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Abstract

Plasmacytoid dendritic cells (pDCs) are innate immune cells that are specialized to produce
interferon-alpha (IFNa) and participate in activating adaptive immune responses. Although IFNa
inhibits HIV-1 (HIV) replication in vitro, pDCs may act as inflammatory and immunosuppressive
dendritic cells (DCs) rather than classical antigen-presenting cells during chronic HIV infection in
vivo, contributing more to HIV pathogenesis than to protection. Improved understanding of HIV-
pDC interactions may yield potential new avenues of discovery to prevent HIV transmission, to
blunt chronic immune activation and exhaustion, and to enhance beneficial adaptive immune
responses. In this chapter we discuss pDC biology, including pDC development from progenitors,
trafficking and localization of pDCs in the body, and signaling pathways involved in pDC
activation. We focus on the role of pDCs in HIV transmission, chronic disease progression and
immune activation, and immu-nosuppression through regulatory T cell development. Lastly, we
discuss potential future directions for the field which are needed to strengthen our current
understanding of the role of pDCs in HIV transmission and pathogenesis.

3.1 Introduction

Dendritic cells (DCs) are innate immune cells that play a critical role in the host response to
infection, as they routinely patrol mucosal and lymph tissue and blood, are recruited to
inflamed tissues, and are among the first cells to sense and respond to microbes (Steinman
and Hemmi 2006). When DCs encounter pathogens, they recognize conserved structures of
the microbe termed pathogen-associated molecular patterns (PAMPs). DCs recognize
PAMPs by means of germline-encoded pattern-recognition receptors (PRRs). The
interaction of microbial PAMPs with DC PRRs, including Toll-like receptors (TLRs) and
NOD-like receptors, activates specific intracellular signaling pathways which mediate rapid
antimicrobial effector functions at the site of pathogen sensing (Medzhitov 2001; Fritz et al.
2005; Tada et al. 2005). Additionally, DCs process and present microbial antigens to
adaptive immune cells to program specific T and B cell responses (Guermonprez et al. 2002;
Pulendran et al. 2010). DCs prime expansion of antigen-specific T cells, polarize CD4+ T
cells, establish memory, regulate T cell exhaustion, and influence antibody affinity
maturation and isotype switching. The specificity of the adaptive immune responses depends

© Springer Science+Business Media New York 2013
Correspondence to: Nina Bhardwaj, Ni na. Bhar dwaj @yunt. or g.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

O’Brien et al.

Page 2

on the Major Histocompatability Complex (MHC) class molecule in which the antigen is
presented, the concurrent combination of cytokines released, and the co-stimulatory
molecules that are expressed by the DCs. Signaling pathways elicited upon PRR sensing by
DCs and signals received from the tissue microenvironment ensure tailoring of an immune
response to the type of pathogen (extracellular, vacuolar, intracellular) by dictating a cell-
mediated vs. humoral immunity. DCs not only dictate the type of immune response acutely,
but also help program the type of immune memory and prevent immunopathology through
induction of regulatory mechanisms.

The two major subsets of DCs in human blood, myeloid DCs (mDCs—also referred to as
conventional DC) and plasmacytoid DCs (pDCs), differ in morphology, phenotype, and
function. mDCs and pDCs express different but complementary TLRs, which allow them to
respond to different types of pathogens. mDCs recognize diverse pathogens due to their
broad TLR expression, and display a flexible program of cytokine secretion influencing
Th1, Th2, Th17, or regulatory T cell responses (Treg). While pDCs do not secrete the Thl
skewing cytokine I1L-12 in humans, mDCs secrete high amounts of 1L-12 in response to
some bacterial or viral pathogens. pDCs specifically recognize pathogens containing SSRNA
by TLR7 and unmethylated CpG DNA motifs via TLR9 and produce up to 1,000-fold more
interferon-alpha (IFNa) than other types of blood cells in response to viruses (McKenna et
al. 2005). Like mDCs, pDCs also display a differential response towards different microbes,
varying from secretion of type | IFN to maturation and antigen presentation for T helper and
T regulatory cell responses.

