncbi.nlm.nih.gov/pubmed/26443621
http://dx.doi.org/10.1182/blood-2015-10-675470
http://www.ncbi.nlm.nih.gov/pubmed/26635407
http://dx.doi.org/10.1016/S0171-2985(00)80047-9
http://dx.doi.org/10.1016/S1074-7613(02)00393-X
http://dx.doi.org/10.1111/cea.12292
http://www.ncbi.nlm.nih.gov/pubmed/24552191
http://dx.doi.org/10.1182/blood-2012-03-418681
http://www.ncbi.nlm.nih.gov/pubmed/22802339
http://dx.doi.org/10.1152/ajpcell.2000.279.3.C578
http://www.ncbi.nlm.nih.gov/pubmed/10942707
http://dx.doi.org/10.1182/blood-2010-12-326355
http://www.ncbi.nlm.nih.gov/pubmed/21653326
http://www.ncbi.nlm.nih.gov/pubmed/8033141
http://dx.doi.org/10.4049/jimmunol.172.7.4410
http://www.ncbi.nlm.nih.gov/pubmed/15034056
http://dx.doi.org/10.1182/blood-2011-01-326827
http://www.ncbi.nlm.nih.gov/pubmed/21803849
http://dx.doi.org/10.1111/j.1538-7836.2011.04244.x
http://www.ncbi.nlm.nih.gov/pubmed/21342432


Viruses 2018, 10, 65 20 of 31

63. Buechler, C.; Ritter, M.; Orso, E.; Langmann, T.; Klucken, J.; Schmitz, G. Regulation of scavenger
receptor CD163 expression in human monocytes and macrophages by pro- and antiinflammatory stimuli.
J. Leukocyte Biol. 2000, 67, 97–103. [CrossRef] [PubMed]

64. Murdoch, C.; Tazzyman, S.; Webster, S.; Lewis, C.E. Expression of Tie-2 by human monocytes and their
responses to angiopoietin-2. J. Immunol. 2007, 178, 7405–7411. [CrossRef] [PubMed]

65. Coffelt, S.B.; Tal, A.O.; Scholz, A.; de Palma, M.; Patel, S.; Urbich, C.; Biswas, S.K.; Murdoch, C.; Plate, K.H.;
Reiss, Y.; et al. Angiopoietin-2 regulates gene expression in TIE2-expressing monocytes and augments their
inherent proangiogenic functions. Cancer Res. 2010, 70, 5270–5280. [CrossRef] [PubMed]

66. Frankenberger, M.; Sternsdorf, T.; Pechumer, H.; Pforte, A.; Ziegler-Heitbrock, H.W. Differential cytokine
expression in human blood monocyte subpopulations: A polymerase chain reaction analysis. Blood 1996,
87, 373–377. [PubMed]

67. Skrzeczynska-Moncznik, J.; Bzowska, M.; Loseke, S.; Grage-Griebenow, E.; Zembala, M.; Pryjma, J.
Peripheral blood CD14high CD16+ monocytes are main producers of IL-10. Scand. J. Immunol. 2008,
67, 152–159. [CrossRef] [PubMed]

68. Ziegler-Heitbrock, L. Blood Monocytes and Their Subsets: Established Features and Open Questions.
Front. Immunol. 2015, 6, 423. [CrossRef] [PubMed]

69. Schakel, K.; von Kietzell, M.; Hansel, A.; Ebling, A.; Schulze, L.; Haase, M.; Semmler, C.; Sarfati, M.;
Barclay, A.N.; Randolph, G.J.; et al. Human 6-sulfo LacNAc-expressing dendritic cells are principal producers
of early interleukin-12 and are controlled by erythrocytes. Immunity 2006, 24, 767–777. [CrossRef] [PubMed]

70. Geissmann, F.; Revy, P.; Brousse, N.; Lepelletier, Y.; Folli, C.; Durandy, A.; Chambon, P.; Dy, M.
Retinoids regulate survival and antigen presentation by immature dendritic cells. J. Exp. Med. 2003,
198, 623–634. [CrossRef] [PubMed]

71. Carlin, L.M.; Stamatiades, E.G.; Auffray, C.; Hanna, R.N.; Glover, L.; Vizcay-Barrena, G.; Hedrick, C.C.;
Cook, H.T.; Diebold, S.; Geissmann, F. Nr4a1-dependent Ly6C(low) monocytes monitor endothelial cells and
orchestrate their disposal. Cell 2013, 153, 362–375. [CrossRef] [PubMed]

72. Nguyen, K.D.; Fentress, S.J.; Qiu, Y.; Yun, K.; Cox, J.S.; Chawla, A. Circadian gene Bmal1 regulates diurnal
oscillations of Ly6C(hi) inflammatory monocytes. Science 2013, 341, 1483–1488. [CrossRef] [PubMed]

73. Rowley, D.A.; Fitch, F.W. The road to the discovery of dendritic cells, a tribute to Ralph Steinman.
Cell. Immunol. 2012, 273, 95–98. [CrossRef] [PubMed]

74. Morel, P.A. Dendritic cell subsets in type 1 diabetes: Friend or foe? Front. Immunol. 2013, 4, 415. [CrossRef]
[PubMed]

75. Galicia, G.; Gommerman, J.L. Plasmacytoid dendritic cells and autoimmune inflammation. Biol. Chem. 2014,
395, 335–346. [CrossRef] [PubMed]

76. Grajkowska, L.T.; Ceribelli, M.; Lau, C.M.; Warren, M.E.; Tiniakou, I.; Nakandakari Higa, S.; Bunin, A.;
Haecker, H.; Mirny, L.A.; Staudt, L.M.; et al. Isoform-Specific Expression and Feedback Regulation of E
Protein TCF4 Control Dendritic Cell Lineage Specification. Immunity 2017, 46, 65–77. [CrossRef] [PubMed]

77. Crozat, K.; Guiton, R.; Guilliams, M.; Henri, S.; Baranek, T.; Schwartz-Cornil, I.; Malissen, B.; Dalod, M.
Comparative genomics as a tool to reveal functional equivalences between human and mouse dendritic cell
subsets. Immunol. Rev. 2010, 234, 177–198. [CrossRef] [PubMed]

78. Dalod, M.; Chelbi, R.; Malissen, B.; Lawrence, T. Dendritic cell maturation: Functional specialization through
signaling specificity and transcriptional programming. EMBO J. 2014, 33, 1104–1116. [CrossRef] [PubMed]

79. Merad, M.; Sathe, P.; Helft, J.; Miller, J.; Mortha, A. The dendritic cell lineage: Ontogeny and function of
dendritic cells and their subsets in the steady state and the inflamed setting. Ann. Rev. Immunol. 2013,
31, 563–604. [CrossRef] [PubMed]

80. Di Pucchio, T.; Chatterjee, B.; Smed-Sorensen, A.; Clayton, S.; Palazzo, A.; Montes, M.; Xue, Y.; Mellman, I.;
Banchereau, J.; Connolly, J.E. Direct proteasome-independent cross-presentation of viral antigen by
plasmacytoid dendritic cells on major histocompatibility complex class I. Nat. Immunol. 2008, 9, 551–557.
[CrossRef] [PubMed]

81. Yu, C.F.; Peng, W.M.; Oldenburg, J.; Hoch, J.; Bieber, T.; Limmer, A.; Hartmann, G.; Barchet, W.;
Eis-Hubinger, A.M.; Novak, N. Human plasmacytoid dendritic cells support Th17 cell effector function in
response to TLR7 ligation. J. Immunol. 2010, 184, 1159–1167. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/jlb.67.1.97
http://www.ncbi.nlm.nih.gov/pubmed/10648003
http://dx.doi.org/10.4049/jimmunol.178.11.7405
http://www.ncbi.nlm.nih.gov/pubmed/17513791
http://dx.doi.org/10.1158/0008-5472.CAN-10-0012
http://www.ncbi.nlm.nih.gov/pubmed/20530679
http://www.ncbi.nlm.nih.gov/pubmed/8547664
http://dx.doi.org/10.1111/j.1365-3083.2007.02051.x
http://www.ncbi.nlm.nih.gov/pubmed/18201370
http://dx.doi.org/10.3389/fimmu.2015.00423
http://www.ncbi.nlm.nih.gov/pubmed/26347746
http://dx.doi.org/10.1016/j.immuni.2006.03.020
http://www.ncbi.nlm.nih.gov/pubmed/16782032
http://dx.doi.org/10.1084/jem.20030390
http://www.ncbi.nlm.nih.gov/pubmed/12925678
http://dx.doi.org/10.1016/j.cell.2013.03.010
http://www.ncbi.nlm.nih.gov/pubmed/23582326
http://dx.doi.org/10.1126/science.1240636
http://www.ncbi.nlm.nih.gov/pubmed/23970558
http://dx.doi.org/10.1016/j.cellimm.2012.01.002
http://www.ncbi.nlm.nih.gov/pubmed/22326169
http://dx.doi.org/10.3389/fimmu.2013.00415
http://www.ncbi.nlm.nih.gov/pubmed/24367363
http://dx.doi.org/10.1515/hsz-2013-0213
http://www.ncbi.nlm.nih.gov/pubmed/24184991
http://dx.doi.org/10.1016/j.immuni.2016.11.006
http://www.ncbi.nlm.nih.gov/pubmed/27986456
http://dx.doi.org/10.1111/j.0105-2896.2009.00868.x
http://www.ncbi.nlm.nih.gov/pubmed/20193019
http://dx.doi.org/10.1002/embj.201488027
http://www.ncbi.nlm.nih.gov/pubmed/24737868
http://dx.doi.org/10.1146/annurev-immunol-020711-074950
http://www.ncbi.nlm.nih.gov/pubmed/23516985
http://dx.doi.org/10.1038/ni.1602
http://www.ncbi.nlm.nih.gov/pubmed/18376401
http://dx.doi.org/10.4049/jimmunol.0901706
http://www.ncbi.nlm.nih.gov/pubmed/20026744


Viruses 2018, 10, 65 21 of 31

82. Liu, K.; Victora, G.D.; Schwickert, T.A.; Guermonprez, P.; Meredith, M.M.; Yao, K.; Chu, F.F.; Randolph, G.J.;
Rudensky, A.Y.; Nussenzweig, M. In vivo analysis of dendritic cell development and homeostasis. Science
2009, 324, 392–397. [CrossRef] [PubMed]

83. Waskow, C.; Liu, K.; Darrasse-Jeze, G.; Guermonprez, P.; Ginhoux, F.; Merad, M.; Shengelia, T.; Yao, K.;
Nussenzweig, M. The receptor tyrosine kinase Flt3 is required for dendritic cell development in peripheral
lymphoid tissues. Nat. Immunol. 2008, 9, 676–683. [CrossRef] [PubMed]

84. Schlitzer, A.; McGovern, N.; Ginhoux, F. Dendritic cells and monocyte-derived cells: Two complementary
and integrated functional systems. Semin. Cell Dev. Biol. 2015, 41, 9–22. [CrossRef] [PubMed]

85. Crozat, K.; Guiton, R.; Contreras, V.; Feuillet, V.; Dutertre, C.A.; Ventre, E.; Vu Manh, T.P.; Baranek, T.;
Storset, A.K.; Marvel, J.; et al. The XC chemokine receptor 1 is a conserved selective marker of mammalian
cells homologous to mouse CD8α+ dendritic cells. J. Exp. Med. 2010, 207, 1283–1292. [CrossRef] [PubMed]

86. Haniffa, M.; Shin, A.; Bigley, V.; McGovern, N.; Teo, P.; See, P.; Wasan, P.S.; Wang, X.N.; Malinarich, F.;
Malleret, B.; et al. Human tissues contain CD141hi cross-presenting dendritic cells with functional homology
to mouse CD103+ nonlymphoid dendritic cells. Immunity 2012, 37, 60–73. [CrossRef] [PubMed]

87. Guilliams, M.; Henri, S.; Tamoutounour, S.; Ardouin, L.; Schwartz-Cornil, I.; Dalod, M.; Malissen, B.
From skin dendritic cells to a simplified classification of human and mouse dendritic cell subsets. Eur. J.
Immunol. 2010, 40, 2089–2094. [CrossRef] [PubMed]

88. Ohnuma, K.; Dang, N.H.; Morimoto, C. Revisiting an old acquaintance: CD26 and its molecular mechanisms
in T cell function. Trends Immunol. 2008, 29, 295–301. [CrossRef] [PubMed]

89. Matteucci, E.; Giampietro, O. Dipeptidyl peptidase-4 (CD26): Knowing the function before inhibiting the
enzyme. Curr. Med. Chem. 2009, 16, 2943–2951. [CrossRef] [PubMed]