In this review, we focus on what is known about pDCs in HIV infection. We discuss data
gathered from cell biology and immunological experiments, as well as data derived from
infected humans and nonhuman primates (NHP), to demonstrate the complexity of pDC
functions during acute and chronic HIV infection. In doing so, we argue that pDCs often
effect conflicting functions in antiviral defense and immunopathology. Although much
remains to be learned, we propose that pDCs play a crucial role both early during infection
and during the chronic phase, contributing to immune activation and eventual disease
progression.

Thus, while /ack of activation of mDCs by HIV impairs the development of adaptive
immune responses (Lore et al. 2002; Granelli-Piperno et al. 2004), rapid activation of pDCs
by HIV to produce inflammatory cytokines and chemokines at mucosal sites of transmission
may enhance initial infection. At the same time, persistent activation of pDCs to produce
IFNa during chronic infection may contribute to immune activation and inflammation
(Fernandez et al. 2011; Jacquelin et al. 2009; Bosinger et al. 2009), which are associated
with disease progression to AIDS and with the development of co-morbidities such as
cardiovascular disease, kidney and liver disease, and development of non-AIDS
malignancies (Baker and Duprez 2010; Lekakis and Ikonomidis 2010; Ho et al. 2010;
Lichtenstein et al. 2010; EI-Sadr et al. 2006). In general, during acute viral infections, type |
IFN produced by pDCs act as immunostimulatory cytokines favoring mDC maturation
(Fonteneau et al. 2004), and as antiviral agents, activating intracellular restriction factors,
inhibiting proliferation, and inducing apoptosis of infected target cells, such as T cells
(Barber 2001). In contrast, chronic and systemic activation of pDCs during persistent
infection, such as HIV, can paradoxically lead to deleterious inflammation and perturbation
of T cell proliferation, homeostasis, and cell death (Heikenwalder et al. 2004). Additionally,
it has been shown that HIV-activated pDCs produce the immu-nosuppressive enzyme
indoleamine (2,3)-dioxygenase (IDO), favoring the development of regulatory T cells
(Manches et al. 2008; Fallarino et al. 2007; Munn and Mellor 2004; Honda et al. 2005).
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Altogether, pDCs are now implicated in the following aspects of HIV pathogenesis: (1)
inciting recruitment of CCR5 + CD4+ T cells to mucosal sites of HIV inoculation during
transmission (Haase 2010); (2) inducing apoptosis of CD4+ T cells through their persistent
production of type | IFN (Stary et al. 2009; Fonteneau et al. 2004; Boasso et al. 2008;
Herbeuval et al. 2005b); (3) increased immune activation of T cell subsets through type |
IFN production; and (4) favoring generation of immunosuppressive regulatory T cells over
immunostimulatory Th17 cells through their production of IDO.

3.2 Plasmacytoid Dendritic Cell Biology

The discovery and identification of pDCs came from the convergence of studies of rare
blood and lymphoid tissue cell populations. Early studies in 1980s identified a specific cell
type based on their characteristic plasma cell morphology and location in the T cell areas of
reactive human lymphoid tissue (Vollenweider and Lennert 1983). They were later shown to
express the T cell-associated marker CD4, but lacked CD3 and B cell markers, while
expressing MHC-I1 and some myeloid markers. Based on this phenotype, the cells were
termed “plasmacytoid monocytes” by Facchetti et al. (1988). In 1991, O’Doherty et al.
identified a subset of blood CD4+ CD3- CD11c- immature DC that developed into mature
DCs in the presence of monocyte-derived cytokines (O’Doherty et al. 1994, 1993) and in
1993 Grouard et al. also identified a subset of CD4+ CD3- CD11c- cells with a
plasmacytoid morphology in the T cell area of human tonsils, which could differentiate into
mature DC upon culture with IL-3 or IL-3 and CD40L. These cells were found to display an
identical morphology and phenotype to plasmacytoid monocytes and to immature HLA-DR
+ CD11c- blood DC. Because these cells could differentiate into mature DC, they were
termed pDC precursors (Grouard et al. 1997).