90. Watchmaker, P.B.; Lahl, K.; Lee, M.; Baumjohann, D.; Morton, J.; Kim, S.J.; Zeng, R.; Dent, A.; Ansel, K.M.;
Diamond, B.; et al. Comparative transcriptional and functional profiling defines conserved programs of
intestinal DC differentiation in humans and mice. Nat. Immunol. 2014, 15, 98–108. [CrossRef] [PubMed]

91. Bigley, V.; McGovern, N.; Milne, P.; Dickinson, R.; Pagan, S.; Cookson, S.; Haniffa, M.; Collin, M.
Langerin-expressing dendritic cells in human tissues are related to CD1c+ dendritic cells and distinct
from Langerhans cells and CD141high XCR1+ dendritic cells. J. Leukocyte Biol. 2015, 97, 627–634. [CrossRef]
[PubMed]

92. Dieu, M.C.; Vanbervliet, B.; Vicari, A.; Bridon, J.M.; Oldham, E.; Ait-Yahia, S.; Briere, F.; Zlotnik, A.;
Lebecque, S.; Caux, C. Selective recruitment of immature and mature dendritic cells by distinct chemokines
expressed in different anatomic sites. J. Exp. Med. 1998, 188, 373–386. [CrossRef] [PubMed]

93. Reynolds, G.; Haniffa, M. Human and Mouse Mononuclear Phagocyte Networks: A Tale of Two Species?
Front. Immunol. 2015, 6, 330. [CrossRef] [PubMed]

94. Schlitzer, A.; McGovern, N.; Teo, P.; Zelante, T.; Atarashi, K.; Low, D.; Ho, A.W.; See, P.; Shin, A.;
Wasan, P.S.; et al. IRF4 transcription factor-dependent CD11b+ dendritic cells in human and mouse control
mucosal IL-17 cytokine responses. Immunity 2013, 38, 970–983. [CrossRef] [PubMed]

95. Plantinga, M.; Guilliams, M.; Vanheerswynghels, M.; Deswarte, K.; Branco-Madeira, F.; Toussaint, W.;
Vanhoutte, L.; Neyt, K.; Killeen, N.; Malissen, B.; et al. Conventional and monocyte-derived CD11b(+)
dendritic cells initiate and maintain T helper 2 cell-mediated immunity to house dust mite allergen. Immunity
2013, 38, 322–335. [CrossRef] [PubMed]

96. Morelli, A.E.; Rubin, J.P.; Erdos, G.; Tkacheva, O.A.; Mathers, A.R.; Zahorchak, A.F.; Thomson, A.W.;
Falo, L.D., Jr.; Larregina, A.T. CD4+ T cell responses elicited by different subsets of human skin migratory
dendritic cells. J. Immunol. 2005, 175, 7905–7915. [CrossRef] [PubMed]

97. Persson, E.K.; Uronen-Hansson, H.; Semmrich, M.; Rivollier, A.; Hagerbrand, K.; Marsal, J.; Gudjonsson, S.;
Hakansson, U.; Reizis, B.; Kotarsky, K.; et al. IRF4 transcription-factor-dependent CD103(+)CD11b(+)
dendritic cells drive mucosal T helper 17 cell differentiation. Immunity 2013, 38, 958–969. [CrossRef]
[PubMed]

98. 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 α. J. Exp. Med. 1994, 179, 1109–1118. [CrossRef] [PubMed]

99. Randolph, G.J.; Beaulieu, S.; Lebecque, S.; Steinman, R.M.; Muller, W.A. Differentiation of monocytes into
dendritic cells in a model of transendothelial trafficking. Science 1998, 282, 480–483. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.1170540
http://www.ncbi.nlm.nih.gov/pubmed/19286519
http://dx.doi.org/10.1038/ni.1615
http://www.ncbi.nlm.nih.gov/pubmed/18469816
http://dx.doi.org/10.1016/j.semcdb.2015.03.011
http://www.ncbi.nlm.nih.gov/pubmed/25957517
http://dx.doi.org/10.1084/jem.20100223
http://www.ncbi.nlm.nih.gov/pubmed/20479118
http://dx.doi.org/10.1016/j.immuni.2012.04.012
http://www.ncbi.nlm.nih.gov/pubmed/22795876
http://dx.doi.org/10.1002/eji.201040498
http://www.ncbi.nlm.nih.gov/pubmed/20853491
http://dx.doi.org/10.1016/j.it.2008.02.010
http://www.ncbi.nlm.nih.gov/pubmed/18456553
http://dx.doi.org/10.2174/092986709788803114
http://www.ncbi.nlm.nih.gov/pubmed/19689275
http://dx.doi.org/10.1038/ni.2768
http://www.ncbi.nlm.nih.gov/pubmed/24292363
http://dx.doi.org/10.1189/jlb.1HI0714-351R
http://www.ncbi.nlm.nih.gov/pubmed/25516751
http://dx.doi.org/10.1084/jem.188.2.373
http://www.ncbi.nlm.nih.gov/pubmed/9670049
http://dx.doi.org/10.3389/fimmu.2015.00330
http://www.ncbi.nlm.nih.gov/pubmed/26124761
http://dx.doi.org/10.1016/j.immuni.2013.04.011
http://www.ncbi.nlm.nih.gov/pubmed/23706669
http://dx.doi.org/10.1016/j.immuni.2012.10.016
http://www.ncbi.nlm.nih.gov/pubmed/23352232
http://dx.doi.org/10.4049/jimmunol.175.12.7905
http://www.ncbi.nlm.nih.gov/pubmed/16339526
http://dx.doi.org/10.1016/j.immuni.2013.03.009
http://www.ncbi.nlm.nih.gov/pubmed/23664832
http://dx.doi.org/10.1084/jem.179.4.1109
http://www.ncbi.nlm.nih.gov/pubmed/8145033
http://dx.doi.org/10.1126/science.282.5388.480
http://www.ncbi.nlm.nih.gov/pubmed/9774276


Viruses 2018, 10, 65 22 of 31

100. Cheong, C.; Matos, I.; Choi, J.H.; Dandamudi, D.B.; Shrestha, E.; Longhi, M.P.; Jeffrey, K.L.; Anthony, R.M.;
Kluger, C.; Nchinda, G.; et al. Microbial stimulation fully differentiates monocytes to DC-SIGN/CD209(+)
dendritic cells for immune T cell areas. Cell 2010, 143, 416–429. [CrossRef] [PubMed]

101. Segura, E.; Touzot, M.; Bohineust, A.; Cappuccio, A.; Chiocchia, G.; Hosmalin, A.; Dalod, M.; Soumelis, V.;
Amigorena, S. Human inflammatory dendritic cells induce Th17 cell differentiation. Immunity 2013,
38, 336–348. [CrossRef] [PubMed]

102. Coombes, J.L.; Powrie, F. Dendritic cells in intestinal immune regulation. Ann. Rev. Immunol. 2008, 8, 435–446.
[CrossRef] [PubMed]

103. Le Borgne, M.; Etchart, N.; Goubier, A.; Lira, S.A.; Sirard, J.C.; van Rooijen, N.; Caux, C.; Ait-Yahia, S.;
Vicari, A.; Kaiserlian, D.; et al. Dendritic cells rapidly recruited into epithelial tissues via CCR6/CCL20 are
responsible for CD8+ T cell crosspriming in vivo. Immunity 2006, 24, 191–201. [CrossRef] [PubMed]

104. Wakim, L.M.; Waithman, J.; van Rooijen, N.; Heath, W.R.; Carbone, F.R. Dendritic cell-induced memory T
cell activation in nonlymphoid tissues. Science 2008, 319, 198–202. [CrossRef] [PubMed]

105. Nakano, H.; Lin, K.L.; Yanagita, M.; Charbonneau, C.; Cook, D.N.; Kakiuchi, T.; Gunn, M.D. Blood-derived
inflammatory dendritic cells in lymph nodes stimulate acute T helper type 1 immune responses. Nat. Immunol.
2009, 10, 394–402. [CrossRef] [PubMed]

106. Mochizuki, K.; Xie, F.; He, S.; Tong, Q.; Liu, Y.; Mochizuki, I.; Guo, Y.; Kato, K.; Yagita, H.; Mineishi, S.; et al.
Delta-like ligand 4 identifies a previously uncharacterized population of inflammatory dendritic cells that
plays important roles in eliciting allogeneic T cell responses in mice. J. Immunol. 2013, 190, 3772–3782.
[CrossRef] [PubMed]

107. Geissmann, F.; Auffray, C.; Palframan, R.; Wirrig, C.; Ciocca, A.; Campisi, L.; Narni-Mancinelli, E.; Lauvau, G.
Blood monocytes: Distinct subsets, how they relate to dendritic cells and their possible roles in the regulation
of T-cell responses. Immunol. Cell Biol. 2008, 86, 398–408. [CrossRef] [PubMed]

108. Schlitzer, A.; Ginhoux, F. Organization of the mouse and human DC network. Curr. Opin. Immunol. 2014,
26, 90–99. [CrossRef] [PubMed]

109. Sanchez-Torres, C.; Garcia-Romo, G.S.; Cornejo-Cortes, M.A.; Rivas-Carvalho, A.; Sanchez-Schmitz, G.
CD16+ and CD16- human blood monocyte subsets differentiate in vitro to dendritic cells with different
abilities to stimulate CD4+ T cells. Int. Immunol. 2001, 13, 1571–1581. [CrossRef] [PubMed]

110. Randolph, G.J.; Sanchez-Schmitz, G.; Liebman, R.M.; Schakel, K. The CD16(+) (FcgammaRIII(+)) Subset of
Human Monocytes Preferentially Becomes Migratory Dendritic Cells in a Model Tissue Setting. J. Exp. Med.
2002, 196, 517–527. [CrossRef] [PubMed]

111. Rivas-Carvalho, A.; Meraz-Rios, M.A.; Santos-Argumedo, L.; Bajana, S.; Soldevila, G.; Moreno-Garcia, M.E.;
Sanchez-Torres, C. CD16+ human monocyte-derived dendritic cells matured with different and unrelated
stimuli promote similar allogeneic Th2 responses: Regulation by pro- and anti-inflammatory cytokines.
Int. Immunol. 2004, 16, 1251–1263. [CrossRef] [PubMed]

112. Hansel, A.; Gunther, C.; Baran, W.; Bidier, M.; Lorenz, H.M.; Schmitz, M.; Bachmann, M.; Dobel, T.; Enk, A.H.;
Schakel, K. Human 6-sulfo LacNAc (slan) dendritic cells have molecular and functional features of an
important pro-inflammatory cell type in lupus erythematosus. J. Autoimmun. 2013, 40, 1–8. [CrossRef]
[PubMed]

113. Hansel, A.; Gunther, C.; Ingwersen, J.; Starke, J.; Schmitz, M.; Bachmann, M.; Meurer, M.; Rieber, E.P.;
Schakel, K. Human slan (6-sulfo LacNAc) dendritic cells are inflammatory dermal dendritic cells in psoriasis
and drive strong TH17/TH1 T-cell responses. J. Allergy Clin. Immunol. 2011, 127, 787–794. [CrossRef]
[PubMed]

114. Robbins, S.H.; Walzer, T.; Dembele, D.; Thibault, C.; Defays, A.; Bessou, G.; Xu, H.; Vivier, E.; Sellars, M.;
Pierre, P.; et al. Novel insights into the relationships between dendritic cell subsets in human and mouse
revealed by genome-wide expression profiling. Genome Biol. 2008, 9, R17. [CrossRef] [PubMed]

115. Cros, J.; Cagnard, N.; Woollard, K.; Patey, N.; Zhang, S.Y.; Senechal, B.; Puel, A.; Biswas, S.K.; Moshous, D.;
Picard, C.; et al. Human CD14dim monocytes patrol and sense nucleic acids and viruses via TLR7 and TLR8
receptors. Immunity 2010, 33, 375–386. [CrossRef] [PubMed]

116. Qu, C.; Nguyen, V.A.; Merad, M.; Randolph, G.J. MHC class I/peptide transfer between dendritic cells
overcomes poor cross-presentation by monocyte-derived APCs that engulf dying cells. J. Immunol. 2009,
182, 3650–3659. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cell.2010.09.039
http://www.ncbi.nlm.nih.gov/pubmed/21029863
http://dx.doi.org/10.1016/j.immuni.2012.10.018
http://www.ncbi.nlm.nih.gov/pubmed/23352235
http://dx.doi.org/10.1038/nri2335
http://www.ncbi.nlm.nih.gov/pubmed/18500229
http://dx.doi.org/10.1016/j.immuni.2006.01.005
http://www.ncbi.nlm.nih.gov/pubmed/16473831
http://dx.doi.org/10.1126/science.1151869
http://www.ncbi.nlm.nih.gov/pubmed/18187654
http://dx.doi.org/10.1038/ni.1707
http://www.ncbi.nlm.nih.gov/pubmed/19252492
http://dx.doi.org/10.4049/jimmunol.1202820
http://www.ncbi.nlm.nih.gov/pubmed/23440416
http://dx.doi.org/10.1038/icb.2008.19
http://www.ncbi.nlm.nih.gov/pubmed/18392044
http://dx.doi.org/10.1016/j.coi.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24556405
http://dx.doi.org/10.1093/intimm/13.12.1571
http://www.ncbi.nlm.nih.gov/pubmed/11717198
http://dx.doi.org/10.1084/jem.20011608
http://www.ncbi.nlm.nih.gov/pubmed/12186843
http://dx.doi.org/10.1093/intimm/dxh127
http://www.ncbi.nlm.nih.gov/pubmed/15277404
http://dx.doi.org/10.1016/j.jaut.2012.07.005
http://www.ncbi.nlm.nih.gov/pubmed/22890025
http://dx.doi.org/10.1016/j.jaci.2010.12.009
http://www.ncbi.nlm.nih.gov/pubmed/21377044
http://dx.doi.org/10.1186/gb-2008-9-1-r17
http://www.ncbi.nlm.nih.gov/pubmed/18218067
http://dx.doi.org/10.1016/j.immuni.2010.08.012
http://www.ncbi.nlm.nih.gov/pubmed/20832340
http://dx.doi.org/10.4049/jimmunol.0801532
http://www.ncbi.nlm.nih.gov/pubmed/19265143


Viruses 2018, 10, 65 23 of 31

117. Palucka, K.; Banchereau, J. Human dendritic cell subsets in vaccination. Curr. Opin. Immunol. 2013,
25, 396–402. [CrossRef] [PubMed]

118. Steinman, R.M. Decisions about dendritic cells: Past, present and future. Ann. Rev. Immunol. 2012, 30, 1–22.
[CrossRef] [PubMed]

119. Allen, J.B.; Wong, H.L.; Guyre, P.M.; Simon, G.L.; Wahl, S.M. Association of circulating receptor Fc
gamma RIII-positive monocytes in AIDS patients with elevated levels of transforming growth factor-beta.
J. Clin. Investig. 1991, 87, 1773–1779. [CrossRef] [PubMed]

120. Dunne, J.; Feighery, C.; Whelan, A. Beta-2-microglobulin, neopterin and monocyte Fc gamma receptors in
opportunistic infections of HIV-positive patients. Br. J. Biomed. Sci. 1996, 53, 263–269. [PubMed]

121. Vehmas, A.; Lieu, J.; Pardo, C.A.; McArthur, J.C.; Gartner, S. Amyloid precursor protein expression in
circulating monocytes and brain macrophages from patients with HIV-associated cognitive impairment.
J. Neuroimmunol. 2004, 157, 99–110. [CrossRef] [PubMed]

122. Amirayan-Chevillard, N.; Tissot-Dupont, H.; Capo, C.; Brunet, C.; Dignat-George, F.; Obadia, Y.; Gallais, H.;
Mege, J.L. Impact of highly active anti-retroviral therapy (HAART) on cytokine production and monocyte
subsets in HIV-infected patients. Clin. Exp. Immunol. 2000, 120, 107–112. [CrossRef] [PubMed]

123. Pulliam, L.; Gascon, R.; Stubblebine, M.; McGuire, D.; McGrath, M.S. Unique monocyte subset in patients
with AIDS dementia. Lancet 1997, 349, 692–695. [CrossRef]

124. Ancuta, P.; Kamat, A.; Kunstman, K.J.; Kim, E.Y.; Autissier, P.; Wurcel, A.; Zaman, T.; Stone, D.; Mefford, M.;
Morgello, S.; et al. Microbial translocation is associated with increased monocyte activation and dementia in
AIDS patients. PLoS ONE 2008, 3, e2516. [CrossRef] [PubMed]

125. Buckner, C.M.; Calderon, T.M.; Willams, D.W.; Belbin, T.J.; Berman, J.W. Characterization of monocyte
maturation/differentiation that facilitates their transmigration across the blood-brain barrier and infection
by HIV: Implications for NeuroAIDS. Cell. Immunol. 2011, 267, 109–123. [CrossRef] [PubMed]

126. Williams, D.W.; Eugenin, E.A.; Calderon, T.M.; Berman, J.W. Monocyte maturation, HIV susceptibility and
transmigration across the blood brain barrier are critical in HIV neuropathogenesis. J. Leukocyte Biol. 2012,
91, 401–415. [CrossRef] [PubMed]

127. Hearps, A.C.; Maisa, A.; Cheng, W.J.; Angelovich, T.A.; Lichtfuss, G.F.; Palmer, C.S.; Landay, A.L.;
Jaworowski, A.; Crowe, S.M. HIV infection induces age-related changes to monocytes and innate immune
activation in young men that persist despite combination antiretroviral therapy. AIDS 2012, 26, 843–853.
[CrossRef] [PubMed]

128. Jaworowski, A.; Ellery, P.; Maslin, C.L.; Naim, E.; Heinlein, A.C.; Ryan, C.E.; Paukovics, G.; Hocking, J.;
Sonza, S.; Crowe, S.M. Normal CD16 expression and phagocytosis of Mycobacterium avium complex by
monocytes from a current cohort of HIV-1-infected patients. J. Inf. Dis. 2006, 193, 693–697. [CrossRef]
[PubMed]

129. Jaworowski, A.; Kamwendo, D.D.; Ellery, P.; Sonza, S.; Mwapasa, V.; Tadesse, E.; Molyneux, M.E.;
Rogerson, S.J.; Meshnick, S.R.; Crowe, S.M. CD16+ monocyte subset preferentially harbors HIV-1 and
is expanded in pregnant malawian women with plasmodium falciparum malaria and HIV-1 infection.
J. Inf. Dis. 2007, 196, 38–42. [CrossRef] [PubMed]

130. Moniuszko, M.; Liyanage, N.P.; Doster, M.N.; Parks, R.W.; Grubczak, K.; Lipinska, D.; McKinnon, K.;
Brown, C.; Hirsch, V.; Vaccari, M.; et al. Glucocorticoid treatment at moderate doses of SIVmac251-infected
rhesus macaques decreases the frequency of circulating CD14+CD16++ monocytes but does not alter the
tissue virus reservoir. AIDS Res. Hum. Retroviruses 2015, 31, 115–126. [CrossRef] [PubMed]

131. Ansari, A.W.; Meyer-Olson, D.; Schmidt, R.E. Selective expansion of pro-inflammatory chemokine
CCL2-loaded CD14+CD16+ monocytes subset in HIV-infected therapy naive individuals. J. Clin. Immunol.
2013, 33, 302–306. [CrossRef] [PubMed]

132. Williams, D.W.; Byrd, D.; Rubin, L.H.; Anastos, K.; Morgello, S.; Berman, J.W. CCR2 on CD14(+)CD16(+)
monocytes is a biomarker of HIV-associated neurocognitive disorders. Neurol. Neuroimmunol. Neuroinflamm.
2014, 1, e36. [CrossRef] [PubMed]

133. Williams, D.W.; Calderon, T.M.; Lopez, L.; Carvallo-Torres, L.; Gaskill, P.J.; Eugenin, E.A.; Morgello, S.;
Berman, J.W. Mechanisms of HIV entry into the CNS: Increased sensitivity of HIV infected CD14+CD16+
monocytes to CCL2 and key roles of CCR2, JAM-A and ALCAM in diapedesis. PLoS ONE 2013, 8, e69270.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.coi.2013.05.001
http://www.ncbi.nlm.nih.gov/pubmed/23725656
http://dx.doi.org/10.1146/annurev-immunol-100311-102839
http://www.ncbi.nlm.nih.gov/pubmed/22136168
http://dx.doi.org/10.1172/JCI115196
http://www.ncbi.nlm.nih.gov/pubmed/1708784
http://www.ncbi.nlm.nih.gov/pubmed/9069103
http://dx.doi.org/10.1016/j.jneuroim.2004.08.035
http://www.ncbi.nlm.nih.gov/pubmed/15579286
http://dx.doi.org/10.1046/j.1365-2249.2000.01201.x
http://www.ncbi.nlm.nih.gov/pubmed/10759771
http://dx.doi.org/10.1016/S0140-6736(96)10178-1
http://dx.doi.org/10.1371/journal.pone.0002516
http://www.ncbi.nlm.nih.gov/pubmed/18575590
http://dx.doi.org/10.1016/j.cellimm.2010.12.004
http://www.ncbi.nlm.nih.gov/pubmed/21292246
http://dx.doi.org/10.1189/jlb.0811394
http://www.ncbi.nlm.nih.gov/pubmed/22227964
http://dx.doi.org/10.1097/QAD.0b013e328351f756
http://www.ncbi.nlm.nih.gov/pubmed/22313961
http://dx.doi.org/10.1086/500367
http://www.ncbi.nlm.nih.gov/pubmed/16453265
http://dx.doi.org/10.1086/518443
http://www.ncbi.nlm.nih.gov/pubmed/17538881
http://dx.doi.org/10.1089/aid.2013.0220
http://www.ncbi.nlm.nih.gov/pubmed/24432835
http://dx.doi.org/10.1007/s10875-012-9790-0
http://www.ncbi.nlm.nih.gov/pubmed/22961048
http://dx.doi.org/10.1212/NXI.0000000000000036
http://www.ncbi.nlm.nih.gov/pubmed/25340088
http://dx.doi.org/10.1371/journal.pone.0069270
http://www.ncbi.nlm.nih.gov/pubmed/23922698


Viruses 2018, 10, 65 24 of 31

134. Fischer-Smith, T.; Tedaldi, E.M.; Rappaport, J. CD163/CD16 coexpression by circulating
monocytes/macrophages in HIV: Potential biomarkers for HIV infection and AIDS progression.
AIDS Res. Hum. Retroviruses 2008, 24, 417–421. [CrossRef] [PubMed]

135. Vita, S.; Lichtner, M.; Marchetti, G.; Mascia, C.; Merlini, E.; Cicconi, P.; Vullo, V.; Viale, P.; Costantini, A.;
D’Arminio Monforte, A.; et al. Brief Report: Soluble CD163 in CMV-Infected and CMV-Uninfected Subjects
on Virologically Suppressive Antiretroviral Therapy in the ICONA Cohort. J. Acquir. Immune Defic. Syndr.
2017, 74, 347–352. [CrossRef] [PubMed]

136. Wilson, E.M.; Singh, A.; Hullsiek, K.H.; Gibson, D.; Henry, W.K.; Lichtenstein, K.; Onen, N.F.; Kojic, E.;
Patel, P.; Brooks, J.T.; et al. Monocyte-activation phenotypes are associated with biomarkers of inflammation
and coagulation in chronic HIV infection. J. Infect. Dis. 2014, 210, 1396–1406. [CrossRef] [PubMed]

137. Kim, W.K.; Sun, Y.; Do, H.; Autissier, P.; Halpern, E.F.; Piatak, M., Jr.; Lifson, J.D.; Burdo, T.H.; McGrath, M.S.;
Williams, K. Monocyte heterogeneity underlying phenotypic changes in monocytes according to SIV disease
stage. J. Leukocyte Biol. 2010, 87, 557–567. [CrossRef] [PubMed]

138. Ndhlovu, L.C.; Umaki, T.; Chew, G.M.; Chow, D.C.; Agsalda, M.; Kallianpur, K.J.; Paul, R.; Zhang, G.;
Ho, E.; Hanks, N.; et al. Treatment intensification with maraviroc (CCR5 antagonist) leads to declines
in CD16-expressing monocytes in cART-suppressed chronic HIV-infected subjects and is associated with
improvements in neurocognitive test performance: Implications for HIV-associated neurocognitive disease
(HAND). J. Neurovirol. 2014, 20, 571–582. [PubMed]

139. Manuzak, J.A.; Dillon, S.M.; Lee, E.J.; Dong, Z.M.; Hecht, D.K.; Wilson, C.C. Increased Escherichia
coli-induced interleukin-23 production by CD16+ monocytes correlates with systemic immune activation in
untreated HIV-1-infected individuals. J. Virol. 2013, 87, 13252–13262. [CrossRef] [PubMed]

140. Gama, L.; Shirk, E.N.; Russell, J.N.; Carvalho, K.I.; Li, M.; Queen, S.E.; Kalil, J.; Zink, M.C.; Clements, J.E.;
Kallas, E.G. Expansion of a subset of CD14highCD16negCCR2low/neg monocytes functionally similar
to myeloid-derived suppressor cells during SIV and HIV infection. J. Leukocyte Biol. 2012, 91, 803–816.
[CrossRef] [PubMed]