The existence of a rare blood cell capable of secreting extremely high amounts of IFNa had
been established in the 1970s, when these cells were labeled as “natural IFN-producing
cells” (NIPC). Like plasmacytoid monocytes, they did not express markers of T, B,
monocyte, or NK cells, expressed MHC-II, and, importantly, secreted massive amounts of
type | IFN in response to select viruses. The identical phenotype and morphology led Siegal
et al. to finally identify the NIPC with pDCs (Siegal et al. 1999).

Aside from their lack of lineage markers (CD3, CD19, CD14, CD11c) and expression of
MHC-II and co-stimulatory molecules (in the activated state), pDCs express several
selective markers, such as sialic acid-binding immunoglobulin-like lectin H (SIGLEC-H)
and bone marrow stromal antigen 2 (BST2) in mice and blood DC antigen 2 (BDCAZ2; also
known as CLEC4C), BDCA4, leukocyte immunoglob-ulin-like receptor, subfamily A,
member 4 (LILRAA4; also known as ILT7) in humans, and high expression of the IL-3
receptor alpha (CD123).

3.2.1 Development

Data regarding pDC development have been garnered from mouse studies, although the
recent identification of a genetic DC deficiency in humans has allowed identification of the
relevant molecular players and will further help delineate the exact role of pDCs during viral
and bacterial infections. Differentiation of DCs from hematopoietic progenitors relies on the
activity of cytokines, such as FMS-related tyrosine kinase 3 ligand (FIt3L) and GM-CSF. As
such, the FIt3 receptor is expressed in a fraction of hematopoietic stem cells and is
maintained in a subpopulation of common myeloid progenitors (CMPs) (D’Amico and Wu
2003). CMPs give rise to macrophage and DC progenitors (MDP), a direct precursor of the
Common DC progenitors (CDP). FIt3 and GM-CSFR expression is regulated by the
transcription factor PU.1, a member of the ETS family of transcription factors, which
regulate the development of monocytes and DCs (Carotta et al. 2010).
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As stated above, mDCs and pDCs display complementary roles in immunity, as evidenced
by their pattern of PRR, migration, cytokine secretion, and antigen presentation. The
development program directing pDC vs. mDC differentiation starts at the CDP stage,
through two developmental systems. pDC differentiation requires the expression of the E
protein E2-2 (Cisse et al. 2008), in the absence of E protein antagonist of DNA binding
(ID2). The basic helix-loop-helix E2-2 transcription factor directly binds to the promoters of
several pDC selective genes such as BDCAZ, LILRA4, IRF7, the pre-TCRa chain gene,
IRF8, and SPIB (a relative of PU.1). E proteins are crucial for lymphopoiesis, which may
explain the importance of E2-2 for expression of lymphoid-related genes in pDC (SP/B,
RAGI, IL7R, TDT). Deletion of murine E2-2 blocked the development of pDCs, and
haploinsufficiency in humans affected by Pitt—Hopkins syndrome yields an aberrant pDC
profile and impaired IFN type | responses (Cisse et al. 2008). ID proteins directly inhibit
binding of E proteins, and ID2 expression is extremely low in CDP, pre-pDC, and pDC, in
contrast to conventional myeloid DCs which express high levels of ID2.

pDC differentiation also requires a high concentration of IRF8 and low levels of PU.1, and
IRF8 and PU.1 may act as a complex on composite DNA elements (Carotta et al. 2010;
Schiavoni et al. 2002; Tsujimura et al. 2003). The requirement of PU.1 and IRF8 has been
confirmed on PU.1- or IRF8-deficient mice, and in humans deficient in IRF8, resulting in
inhibition of pDC differentiation (this may be due to alteration of CDP formation, rather
than a specific pDC defect). PU.1 and IRF8 share target genes in pDCs, such as Ciita94,
TIr9, and IFNa.. SPIB is the closest homolog of PU.1 in mammals, and inhibiting the
expression of either transcription factor in human hematopoietic progenitors inhibits pDC
differentiation.

3.2.2 IFN Secretion

One of the primary functions of pDCs is the secretion of large amounts of type | IFN in
response to viruses and bacterial DNA. Thus, upon recognition of some viruses, pDCs start
transcribing type | IFN genes within a few hours. A major part of the pDC transcriptome is
then devoted to type | IFN genes, and pDCs secrete up to 10 pg/cell type | IFN within 24 h,
which represents up to 1,000 times the amount produced by any other blood cell type (Liu
2005). Human pDCs can secrete all the subtypes of type | IFNs, IFNa, IFNB, IFNA, IFNcw,
and IFN<.