141. Munsaka, S.M.; Agsalda, M.; Troelstrup, D.; Hu, N.; Yu, Q.; Shiramizu, B. Characteristics of Activated
Monocyte Phenotype Support R5-Tropic Human Immunodeficiency Virus. Immunol. Immunogenet. Insights
2009, 1, 15–20. [CrossRef] [PubMed]

142. Ellery, P.J.; Tippett, E.; Chiu, Y.L.; Paukovics, G.; Cameron, P.U.; Solomon, A.; Lewin, S.R.; Gorry, P.R.;
Jaworowski, A.; Greene, W.C.; et al. The CD16+ monocyte subset is more permissive to infection and
preferentially harbors HIV-1 in vivo. J. Immunol. 2007, 178, 6581–6589. [CrossRef] [PubMed]

143. McElrath, M.J.; Pruett, J.E.; Cohn, Z.A. Mononuclear phagocytes of blood and bone marrow: Comparative
roles as viral reservoirs in human immunodeficiency virus type 1 infections. Proc. Natl. Acad. Sci. USA 1989,
86, 675–679. [CrossRef] [PubMed]

144. Triques, K.; Stevenson, M. Characterization of restrictions to human immunodeficiency virus type 1 infection
of monocytes. J. Virol. 2004, 78, 5523–5527. [CrossRef] [PubMed]

145. Arfi, V.; Riviere, L.; Jarrosson-Wuilleme, L.; Goujon, C.; Rigal, D.; Darlix, J.L.; Cimarelli, A. Characterization
of the early steps of infection of primary blood monocytes by human immunodeficiency virus type 1. J. Virol.
2008, 82, 6557–6565. [CrossRef] [PubMed]

146. Coleman, C.M.; Wu, L. HIV interactions with monocytes and dendritic cells: Viral latency and reservoirs.
Retrovirology 2009, 6, 51. [CrossRef] [PubMed]

147. Sonza, S.; Maerz, A.; Deacon, N.; Meanger, J.; Mills, J.; Crowe, S. Human immunodeficiency virus type
1 replication is blocked prior to reverse transcription and integration in freshly isolated peripheral blood
monocytes. J. Virol. 1996, 70, 3863–3869. [PubMed]

148. Strebel, K. HIV accessory proteins versus host restriction factors. Curr. Opin. Virol. 2013, 3, 692–699.
[CrossRef] [PubMed]

149. Santa-Marta, M.; de Brito, P.M.; Godinho-Santos, A.; Goncalves, J. Host Factors and HIV-1 Replication:
Clinical Evidence and Potential Therapeutic Approaches. Front. Immunol. 2013, 4, 343. [CrossRef] [PubMed]

150. Aljawai, Y.; Richards, M.H.; Seaton, M.S.; Narasipura, S.D.; Al-Harthi, L. beta-Catenin/TCF-4
signaling regulates susceptibility of macrophages and resistance of monocytes to HIV-1 productive
infection. Curr. HIV Res. 2014, 12, 164–173. [CrossRef] [PubMed]

http://dx.doi.org/10.1089/aid.2007.0193
http://www.ncbi.nlm.nih.gov/pubmed/18373432
http://dx.doi.org/10.1097/QAI.0000000000001232
http://www.ncbi.nlm.nih.gov/pubmed/27828874
http://dx.doi.org/10.1093/infdis/jiu275
http://www.ncbi.nlm.nih.gov/pubmed/24813472
http://dx.doi.org/10.1189/jlb.0209082
http://www.ncbi.nlm.nih.gov/pubmed/19843579
http://www.ncbi.nlm.nih.gov/pubmed/25227930
http://dx.doi.org/10.1128/JVI.01767-13
http://www.ncbi.nlm.nih.gov/pubmed/24067979
http://dx.doi.org/10.1189/jlb.1111579
http://www.ncbi.nlm.nih.gov/pubmed/22368280
http://dx.doi.org/10.4137/III.S2011
http://www.ncbi.nlm.nih.gov/pubmed/19997535
http://dx.doi.org/10.4049/jimmunol.178.10.6581
http://www.ncbi.nlm.nih.gov/pubmed/17475889
http://dx.doi.org/10.1073/pnas.86.2.675
http://www.ncbi.nlm.nih.gov/pubmed/2492110
http://dx.doi.org/10.1128/JVI.78.10.5523-5527.2004
http://www.ncbi.nlm.nih.gov/pubmed/15113933
http://dx.doi.org/10.1128/JVI.02321-07
http://www.ncbi.nlm.nih.gov/pubmed/18417568
http://dx.doi.org/10.1186/1742-4690-6-51
http://www.ncbi.nlm.nih.gov/pubmed/19486514
http://www.ncbi.nlm.nih.gov/pubmed/8648722
http://dx.doi.org/10.1016/j.coviro.2013.08.004
http://www.ncbi.nlm.nih.gov/pubmed/24246762
http://dx.doi.org/10.3389/fimmu.2013.00343
http://www.ncbi.nlm.nih.gov/pubmed/24167505
http://dx.doi.org/10.2174/1570162X12666140526122249
http://www.ncbi.nlm.nih.gov/pubmed/24862328


Viruses 2018, 10, 65 25 of 31

151. Kumar, A.; Zloza, A.; Moon, R.T.; Watts, J.; Tenorio, A.R.; Al-Harthi, L. Active beta-catenin signaling is an
inhibitory pathway for human immunodeficiency virus replication in peripheral blood mononuclear cells.
J. Virol. 2008, 82, 2813–2820. [CrossRef] [PubMed]

152. Naif, H.M.; Li, S.; Alali, M.; Sloane, A.; Wu, L.; Kelly, M.; Lynch, G.; Lloyd, A.; Cunningham, A.L. CCR5
expression correlates with susceptibility of maturing monocytes to human immunodeficiency virus type 1
infection. J. Virol. 1998, 72, 830–836. [PubMed]

153. Tuttle, D.L.; Harrison, J.K.; Anders, C.; Sleasman, J.W.; Goodenow, M.M. Expression of CCR5 increases
during monocyte differentiation and directly mediates macrophage susceptibility to infection by human
immunodeficiency virus type 1. J. Virol. 1998, 72, 4962–4969. [PubMed]

154. Ancuta, P.; Autissier, P.; Wurcel, A.; Zaman, T.; Stone, D.; Gabuzda, D. CD16+ Monocyte-Derived
Macrophages Activate Resting T Cells for HIV Infection by Producing CCR3 and CCR4 Ligands. J. Immunol.
2006, 176, 5760–5771. [CrossRef] [PubMed]

155. Saphire, A.C.; Bobardt, M.D.; Zhang, Z.; David, G.; Gallay, P.A. Syndecans serve as attachment receptors for
human immunodeficiency virus type 1 on macrophages. J. Virol. 2001, 75, 9187–9200. [CrossRef] [PubMed]

156. Bozzini, S.; Falcone, V.; Conaldi, P.G.; Visai, L.; Biancone, L.; Dolei, A.; Toniolo, A.;
Speziale, P. Heparin-binding domain of human fibronectin binds HIV-1 gp120/160 and reduces virus
infectivity. J. Med. Virol. 1998, 54, 44–53. [CrossRef]

157. Williams, D.W.; Veenstra, M.; Gaskill, P.J.; Morgello, S.; Calderon, T.M.; Berman, J.W. Monocytes mediate HIV
neuropathogenesis: Mechanisms that contribute to HIV associated neurocognitive disorders. Curr. HIV Res.
2014, 12, 85–96. [CrossRef] [PubMed]

158. Gartner, S. HIV infection and dementia. Science 2000, 287, 602–604. [CrossRef] [PubMed]
159. Ances, B.M.; Ellis, R.J. Dementia and neurocognitive disorders due to HIV-1 infection. Semin. Neurol. 2007,

27, 86–92. [CrossRef] [PubMed]
160. Davis, L.E.; Hjelle, B.L.; Miller, V.E.; Palmer, D.L.; Llewellyn, A.L.; Merlin, T.L.; Young, S.A.; Mills, R.G.;

Wachsman, W.; Wiley, C.A. Early viral brain invasion in iatrogenic human immunodeficiency virus infection.
Neurology 1992, 42, 1736–1739. [CrossRef] [PubMed]

161. Valcour, V.G.; Shiramizu, B.T.; Shikuma, C.M. HIV DNA in circulating monocytes as a mechanism to
dementia and other HIV complications. J. Leukocyte Biol. 2010, 87, 621–626. [CrossRef] [PubMed]

162. Pereira, C.F.; Middel, J.; Jansen, G.; Verhoef, J.; Nottet, H.S. Enhanced expression of fractalkine in HIV-1
associated dementia. J. Neuroimmunol. 2001, 115, 168–175. [CrossRef]

163. Fischer-Smith, T.; Croul, S.; Sverstiuk, A.E.; Capini, C.; L’Heureux, D.; Regulier, E.G.; Richardson, M.W.;
Amini, S.; Morgello, S.; Khalili, K.; et al. CNS invasion by CD14+/CD16+ peripheral blood-derived
monocytes in HIV dementia: Perivascular accumulation and reservoir of HIV infection. J. Neurovirol.
2001, 7, 528–541. [CrossRef] [PubMed]

164. Fischer-Smith, T.; Croul, S.; Adeniyi, A.; Rybicka, K.; Morgello, S.; Khalili, K.; Rappaport, J.
Macrophage/microglial accumulation and proliferating cell nuclear antigen expression in the central nervous
system in human immunodeficiency virus encephalopathy. Am. J. Pathol. 2004, 164, 2089–2099. [CrossRef]

165. Kumar, A.; Abbas, W.; Herbein, G. HIV-1 latency in monocytes/macrophages. Viruses 2014, 6, 1837–1860.
[CrossRef] [PubMed]

166. Spudich, S.; Gonzalez-Scarano, F. HIV-1-related central nervous system disease: Current issues in pathogenesis,
diagnosis and treatment. Cold Spring Harbor Perspect. Med. 2012, 2, a007120. [CrossRef] [PubMed]

167. Gendelman, H.E.; Genis, P.; Jett, M.; Zhai, Q.H.; Nottet, H.S. An experimental model system for
HIV-1-induced brain injury. Adv. Neuroimmunol. 1994, 4, 189–193. [CrossRef]

168. Yadav, A.; Collman, R.G. CNS inflammation and macrophage/microglial biology associated with HIV-1
infection. J. Neuroimmune Pharmacol. Off. J. Soc. NeuroImmune Pharmacol. 2009, 4, 430–447. [CrossRef]
[PubMed]

169. Way, K.J.; Dinh, H.; Keene, M.R.; White, K.E.; Clanchy, F.I.; Lusby, P.; Roiniotis, J.; Cook, A.D.; Cassady, A.I.;
Curtis, D.J.; et al. The generation and properties of human macrophage populations from hemopoietic stem
cells. J. Leukocyte Biol. 2009, 85, 766–778. [CrossRef] [PubMed]

170. Williams, D.W.; Anastos, K.; Morgello, S.; Berman, J.W. JAM-A and ALCAM are therapeutic targets to inhibit
diapedesis across the BBB of CD14+CD16+ monocytes in HIV-infected individuals. J. Leukocyte Biol. 2015,
97, 401–412. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/JVI.02498-07
http://www.ncbi.nlm.nih.gov/pubmed/18199649
http://www.ncbi.nlm.nih.gov/pubmed/9420295
http://www.ncbi.nlm.nih.gov/pubmed/9573265
http://dx.doi.org/10.4049/jimmunol.176.10.5760
http://www.ncbi.nlm.nih.gov/pubmed/16670281
http://dx.doi.org/10.1128/JVI.75.19.9187-9200.2001
http://www.ncbi.nlm.nih.gov/pubmed/11533182
http://dx.doi.org/10.1002/(SICI)1096-9071(199801)54:1&lt;44::AID-JMV7&gt;3.0.CO;2-P
http://dx.doi.org/10.2174/1570162X12666140526114526
http://www.ncbi.nlm.nih.gov/pubmed/24862333
http://dx.doi.org/10.1126/science.287.5453.602
http://www.ncbi.nlm.nih.gov/pubmed/10691542
http://dx.doi.org/10.1055/s-2006-956759
http://www.ncbi.nlm.nih.gov/pubmed/17226745
http://dx.doi.org/10.1212/WNL.42.9.1736
http://www.ncbi.nlm.nih.gov/pubmed/1513462
http://dx.doi.org/10.1189/jlb.0809571
http://www.ncbi.nlm.nih.gov/pubmed/20130221
http://dx.doi.org/10.1016/S0165-5728(01)00262-4
http://dx.doi.org/10.1080/135502801753248114
http://www.ncbi.nlm.nih.gov/pubmed/11704885
http://dx.doi.org/10.1016/S0002-9440(10)63767-4
http://dx.doi.org/10.3390/v6041837
http://www.ncbi.nlm.nih.gov/pubmed/24759213
http://dx.doi.org/10.1101/cshperspect.a007120
http://www.ncbi.nlm.nih.gov/pubmed/22675662
http://dx.doi.org/10.1016/S0960-5428(06)80256-1
http://dx.doi.org/10.1007/s11481-009-9174-2
http://www.ncbi.nlm.nih.gov/pubmed/19768553
http://dx.doi.org/10.1189/jlb.1108689
http://www.ncbi.nlm.nih.gov/pubmed/19181863
http://dx.doi.org/10.1189/jlb.5A0714-347R
http://www.ncbi.nlm.nih.gov/pubmed/25420915


Viruses 2018, 10, 65 26 of 31

171. Wang, K.X.; Denhardt, D.T. Osteopontin: Role in immune regulation and stress responses. Cytokine Growth
Factor Rev. 2008, 19, 333–345. [CrossRef] [PubMed]

172. Burdo, T.H.; Ellis, R.J.; Fox, H.S. Osteopontin is increased in HIV-associated dementia. J. Infect. Dis. 2008,
198, 715–722. [CrossRef] [PubMed]

173. Burdo, T.H.; Wood, M.R.; Fox, H.S. Osteopontin prevents monocyte recirculation and apoptosis. J. Leukocyte Biol.
2007, 81, 1504–1511. [CrossRef] [PubMed]

174. Burdo, T.H.; Soulas, C.; Orzechowski, K.; Button, J.; Krishnan, A.; Sugimoto, C.; Alvarez, X.; Kuroda, M.J.;
Williams, K.C. Increased monocyte turnover from bone marrow correlates with severity of SIV encephalitis
and CD163 levels in plasma. PLoS Pathog. 2010, 6, e1000842. [CrossRef] [PubMed]

175. Merlini, E.; Tincati, C.; Biasin, M.; Saulle, I.; Cazzaniga, F.A.; d’Arminio Monforte, A.; Cappione, A.J., 3rd;
Snyder-Cappione, J.; Clerici, M.; Marchetti, G.C. Stimulation of PBMC and Monocyte-Derived Macrophages
via Toll-Like Receptor Activates Innate Immune Pathways in HIV-Infected Patients on Virally Suppressive
Combination Antiretroviral Therapy. Front. Immunol. 2016, 7, 614. [CrossRef] [PubMed]

176. Ahmed, Z.; Kawamura, T.; Shimada, S.; Piguet, V. The role of human dendritic cells in HIV-1 infection.
J. Investig. Dermatol. 2015, 135, 1225–1233. [CrossRef] [PubMed]

177. Haase, A.T. Targeting early infection to prevent HIV-1 mucosal transmission. Nature 2010, 464, 217–223.
[CrossRef] [PubMed]

178. Li, Q.; Estes, J.D.; Schlievert, P.M.; Duan, L.; Brosnahan, A.J.; Southern, P.J.; Reilly, C.S.; Peterson, M.L.;
Schultz-Darken, N.; Brunner, K.G.; et al. Glycerol monolaurate prevents mucosal SIV transmission. Nature
2009, 458, 1034–1038. [CrossRef] [PubMed]

179. Fontenot, D.; He, H.; Hanabuchi, S.; Nehete, P.N.; Zhang, M.; Chang, M.; Nehete, B.; Wang, Y.H.; Wang, Y.H.;
Ma, Z.M.; et al. TSLP production by epithelial cells exposed to immunodeficiency virus triggers DC-mediated
mucosal infection of CD4+ T cells. Proc. Natl. Acad. Sci. USA 2009, 106, 16776–16781. [CrossRef] [PubMed]

180. Rodriguez-Garcia, M.; Shen, Z.; Barr, F.D.; Boesch, A.W.; Ackerman, M.E.; Kappes, J.C.; Ochsenbauer, C.;
Wira, C.R. Dendritic cells from the human female reproductive tract rapidly capture and respond to HIV.
Mucosal Immunol. 2017, 10, 531–544. [CrossRef] [PubMed]

181. Smed-Sorensen, A.; Lore, K.; Vasudevan, J.; Louder, M.K.; Andersson, J.; Mascola, J.R.; Spetz, A.L.; Koup, R.A.
Differential susceptibility to human immunodeficiency virus type 1 infection of myeloid and plasmacytoid
dendritic cells. J. Virol. 2005, 79, 8861–8869. [CrossRef] [PubMed]

182. Zhang, Z.Q.; Wietgrefe, S.W.; Li, Q.; Shore, M.D.; Duan, L.; Reilly, C.; Lifson, J.D.; Haase, A.T. Roles of
substrate availability and infection of resting and activated CD4+ T cells in transmission and acute simian
immunodeficiency virus infection. Proc. Natl. Acad. Sci. USA 2004, 101, 5640–5645. [CrossRef] [PubMed]

183. Miller, C.J.; Li, Q.; Abel, K.; Kim, E.Y.; Ma, Z.M.; Wietgrefe, S.; La Franco-Scheuch, L.; Compton, L.;
Duan, L.; Shore, M.D.; et al. Propagation and dissemination of infection after vaginal transmission of simian
immunodeficiency virus. J. Virol. 2005, 79, 9217–9227. [CrossRef] [PubMed]

184. Cameron, P.U.; Freudenthal, P.S.; Barker, J.M.; Gezelter, S.; Inaba, K.; Steinman, R.M. Dendritic cells exposed
to human immunodeficiency virus type-1 transmit a vigorous cytopathic infection to CD4+ T cells. Science
1992, 257, 383–387. [CrossRef] [PubMed]

185. Pope, M.; Betjes, M.G.; Romani, N.; Hirmand, H.; Cameron, P.U.; Hoffman, L.; Gezelter, S.; Schuler, G.;
Steinman, R.M. Conjugates of dendritic cells and memory T lymphocytes from skin facilitate productive
infection with HIV-1. Cell 1994, 78, 389–398. [CrossRef]

186. Geijtenbeek, T.B.; Kwon, D.S.; Torensma, R.; van Vliet, S.J.; van Duijnhoven, G.C.; Middel, J.; Cornelissen, I.L.;
Nottet, H.S.; KewalRamani, V.N.; Littman, D.R.; et al. DC-SIGN, a dendritic cell-specific HIV-1-binding
protein that enhances trans-infection of T cells. Cell 2000, 100, 587–597. [CrossRef]

187. Trumpfheller, C.; Park, C.G.; Finke, J.; Steinman, R.M.; Granelli-Piperno, A. Cell type-dependent retention
and transmission of HIV-1 by DC-SIGN. Int. Immunol. 2003, 15, 289–298. [CrossRef] [PubMed]

188. Popov, S.; Chenine, A.L.; Gruber, A.; Li, P.L.; Ruprecht, R.M. Long-term productive human immunodeficiency
virus infection of CD1a-sorted myeloid dendritic cells. J. Virol. 2005, 79, 602–608. [CrossRef] [PubMed]

189. Manches, O.; Frleta, D.; Bhardwaj, N. Dendritic cells in progression and pathology of HIV infection.
Trends Immunol. 2014, 35, 114–122. [CrossRef] [PubMed]

190. Granelli-Piperno, A.; Moser, B.; Pope, M.; Chen, D.; Wei, Y.; Isdell, F.; O’Doherty, U.; Paxton, W.; Koup, R.;
Mojsov, S.; et al. Efficient interaction of HIV-1 with purified dendritic cells via multiple chemokine
coreceptors. J. Exp. Med. 1996, 184, 2433–2438. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cytogfr.2008.08.001
http://www.ncbi.nlm.nih.gov/pubmed/18952487
http://dx.doi.org/10.1086/590504
http://www.ncbi.nlm.nih.gov/pubmed/18616394
http://dx.doi.org/10.1189/jlb.1106711
http://www.ncbi.nlm.nih.gov/pubmed/17369493
http://dx.doi.org/10.1371/journal.ppat.1000842
http://www.ncbi.nlm.nih.gov/pubmed/20419144
http://dx.doi.org/10.3389/fimmu.2016.00614
http://www.ncbi.nlm.nih.gov/pubmed/28066424
http://dx.doi.org/10.1038/jid.2014.490
http://www.ncbi.nlm.nih.gov/pubmed/25407434
http://dx.doi.org/10.1038/nature08757
http://www.ncbi.nlm.nih.gov/pubmed/20220840
http://dx.doi.org/10.1038/nature07831
http://www.ncbi.nlm.nih.gov/pubmed/19262509
http://dx.doi.org/10.1073/pnas.0907347106
http://www.ncbi.nlm.nih.gov/pubmed/19805372
http://dx.doi.org/10.1038/mi.2016.72
http://www.ncbi.nlm.nih.gov/pubmed/27579858
http://dx.doi.org/10.1128/JVI.79.14.8861-8869.2005
http://www.ncbi.nlm.nih.gov/pubmed/15994779
http://dx.doi.org/10.1073/pnas.0308425101
http://www.ncbi.nlm.nih.gov/pubmed/15064398
http://dx.doi.org/10.1128/JVI.79.14.9217-9227.2005
http://www.ncbi.nlm.nih.gov/pubmed/15994816
http://dx.doi.org/10.1126/science.1352913
http://www.ncbi.nlm.nih.gov/pubmed/1352913
http://dx.doi.org/10.1016/0092-8674(94)90418-9
http://dx.doi.org/10.1016/S0092-8674(00)80694-7
http://dx.doi.org/10.1093/intimm/dxg030
http://www.ncbi.nlm.nih.gov/pubmed/12578859
http://dx.doi.org/10.1128/JVI.79.1.602-608.2005
http://www.ncbi.nlm.nih.gov/pubmed/15596853
http://dx.doi.org/10.1016/j.it.2013.10.003
http://www.ncbi.nlm.nih.gov/pubmed/24246474
http://dx.doi.org/10.1084/jem.184.6.2433
http://www.ncbi.nlm.nih.gov/pubmed/8976200


Viruses 2018, 10, 65 27 of 31

191. Geijtenbeek, T.B.; Torensma, R.; van Vliet, S.J.; van Duijnhoven, G.C.; Adema, G.J.; van Kooyk, Y.; Figdor, C.G.
Identification of DC-SIGN, a novel dendritic cell-specific ICAM-3 receptor that supports primary immune
responses. Cell 2000, 100, 575–585. [CrossRef]

192. Geijtenbeek, T.B.; van Vliet, S.J.; Engering, A.; t Hart, B.A.; van Kooyk, Y. Self- and nonself-recognition by
C-type lectins on dendritic cells. Ann. Rev. Immunol. 2004, 22, 33–54. [CrossRef] [PubMed]

193. Steinman, R.M. DC-SIGN: A guide to some mysteries of dendritic cells. Cell 2000, 100, 491–494. [CrossRef]
194. Turville, S.G.; Cameron, P.U.; Handley, A.; Lin, G.; Pohlmann, S.; Doms, R.W.; Cunningham, A.L. Diversity of

receptors binding HIV on dendritic cell subsets. Nat. Immunol. 2002, 3, 975–983. [CrossRef] [PubMed]
195. Manel, N.; Littman, D.R. Hiding in plain sight: How HIV evades innate immune responses. Cell 2011,

147, 271–274. [CrossRef] [PubMed]
196. Kwon, D.S.; Gregorio, G.; Bitton, N.; Hendrickson, W.A.; Littman, D.R. DC-SIGN-mediated internalization

of HIV is required for trans-enhancement of T cell infection. Immunity 2002, 16, 135–144. [CrossRef]
197. Boggiano, C.; Manel, N.; Littman, D.R. Dendritic cell-mediated trans-enhancement of human

immunodeficiency virus type 1 infectivity is independent of DC-SIGN. J. Virol. 2007, 81, 2519–2523.
[CrossRef] [PubMed]

198. Lambert, A.A.; Gilbert, C.; Richard, M.; Beaulieu, A.D.; Tremblay, M.J. 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, 1299–1307. [CrossRef] [PubMed]

199. De Witte, L.; Bobardt, M.; Chatterji, U.; Degeest, G.; David, G.; Geijtenbeek, T.B.; Gallay, P. Syndecan-3 is
a dendritic cell-specific attachment receptor for HIV-1. Proc. Natl. Acad. Sci. USA 2007, 104, 19464–19469.
[CrossRef] [PubMed]

200. Piguet, V.; Caucheteux, S.M.; Iannetta, M.; Hosmalin, A. Altered antigen-presenting cells during HIV-1
infection. Curr. Opin. HIV AIDS 2014, 9, 478–484. [CrossRef] [PubMed]