Secretion of type | IFN is one functional outcome of recognition of nucleic acids by pDC.
Receptors for the sensing of microbial genetic material exist both in the endosomal and
cytosolic compartment of the cell, although it seems that pDCs rely on endosomal TLR
sensing system for recognition of viruses (Kato et al. 2005). Endosomal TLRs, i.e., TLR7
and TLR9, in pDCs have extracellular domains comprising multiple repeats of Leucine-Rich
Repeats which mediate recognition, linked to a cytosolic Toll/IL-1 receptor homology (TIR)
domain responsible for initiation of signal transduction (Akira and Takeda 2004).

TLR9 recognizes unmethylated DNA containing Cytosine-Guanosine dinucleotides (CpG),
which allows preferential sensing of bacterial genomes, which contain a much higher
fraction of unmethylated DNA than mammalian genomes. Based on the functional response
of pDCs and B cells to CpG DNA, several classes of CpG motifs have been described. The
prototypical type A CpG (CpGA) comprises oligonucleotides with a phosphodiester
backbone and nuclease-resistant phosphorothioate ends. They also contain a poly-G tail,
allowing aggregation of oligonucleotides into large complexes. CpGA oligonucleotides
induce the secretion of high amounts of type I IFN, but limited phenotypic maturation of
pDC (up-regulation of MHC and co-stimulatory molecules). CpG type B (CpGB)
oligonucleotides only comprise phos-phorothioate links, and do not contain a poly-G tail.
CpGB induces limited amounts of Type | IFN, but a strong maturation of pDC accompanied
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by secretion of TNFa and other inflammatory cytokines (Krieg 2002).
TLR7recognizesguanosine—uridine-rich single-stranded RNA (ssRNA), as well as the potent
synthetic antiviral imidazo-quinolines. Although Uridine tetramers may be the minimal
motifs recognized by TLR7, GU-rich sequences preferentially induce IFNa by pDCs, and
there is evidence that CpG motifs in viral RNA can also contribute to RNA recognition
(Greenbaum et al. 2009; Jimenez-Baranda et al. 2011). Although guanosine- and uridine-
rich regions in the HIV LTR were known to stimulate TLR7 (Heil et al. 2004), the
molecular determinant of HIV virion recognition in pDC remained unknown, until it was
proven that endosomal delivery of viral RNA, rather than early retrotranscipts, stimulates
pDC through TLR7 (Beignon et al. 2005).

The endosomal and lysosomal localization of TLR7 and TLR9 in activated pDCs allow
sampling of internalized material while preventing inappropriate activation by self-DNA or -
RNA. Further restriction of TLR activation is ensured by processing of TLR in the endo-
lysosomal compartments. Delivery of TLR7 and TLR9 to the endosomes is dependent on
the RE-resident protein Unc93b1, and activation of TLR9 requires its cleavage by acidic
proteases in endo-lysosomal compartments (Barbalat et al. 2011). Asparagine endopeptidase
is a key protease allowing N-terminal processing of TLR9 (Sepulveda et al. 2009), in
conjunction with other acidic proteases, and only the cleaved form of TLR9 can associate
with the signaling adaptor MyD88. The same form of receptor processing likely exists for
TLR7. The preprocessing and endosomal localization of TLR7 and TLR9 allows recognition
of foreign ligands such as internalized viruses without actual infection of pDC. Many
inactivated viruses, including chemically inactivated HIV, can trigger IFNa secretion with
the same potency as live viruses (Beignon et al. 2005). Some live cytosolic viruses may still
gain access to the endosomal compartments through autophagy-mediated delivery of
cytosolic content to the endolysosomes (Lee et al. 2007).