201. Izquierdo-Useros, N.; Naranjo-Gomez, M.; Archer, J.; Hatch, S.C.; Erkizia, I.; Blanco, J.; Borras, F.E.;
Puertas, M.C.; Connor, J.H.; Fernandez-Figueras, M.T.; et al. Capture and transfer of HIV-1 particles
by mature dendritic cells converges with the exosome-dissemination pathway. Blood 2009, 113, 2732–2741.
[CrossRef] [PubMed]

202. Hatch, S.C.; Archer, J.; Gummuluru, S. Glycosphingolipid composition of human immunodeficiency virus
type 1 (HIV-1) particles is a crucial determinant for dendritic cell-mediated HIV-1 trans-infection. J. Virol.
2009, 83, 3496–3506. [CrossRef] [PubMed]

203. Gummuluru, S.; Rogel, M.; Stamatatos, L.; Emerman, M. Binding of human immunodeficiency virus type
1 to immature dendritic cells can occur independently of DC-SIGN and mannose binding C-type lectin
receptors via a cholesterol-dependent pathway. J. Virol. 2003, 77, 12865–12874. [CrossRef] [PubMed]

204. Hanley, T.M.; Blay Puryear, W.; Gummuluru, S.; Viglianti, G.A. PPARgamma and LXR signaling inhibit
dendritic cell-mediated HIV-1 capture and trans-infection. PLoS Pathog. 2010, 6, e1000981. [CrossRef]
[PubMed]

205. Izquierdo-Useros, N.; Lorizate, M.; McLaren, P.J.; Telenti, A.; Krausslich, H.G.; Martinez-Picado, J. HIV-1
capture and transmission by dendritic cells: The role of viral glycolipids and the cellular receptor Siglec-1.
PLoS Pathog. 2014, 10, e1004146. [CrossRef] [PubMed]

206. Ganesh, L.; Leung, K.; Lore, K.; Levin, R.; Panet, A.; Schwartz, O.; Koup, R.A.; Nabel, G.J. Infection of specific
dendritic cells by CCR5-tropic human immunodeficiency virus type 1 promotes cell-mediated transmission
of virus resistant to broadly neutralizing antibodies. J. Virol. 2004, 78, 11980–11987. [CrossRef] [PubMed]

207. Nobile, C.; Petit, C.; Moris, A.; Skrabal, K.; Abastado, J.P.; Mammano, F.; Schwartz, O. Covert human
immunodeficiency virus replication in dendritic cells and in DC-SIGN-expressing cells promotes long-term
transmission to lymphocytes. J. Virol. 2005, 79, 5386–5399. [CrossRef] [PubMed]

208. Wu, L.; KewalRamani, V.N. Dendritic-cell interactions with HIV: Infection and viral dissemination.
Ann. Rev. Immunol. 2006, 6, 859–868. [CrossRef] [PubMed]

209. McDonald, D.; Wu, L.; Bohks, S.M.; KewalRamani, V.N.; Unutmaz, D.; Hope, T.J. Recruitment of HIV and its
receptors to dendritic cell-T cell junctions. Science 2003, 300, 1295–1297. [CrossRef] [PubMed]

210. Piguet, V.; Sattentau, Q. Dangerous liaisons at the virological synapse. J. Clin. Investig. 2004, 114, 605–610.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0092-8674(00)80693-5
http://dx.doi.org/10.1146/annurev.immunol.22.012703.104558
http://www.ncbi.nlm.nih.gov/pubmed/15032573
http://dx.doi.org/10.1016/S0092-8674(00)80684-4
http://dx.doi.org/10.1038/ni841
http://www.ncbi.nlm.nih.gov/pubmed/12352970
http://dx.doi.org/10.1016/j.cell.2011.09.010
http://www.ncbi.nlm.nih.gov/pubmed/22000008
http://dx.doi.org/10.1016/S1074-7613(02)00259-5
http://dx.doi.org/10.1128/JVI.01661-06
http://www.ncbi.nlm.nih.gov/pubmed/17182696
http://dx.doi.org/10.1182/blood-2008-01-136473
http://www.ncbi.nlm.nih.gov/pubmed/18541725
http://dx.doi.org/10.1073/pnas.0703747104
http://www.ncbi.nlm.nih.gov/pubmed/18040049
http://dx.doi.org/10.1097/COH.0000000000000096
http://www.ncbi.nlm.nih.gov/pubmed/25093528
http://dx.doi.org/10.1182/blood-2008-05-158642
http://www.ncbi.nlm.nih.gov/pubmed/18945959
http://dx.doi.org/10.1128/JVI.02249-08
http://www.ncbi.nlm.nih.gov/pubmed/19193785
http://dx.doi.org/10.1128/JVI.77.23.12865-12874.2003
http://www.ncbi.nlm.nih.gov/pubmed/14610207
http://dx.doi.org/10.1371/journal.ppat.1000981
http://www.ncbi.nlm.nih.gov/pubmed/20617179
http://dx.doi.org/10.1371/journal.ppat.1004146
http://www.ncbi.nlm.nih.gov/pubmed/25033082
http://dx.doi.org/10.1128/JVI.78.21.11980-11987.2004
http://www.ncbi.nlm.nih.gov/pubmed/15479838
http://dx.doi.org/10.1128/JVI.79.9.5386-5399.2005
http://www.ncbi.nlm.nih.gov/pubmed/15827153
http://dx.doi.org/10.1038/nri1960
http://www.ncbi.nlm.nih.gov/pubmed/17063186
http://dx.doi.org/10.1126/science.1084238
http://www.ncbi.nlm.nih.gov/pubmed/12730499
http://dx.doi.org/10.1172/JCI22812
http://www.ncbi.nlm.nih.gov/pubmed/15343375


Viruses 2018, 10, 65 28 of 31

211. Sol-Foulon, N.; Sourisseau, M.; Porrot, F.; Thoulouze, M.I.; Trouillet, C.; Nobile, C.; Blanchet, F.; di Bartolo, V.;
Noraz, N.; Taylor, N.; et al. ZAP-70 kinase regulates HIV cell-to-cell spread and virological synapse formation.
EMBO J. 2007, 26, 516–526. [CrossRef] [PubMed]

212. Feldmann, J.; Schwartz, O. HIV-1 Virological Synapse: Live Imaging of Transmission. Viruses 2010,
2, 1666–1680. [CrossRef] [PubMed]

213. Jolly, C.; Sattentau, Q.J. Human immunodeficiency virus type 1 virological synapse formation in T cells
requires lipid raft integrity. J. Virol. 2005, 79, 12088–12094. [CrossRef] [PubMed]

214. Bangham, C.R. The immune control and cell-to-cell spread of human T-lymphotropic virus type
1. J. Gen. Virol. 2003, 84, 3177–3189. [CrossRef] [PubMed]

215. Piguet, V.; Steinman, R.M. The interaction of HIV with dendritic cells: Outcomes and pathways.
Trends Immunol. 2007, 28, 503–510. [CrossRef] [PubMed]

216. Igakura, T.; Stinchcombe, J.C.; Goon, P.K.; Taylor, G.P.; Weber, J.N.; Griffiths, G.M.; Tanaka, Y.; Osame, M.;
Bangham, C.R. Spread of HTLV-I between lymphocytes by virus-induced polarization of the cytoskeleton.
Science 2003, 299, 1713–1716. [CrossRef] [PubMed]

217. Fackler, O.T.; Alcover, A.; Schwartz, O. Modulation of the immunological synapse: A key to HIV-1
pathogenesis? Nat. Rev. Immunol. 2007, 7, 310–317. [CrossRef] [PubMed]

218. Dustin, M.L.; Choudhuri, K. Signaling and Polarized Communication across the T Cell Immunological
Synapse. Ann. Rev. Cell and Dev. Biol. 2016, 32, 303–325. [CrossRef] [PubMed]

219. Nikolic, D.S.; Lehmann, M.; Felts, R.; Garcia, E.; Blanchet, F.P.; Subramaniam, S.; Piguet, V. HIV-1
activates Cdc42 and induces membrane extensions in immature dendritic cells to facilitate cell-to-cell
virus propagation. Blood 2011, 118, 4841–4852. [CrossRef] [PubMed]

220. Felts, R.L.; Narayan, K.; Estes, J.D.; Shi, D.; Trubey, C.M.; Fu, J.; Hartnell, L.M.; Ruthel, G.T.; Schneider, D.K.;
Nagashima, K.; et al. 3D visualization of HIV transfer at the virological synapse between dendritic cells and
T cells. Proc. Natl. Acad. Sci. USA 2010, 107, 13336–13341. [CrossRef] [PubMed]

221. Menager, M.M.; Littman, D.R. Actin Dynamics Regulates Dendritic Cell-Mediated Transfer of HIV-1 to T
Cells. Cell 2016, 164, 695–709. [CrossRef] [PubMed]

222. Engering, A.; van Vliet, S.J.; Geijtenbeek, T.B.; van Kooyk, Y. Subset of DC-SIGN(+) dendritic cells in human
blood transmits HIV-1 to T lymphocytes. Blood 2002, 100, 1780–1786. [CrossRef] [PubMed]

223. Sigal, A.; Kim, J.T.; Balazs, A.B.; Dekel, E.; Mayo, A.; Milo, R.; Baltimore, D. Cell-to-cell spread of HIV permits
ongoing replication despite antiretroviral therapy. Nature 2011, 477, 95–98. [CrossRef] [PubMed]

224. Murooka, T.T.; Deruaz, M.; Marangoni, F.; Vrbanac, V.D.; Seung, E.; von Andrian, U.H.; Tager, A.M.;
Luster, A.D.; Mempel, T.R. HIV-infected T cells are migratory vehicles for viral dissemination. Nature 2012,
490, 283–287. [CrossRef] [PubMed]

225. Kramer, B.; Pelchen-Matthews, A.; Deneka, M.; Garcia, E.; Piguet, V.; Marsh, M. HIV interaction with
endosomes in macrophages and dendritic cells. Blood Cells Mol. Dis. 2005, 35, 136–142. [CrossRef] [PubMed]

226. O’Brien, M.; Manches, O.; Sabado, R.L.; Baranda, S.J.; Wang, Y.; Marie, I.; Rolnitzky, L.; Markowitz, M.;
Margolis, D.M.; Levy, D.; et al. Spatiotemporal trafficking of HIV in human plasmacytoid dendritic
cells defines a persistently IFN-α-producing and partially matured phenotype. J. Clin. Investig. 2011,
121, 1088–1101. [CrossRef] [PubMed]

227. Fonteneau, J.F.; Larsson, M.; Beignon, A.S.; McKenna, K.; Dasilva, I.; Amara, A.; Liu, Y.J.; Lifson, J.D.;
Littman, D.R.; Bhardwaj, N. Human immunodeficiency virus type 1 activates plasmacytoid dendritic cells
and concomitantly induces the bystander maturation of myeloid dendritic cells. J. Virol. 2004, 78, 5223–5232.
[CrossRef] [PubMed]

228. O’Brien, M.; Manches, O.; Wilen, C.; Gopal, R.; Huq, R.; Wu, V.; Sunseri, N.; Bhardwaj, N. CD4 Receptor
is a Key Determinant of Divergent HIV-1 Sensing by Plasmacytoid Dendritic Cells. PLoS Pathog. 2016, 12,
e1005553. [CrossRef] [PubMed]

229. Miller, E.; Bhardwaj, N. Dendritic cell dysregulation during HIV-1 infection. Immunol. Rev. 2013, 254, 170–189.
[CrossRef] [PubMed]

230. Fantuzzi, L.; Purificato, C.; Donato, K.; Belardelli, F.; Gessani, S. Human immunodeficiency virus type 1
gp120 induces abnormal maturation and functional alterations of dendritic cells: A novel mechanism for
AIDS pathogenesis. J. Virol. 2004, 78, 9763–9772. [CrossRef] [PubMed]

231. Silvin, A.; Manel, N. Innate immune sensing of HIV infection. Curr. Opin. Immunol. 2015, 32, 54–60.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/sj.emboj.7601509
http://www.ncbi.nlm.nih.gov/pubmed/17215865
http://dx.doi.org/10.3390/v2081666
http://www.ncbi.nlm.nih.gov/pubmed/21994700
http://dx.doi.org/10.1128/JVI.79.18.12088-12094.2005
http://www.ncbi.nlm.nih.gov/pubmed/16140785
http://dx.doi.org/10.1099/vir.0.19334-0
http://www.ncbi.nlm.nih.gov/pubmed/14645900
http://dx.doi.org/10.1016/j.it.2007.07.010
http://www.ncbi.nlm.nih.gov/pubmed/17950666
http://dx.doi.org/10.1126/science.1080115
http://www.ncbi.nlm.nih.gov/pubmed/12589003
http://dx.doi.org/10.1038/nri2041
http://www.ncbi.nlm.nih.gov/pubmed/17380160
http://dx.doi.org/10.1146/annurev-cellbio-100814-125330
http://www.ncbi.nlm.nih.gov/pubmed/27501450
http://dx.doi.org/10.1182/blood-2010-09-305417
http://www.ncbi.nlm.nih.gov/pubmed/21562048
http://dx.doi.org/10.1073/pnas.1003040107
http://www.ncbi.nlm.nih.gov/pubmed/20624966
http://dx.doi.org/10.1016/j.cell.2015.12.036
http://www.ncbi.nlm.nih.gov/pubmed/26830877
http://dx.doi.org/10.1182/blood-2001-12-0179
http://www.ncbi.nlm.nih.gov/pubmed/12176900
http://dx.doi.org/10.1038/nature10347
http://www.ncbi.nlm.nih.gov/pubmed/21849975
http://dx.doi.org/10.1038/nature11398
http://www.ncbi.nlm.nih.gov/pubmed/22854780
http://dx.doi.org/10.1016/j.bcmd.2005.06.006
http://www.ncbi.nlm.nih.gov/pubmed/16087369
http://dx.doi.org/10.1172/JCI44960
http://www.ncbi.nlm.nih.gov/pubmed/21339641
http://dx.doi.org/10.1128/JVI.78.10.5223-5232.2004
http://www.ncbi.nlm.nih.gov/pubmed/15113904
http://dx.doi.org/10.1371/journal.ppat.1005553
http://www.ncbi.nlm.nih.gov/pubmed/27082754
http://dx.doi.org/10.1111/imr.12082
http://www.ncbi.nlm.nih.gov/pubmed/23772620
http://dx.doi.org/10.1128/JVI.78.18.9763-9772.2004
http://www.ncbi.nlm.nih.gov/pubmed/15331709
http://dx.doi.org/10.1016/j.coi.2014.12.003
http://www.ncbi.nlm.nih.gov/pubmed/25617674


Viruses 2018, 10, 65 29 of 31

232. Alter, G.; Kavanagh, D.; Rihn, S.; Luteijn, R.; Brooks, D.; Oldstone, M.; van Lunzen, J.; Altfeld, M.
IL-10 induces aberrant deletion of dendritic cells by natural killer cells in the context of HIV infection.
J. Clin. Investig. 2010, 120, 1905–1913. [CrossRef] [PubMed]

233. Paquin-Proulx, D.; Gibbs, A.; Bachle, S.M.; Checa, A.; Introini, A.; Leeansyah, E.; Wheelock, C.E.; Nixon, D.F.;
Broliden, K.; Tjernlund, A.; et al. Innate Invariant NKT Cell Recognition of HIV-1-Infected Dendritic Cells
Is an Early Detection Mechanism Targeted by Viral Immune Evasion. J. Immunol. 2016, 197, 1843–1851.
[CrossRef] [PubMed]

234. Lahaye, X.; Satoh, T.; Gentili, M.; Cerboni, S.; Conrad, C.; Hurbain, I.; El Marjou, A.; Lacabaratz, C.;
Lelievre, J.D.; Manel, N. The capsids of HIV-1 and HIV-2 determine immune detection of the viral cDNA by
the innate sensor cGAS in dendritic cells. Immunity 2013, 39, 1132–1142. [CrossRef] [PubMed]

235. Manel, N.; Hogstad, B.; Wang, Y.; Levy, D.E.; Unutmaz, D.; Littman, D.R. A cryptic sensor for HIV-1 activates
antiviral innate immunity in dendritic cells. Nature 2010, 467, 214–217. [CrossRef] [PubMed]

236. Blanchet, F.P.; Moris, A.; Nikolic, D.S.; Lehmann, M.; Cardinaud, S.; Stalder, R.; Garcia, E.; Dinkins, C.;
Leuba, F.; Wu, L.; et al. Human immunodeficiency virus-1 inhibition of immunoamphisomes in dendritic
cells impairs early innate and adaptive immune responses. Immunity 2010, 32, 654–669. [CrossRef] [PubMed]

237. Laguette, N.; Sobhian, B.; Casartelli, N.; Ringeard, M.; Chable-Bessia, C.; Segeral, E.; Yatim, A.; Emiliani, S.;
Schwartz, O.; Benkirane, M. SAMHD1 is the dendritic- and myeloid-cell-specific HIV-1 restriction factor
counteracted by Vpx. Nature 2011, 474, 654–657. [CrossRef] [PubMed]

238. Hrecka, K.; Hao, C.; Gierszewska, M.; Swanson, S.K.; Kesik-Brodacka, M.; Srivastava, S.; Florens, L.;
Washburn, M.P.; Skowronski, J. Vpx relieves inhibition of HIV-1 infection of macrophages mediated by the
SAMHD1 protein. Nature 2011, 474, 658–661. [CrossRef] [PubMed]

239. Trapp, S.; Derby, N.R.; Singer, R.; Shaw, A.; Williams, V.G.; Turville, S.G.; Bess, J.W., Jr.; Lifson, J.D.;
Robbiani, M. Double-stranded RNA analog poly(I:C) inhibits human immunodeficiency virus amplification
in dendritic cells via type I interferon-mediated activation of APOBEC3G. J. Virol. 2009, 83, 884–895.
[CrossRef] [PubMed]

240. Bloch, N.; O’Brien, M.; Norton, T.D.; Polsky, S.B.; Bhardwaj, N.; Landau, N.R. HIV type 1 infection of
plasmacytoid and myeloid dendritic cells is restricted by high levels of SAMHD1 and cannot be counteracted
by Vpx. AIDS Res. Hum. Retroviruses 2014, 30, 195–203. [CrossRef] [PubMed]

241. Sunseri, N.; O’Brien, M.; Bhardwaj, N.; Landau, N.R. Human immunodeficiency virus type 1 modified to
package Simian immunodeficiency virus Vpx efficiently infects macrophages and dendritic cells. J. Virol.
2011, 85, 6263–6274. [CrossRef] [PubMed]

242. Gao, D.; Wu, J.; Wu, Y.T.; Du, F.; Aroh, C.; Yan, N.; Sun, L.; Chen, Z.J. Cyclic GMP-AMP synthase is an innate
immune sensor of HIV and other retroviruses. Science 2013, 341, 903–906. [CrossRef] [PubMed]

243. Yoh, S.M.; Schneider, M.; Seifried, J.; Soonthornvacharin, S.; Akleh, R.E.; Olivieri, K.C.; de Jesus, P.D.;
Ruan, C.; de Castro, E.; Ruiz, P.A.; et al. PQBP1 Is a Proximal Sensor of the cGAS-Dependent Innate Response
to HIV-1. Cell 2015, 161, 1293–1305. [CrossRef] [PubMed]

244. Cavaleiro, R.; Tendeiro, R.; Foxall, R.B.; Soares, R.S.; Baptista, A.P.; Gomes, P.; Valadas, E.; Victorino, R.M.;
Sousa, A.E. Monocyte and myeloid dendritic cell activation occurs throughout HIV type 2 infection, an
attenuated form of HIV disease. J. Infect. Dis. 2013, 207, 1730–1742. [CrossRef] [PubMed]

245. Meylan, P.R.; Guatelli, J.C.; Munis, J.R.; Richman, D.D.; Kornbluth, R.S. Mechanisms for the inhibition of
HIV replication by interferons-α, -β and -γ in primary human macrophages. Virology 1993, 193, 138–148.
[CrossRef] [PubMed]

246. Gringhuis, S.I.; Hertoghs, N.; Kaptein, T.M.; Zijlstra-Willems, E.M.; Sarrami-Fooroshani, R.; Sprokholt, J.K.;
van Teijlingen, N.H.; Kootstra, N.A.; Booiman, T.; van Dort, K.A.; et al. HIV-1 blocks the signaling adaptor
MAVS to evade antiviral host defense after sensing of abortive HIV-1 RNA by the host helicase DDX3.
Nat. Immunol. 2017, 18, 225–235. [CrossRef] [PubMed]

247. Yan, N.; Regalado-Magdos, A.D.; Stiggelbout, B.; Lee-Kirsch, M.A.; Lieberman, J. The cytosolic exonuclease
TREX1 inhibits the innate immune response to human immunodeficiency virus type 1. Nat. Immunol. 2010,
11, 1005–1013. [CrossRef] [PubMed]

248. Sabado, R.L.; O’Brien, M.; Subedi, A.; Qin, L.; Hu, N.; Taylor, E.; Dibben, O.; Stacey, A.; Fellay, J.;
Shianna, K.V.; et al. Evidence of dysregulation of dendritic cells in primary HIV infection. Blood 2010,
116, 3839–3852. [CrossRef] [PubMed]

http://dx.doi.org/10.1172/JCI40913
http://www.ncbi.nlm.nih.gov/pubmed/20440075
http://dx.doi.org/10.4049/jimmunol.1600556
http://www.ncbi.nlm.nih.gov/pubmed/27481843
http://dx.doi.org/10.1016/j.immuni.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24269171
http://dx.doi.org/10.1038/nature09337
http://www.ncbi.nlm.nih.gov/pubmed/20829794
http://dx.doi.org/10.1016/j.immuni.2010.04.011
http://www.ncbi.nlm.nih.gov/pubmed/20451412
http://dx.doi.org/10.1038/nature10117
http://www.ncbi.nlm.nih.gov/pubmed/21613998
http://dx.doi.org/10.1038/nature10195
http://www.ncbi.nlm.nih.gov/pubmed/21720370
http://dx.doi.org/10.1128/JVI.00023-08
http://www.ncbi.nlm.nih.gov/pubmed/19004943
http://dx.doi.org/10.1089/aid.2013.0119
http://www.ncbi.nlm.nih.gov/pubmed/23924154
http://dx.doi.org/10.1128/JVI.00346-11
http://www.ncbi.nlm.nih.gov/pubmed/21507971
http://dx.doi.org/10.1126/science.1240933
http://www.ncbi.nlm.nih.gov/pubmed/23929945
http://dx.doi.org/10.1016/j.cell.2015.04.050
http://www.ncbi.nlm.nih.gov/pubmed/26046437
http://dx.doi.org/10.1093/infdis/jit085
http://www.ncbi.nlm.nih.gov/pubmed/23460749
http://dx.doi.org/10.1006/viro.1993.1110
http://www.ncbi.nlm.nih.gov/pubmed/7679856
http://dx.doi.org/10.1038/ni.3647
http://www.ncbi.nlm.nih.gov/pubmed/28024153
http://dx.doi.org/10.1038/ni.1941
http://www.ncbi.nlm.nih.gov/pubmed/20871604
http://dx.doi.org/10.1182/blood-2010-03-273763
http://www.ncbi.nlm.nih.gov/pubmed/20693428


Viruses 2018, 10, 65 30 of 31

249. 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, 4505–4511. [CrossRef]
[PubMed]

250. Maniecki, M.B.; Moller, H.J.; Moestrup, S.K.; Moller, B.K. CD163 positive subsets of blood dendritic cells:
The scavenging macrophage receptors CD163 and CD91 are coexpressed on human dendritic cells and
monocytes. Immunobiology 2006, 211, 407–417. [CrossRef] [PubMed]

251. Brown, K.N.; Wijewardana, V.; Liu, X.; Barratt-Boyes, S.M. Rapid influx and death of plasmacytoid dendritic
cells in lymph nodes mediate depletion in acute simian immunodeficiency virus infection. PLoS Pathog.
2009, 5, e1000413. [CrossRef] [PubMed]

252. Kaufmann, D.E.; Kavanagh, D.G.; Pereyra, F.; Zaunders, J.J.; Mackey, E.W.; Miura, T.; Palmer, S.;
Brockman, M.; Rathod, A.; Piechocka-Trocha, A.; et al. Upregulation of CTLA-4 by HIV-specific CD4+
T cells correlates with disease progression and defines a reversible immune dysfunction. Nat. Immunol. 2007,
8, 1246–1254. [CrossRef] [PubMed]

253. Trautmann, L.; Janbazian, L.; Chomont, N.; Said, E.A.; Gimmig, S.; Bessette, B.; Boulassel, M.R.; Delwart, E.;
Sepulveda, H.; Balderas, R.S.; et al. Upregulation of PD-1 expression on HIV-specific CD8+ T cells leads to
reversible immune dysfunction. Nat. Med. 2006, 12, 1198–1202. [CrossRef] [PubMed]

254. Day, C.L.; Kaufmann, D.E.; Kiepiela, P.; Brown, J.A.; Moodley, E.S.; Reddy, S.; Mackey, E.W.; Miller, J.D.;
Leslie, A.J.; DePierres, C.; et al. PD-1 expression on HIV-specific T cells is associated with T-cell exhaustion
and disease progression. Nature 2006, 443, 350–354. [CrossRef] [PubMed]

255. Jacquelin, B.; Mayau, V.; Targat, B.; Liovat, A.S.; Kunkel, D.; Petitjean, G.; Dillies, M.A.; Roques, P.; Butor, C.;
Silvestri, G.; et al. Nonpathogenic SIV infection of African green monkeys induces a strong but rapidly
controlled type I IFN response. J. Clin. Investig. 2009, 119, 3544–3555. [CrossRef] [PubMed]

256. Bosinger, S.E.; Li, Q.; Gordon, S.N.; Klatt, N.R.; Duan, L.; Xu, L.; Francella, N.; Sidahmed, A.; Smith, A.J.;
Cramer, E.M.; et al. Global genomic analysis reveals rapid control of a robust innate response in SIV-infected
sooty mangabeys. J. Clin. Investig. 2009, 119, 3556–3572. [CrossRef] [PubMed]

257. Sandler, N.G.; Bosinger, S.E.; Estes, J.D.; Zhu, R.T.; Tharp, G.K.; Boritz, E.; Levin, D.; Wijeyesinghe, S.;
Makamdop, K.N.; del Prete, G.Q.; et al. Type I interferon responses in rhesus macaques prevent SIV infection
and slow disease progression. Nature 2014, 511, 601–605. [CrossRef] [PubMed]

258. Bosinger, S.E.; Johnson, Z.P.; Folkner, K.A.; Patel, N.; Hashempour, T.; Jochems, S.P.; Del Rio Estrada, P.M.;
Paiardini, M.; Lin, R.; Vanderford, T.H.; et al. Intact type I Interferon production and IRF7 function in sooty
mangabeys. PLoS Pathog. 2013, 9, e1003597. [CrossRef] [PubMed]

259. Reitano, K.N.; Kottilil, S.; Gille, C.M.; Zhang, X.; Yan, M.; O’Shea, M.A.; Roby, G.; Hallahan, C.W.; Yang, J.;
Lempicki, R.A.; et al. Defective plasmacytoid dendritic cell-NK cell cross-talk in HIV infection. AIDS Res.
Hum. Retroviruses 2009, 25, 1029–1037. [CrossRef] [PubMed]

260. Tilton, J.C.; Manion, M.M.; Luskin, M.R.; Johnson, A.J.; Patamawenu, A.A.; Hallahan, C.W.;
Cogliano-Shutta, N.A.; Mican, J.M.; Davey, R.T., Jr.; Kottilil, S.; et al. Human immunodeficiency virus
viremia induces plasmacytoid dendritic cell activation in vivo and diminished α interferon production
in vitro. J. Virol. 2008, 82, 3997–4006. [CrossRef] [PubMed]

261. Kamga, I.; Kahi, S.; Develioglu, L.; Lichtner, M.; Maranon, C.; Deveau, C.; Meyer, L.; Goujard, C.; Lebon, P.;
Sinet, M.; et al. Type I interferon production is profoundly and transiently impaired in primary HIV-1
infection. J. Infect. Dis. 2005, 192, 303–310. [CrossRef] [PubMed]

262. Bego, M.G.; Cote, E.; Aschman, N.; Mercier, J.; Weissenhorn, W.; Cohen, E.A. Vpu Exploits the Cross-Talk
between BST2 and the ILT7 Receptor to Suppress Anti-HIV-1 Responses by Plasmacytoid Dendritic Cells.
PLoS Pathog. 2015, 11, e1005024. [CrossRef] [PubMed]

263. Herbeuval, J.P.; Grivel, J.C.; Boasso, A.; Hardy, A.W.; Chougnet, C.; Dolan, M.J.; Yagita, H.; Lifson, J.D.;
Shearer, G.M. CD4+ T-cell death induced by infectious and noninfectious HIV-1: Role of type 1
interferon-dependent, TRAIL/DR5-mediated apoptosis. Blood 2005, 106, 3524–3531. [CrossRef] [PubMed]

264. Wilson, E.B.; Yamada, D.H.; Elsaesser, H.; Herskovitz, J.; Deng, J.; Cheng, G.; Aronow, B.J.; Karp, C.L.;
Brooks, D.G. Blockade of chronic type I interferon signaling to control persistent LCMV infection. Science
2013, 340, 202–207. [CrossRef] [PubMed]

265. Teijaro, J.R.; Ng, C.; Lee, A.M.; Sullivan, B.M.; Sheehan, K.C.; Welch, M.; Schreiber, R.D.; de la Torre, J.C.;
Oldstone, M.B. Persistent LCMV infection is controlled by blockade of type I interferon signaling. Science
2013, 340, 207–211. [CrossRef] [PubMed]

http://dx.doi.org/10.1182/blood-2002-10-3189
http://www.ncbi.nlm.nih.gov/pubmed/12576311
http://dx.doi.org/10.1016/j.imbio.2006.05.019
http://www.ncbi.nlm.nih.gov/pubmed/16920480
http://dx.doi.org/10.1371/journal.ppat.1000413
http://www.ncbi.nlm.nih.gov/pubmed/19424421
http://dx.doi.org/10.1038/ni1515
http://www.ncbi.nlm.nih.gov/pubmed/17906628
http://dx.doi.org/10.1038/nm1482
http://www.ncbi.nlm.nih.gov/pubmed/16917489
http://dx.doi.org/10.1038/nature05115
http://www.ncbi.nlm.nih.gov/pubmed/16921384
http://dx.doi.org/10.1172/JCI40093
http://www.ncbi.nlm.nih.gov/pubmed/19959873
http://dx.doi.org/10.1172/JCI40115
http://www.ncbi.nlm.nih.gov/pubmed/19959874
http://dx.doi.org/10.1038/nature13554
http://www.ncbi.nlm.nih.gov/pubmed/25043006
http://dx.doi.org/10.1371/journal.ppat.1003597
http://www.ncbi.nlm.nih.gov/pubmed/24009514
http://dx.doi.org/10.1089/aid.2008.0311
http://www.ncbi.nlm.nih.gov/pubmed/19795986
http://dx.doi.org/10.1128/JVI.01545-07
http://www.ncbi.nlm.nih.gov/pubmed/18256146
http://dx.doi.org/10.1086/430931
http://www.ncbi.nlm.nih.gov/pubmed/15962225
http://dx.doi.org/10.1371/journal.ppat.1005024
http://www.ncbi.nlm.nih.gov/pubmed/26172439
http://dx.doi.org/10.1182/blood-2005-03-1243
http://www.ncbi.nlm.nih.gov/pubmed/16046522
http://dx.doi.org/10.1126/science.1235208
http://www.ncbi.nlm.nih.gov/pubmed/23580528
http://dx.doi.org/10.1126/science.1235214
http://www.ncbi.nlm.nih.gov/pubmed/23580529


Viruses 2018, 10, 65 31 of 31

266. Dillon, S.M.; Frank, D.N.; Wilson, C.C. The gut microbiome and HIV-1 pathogenesis: A two-way street. Aids
2016, 30, 2737–2751. [CrossRef] [PubMed]

267. Ueyama, A.; Yamamoto, M.; Tsujii, K.; Furue, Y.; Imura, C.; Shichijo, M.; Yasui, K. Mechanism of pathogenesis
of imiquimod-induced skin inflammation in the mouse: A role for interferon-α in dendritic cell activation by
imiquimod. J. Dermatol. 2014, 41, 135–143. [CrossRef] [PubMed]

268. Guo, B.; Chang, E.Y.; Cheng, G. The type I IFN induction pathway constrains Th17-mediated autoimmune
inflammation in mice. J. Clin. Investig. 2008, 118, 1680–1690. [CrossRef] [PubMed]

269. Manches, O.; Munn, D.; Fallahi, A.; Lifson, J.; Chaperot, L.; Plumas, J.; Bhardwaj, N. HIV-activated
human plasmacytoid DCs induce Tregs through an indoleamine 2,3-dioxygenase-dependent mechanism.
J. Clin. Investig. 2008, 118, 3431–3439. [CrossRef] [PubMed]

270. Manches, O.; Fernandez, M.V.; Plumas, J.; Chaperot, L.; Bhardwaj, N. Activation of the noncanonical
NF-kappaB pathway by HIV controls a dendritic cell immunoregulatory phenotype. Proc. Natl. Acad.
Sci. USA 2012, 109, 14122–14127. [CrossRef] [PubMed]

271. Frleta, D.; Ochoa, C.E.; Kramer, H.B.; Khan, S.A.; Stacey, A.R.; Borrow, P.; Kessler, B.M.; Haynes, B.F.;
Bhardwaj, N. HIV-1 infection-induced apoptotic microparticles inhibit human DCs via CD44. J. Clin. Investig.
2012, 122, 4685–4697. [CrossRef] [PubMed]

272. Buisson, S.; Benlahrech, A.; Gazzard, B.; Gotch, F.; Kelleher, P.; Patterson, S. Monocyte-derived dendritic cells
from HIV type 1-infected individuals show reduced ability to stimulate T cells and have altered production
of interleukin (IL)-12 and IL-10. J. Infect. Dis. 2009, 199, 1862–1871. [CrossRef] [PubMed]

273. Miller, E.A.; Spadaccia, M.R.; O’Brien, M.P.; Rolnitzky, L.; Sabado, R.; Manches, O.; Frleta, D.; Bhardwaj, N.
Plasma factors during chronic HIV-1 infection impair IL-12 secretion by myeloid dendritic cells via a
virus-independent pathway. J. Acquir. Immune Defic. Syndr. 2012, 61, 535–544. [CrossRef] [PubMed]

274. Kumar, N.A.; Cheong, K.; Powell, D.R.; da Fonseca Pereira, C.; Anderson, J.; Evans, V.A.; Lewin, S.R.;
Cameron, P.U. The role of antigen presenting cells in the induction of HIV-1 latency in resting CD4(+) T-cells.
Retrovirology 2015, 12, 76. [CrossRef] [PubMed]

275. Krieg, C.; Nowicka, M.; Guglietta, S.; Schindler, S.; Hartmann, F.J.; Weber, L.M.; Dummer, R.;
Robinson, M.D.; Levesque, M.P.; Becher, B. High-dimensional single-cell analysis predicts response to
anti-PD-1 immunotherapy. Nat. Med. 2018. [CrossRef] [PubMed]

276. Clayton, K.L.; Garcia, J.V.; Clements, J.E.; Walker, B.D. HIV Infection of Macrophages: Implications for
Pathogenesis and Cure. Pathog. Immun. 2017, 2, 179–192. [CrossRef] [PubMed]

277. Netea, M.G.; van der Meer, J.W. Trained Immunity: An Ancient Way of Remembering. Cell Host Microbe
2017, 21, 297–300. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1097/QAD.0000000000001289
http://www.ncbi.nlm.nih.gov/pubmed/27755100
http://dx.doi.org/10.1111/1346-8138.12367
http://www.ncbi.nlm.nih.gov/pubmed/24387343
http://dx.doi.org/10.1172/JCI33342
http://www.ncbi.nlm.nih.gov/pubmed/18382764
http://dx.doi.org/10.1172/JCI34823
http://www.ncbi.nlm.nih.gov/pubmed/18776940
http://dx.doi.org/10.1073/pnas.1204032109
http://www.ncbi.nlm.nih.gov/pubmed/22879398
http://dx.doi.org/10.1172/JCI64439
http://www.ncbi.nlm.nih.gov/pubmed/23160198
http://dx.doi.org/10.1086/599122
http://www.ncbi.nlm.nih.gov/pubmed/19419334
http://dx.doi.org/10.1097/QAI.0b013e31826afbce
http://www.ncbi.nlm.nih.gov/pubmed/22902724
http://dx.doi.org/10.1186/s12977-015-0204-2
http://www.ncbi.nlm.nih.gov/pubmed/26362311
http://dx.doi.org/10.1038/nm.4466
http://www.ncbi.nlm.nih.gov/pubmed/29309059
http://dx.doi.org/10.20411/pai.v2i2.204
http://www.ncbi.nlm.nih.gov/pubmed/28752134
http://dx.doi.org/10.1016/j.chom.2017.02.003
http://www.ncbi.nlm.nih.gov/pubmed/28279335
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Monocytes Are Precursors for Macrophages (M) and Dendritic Cells (DC) 
	Heterogeneity of Blood Monocytes 
	DC Subsets and Associated Functions 
	Plasmacytoid Dendritic Cells 
	Myeloid Dendritic Cells 
	Monocyte-Derived Dendritic Cells 

	Monocytes and HIV 
	Dendritic Cells and HIV 
	Conclusions 
	References