TLR7 and TLR9 both signal through the TIR-containing adaptor MyD88, which leads to
activation of IRF7 for type | IFN secretion. The engagement of TLR-MyD88 leads to
assembly of a multiprotein complex in the cytoplasmic tail of TLR, comprising IRAK4,
Bruton’s tyrosine kinase (BTK), and IRF7. IRF7 is ubiquitylated by the ubiquitin E3 ligase
activity of TRAF6 and further phosphorylated by IRAK4. Activated IRF7 then interacts
with TRAF3, IKKa, IRAK1, and osteopontin, translocating to the nucleus for type I IFN
gene transcription. TRAF6 also ubiquitylates the protein kinase transforming growth factor-
B (TGFp)-activated kinase 1 (TAK1) for activation of NF-xB and MAPK, leading to
transcription of inflammatory cytok-ines, chemokines, and co-stimulatory molecules (Akira
and Takeda 2004). IRF7 expression in pDCs is constitutively high, in part due to continuous
autocrine feedback by low levels of type I IFN (O’Brien et al. 2011), and by low expression
of the translational repressors 4e-BPs (Colina et al. 2008). Upon TLR stimulation, a first
wave of type | IFN can also positively feedback to amplify the IFN response, and activation
of IRF8 further amplifies IFN secretion by pDCs.

TLR sensing of HIV by pDCs mostly occurs through endosomal recognition of viral RNA
by TLR7. Although free virus triggers IFN secretion by pDCs, it is likely that cell-associated
virus also contributes to pDC activation, possibly through the uptake of HIV-containing
apoptotic cell vesicles (Lepelley et al. 2011), enhancing endosomal delivery of HIV RNA to
the TLR-containing endosomes. Uptake of HIV-containing apoptotic vesicles may also
potentiate delivery of HIV antigens for cross-presentation (see below). Cytosolic sensing of
HIV has not been shown to significantly contribute to IFNa secretion in pDCs. The
cytosolic exonuclease TREX1 suppresses cytosolic innate sensing in CD4+ T cells and
macrophages (Lepelley et al. 2011), and the HIV Tat gene product can inhibit Protein
Kinase R (PKR) (Cai et al. 2000), which may partly account for the predominance of TLR
recognition of HIV for IFN secretion in pDCs.
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3.2.3 Antigen Presentation

Another major function of pDCs is the presentation of virus antigens to CD4+ and CD8+ T
cells. Although pDCs are generally thought to be weaker antigen-presenting cells (APCs)
than mDC:s, activated pDCs can efficiently activate memory CD4+ and CD8+ responses,
and in some instances can prime naive T cells. Initial characterization of pDCs in terms of T
cell stimulation was based on allogeneic mixed lymphocyte reactions. It was shown that
pDCs stimulated by influenza virus and CD40L can induce strong allogeneic Th1 cultured
with IL-3 or IL-3 + CD40L can prime allogeneic CD4+ T cells to differentiate into IL-4-
secreting Th2 cells or IL-10-secreting Tregs (Rissoan et al. 1999). The Th1 polarization
induced by Flu-activated pDCs may reflect their high expression of MHC and co-
stimulatory molecules, as well as secretion of type | IFN (Cella et al. 2000; Huber and Farrar
2011).

Upon viral infection, pDCs can potently present viral antigens and stimulate expansion of
anti-viral CD4+ and CD8+ T cells (Fonteneau et al. 2003). However, in HIV infection,
pDCs are poorly infected, and it is unclear to what extent they can present endogenous viral
antigens. However, pDCs can acquire exogenous antigens in the form of soluble proteins or
cell-derived material to cross-present to CD4+ and CD8+ T cells. Early work suggested that
pDCs are not able to cross-present exogenous antigens to CD8+ T cells, even upon
activation by CpG, but could present endogenous antigens. These experiments involved
loading of pDCs with model antigen with concomitant CpG activation, and injection of
antigen-loaded pDC in mice (Salio et al. 2004). However, in other studies, pDC could
present exogenous ovalbumin (OVA) to naive CD8 T cells in vitro, but only when pDCs
were activated by CpG. In this study, they could not present OVA to OVA-specific CD4+ T
cells, unless the soluble protein was complexed with specific antibodies (Kool et al. 2011).
OVA-immune complexes enhanced antigen uptake and induced its rerouting to acidic MHC-
I1+ compartments (Benitez-Ribas et al. 2006). More recent work has examined the cell
biology of viral antigen cross-presentation in mouse and human pDCs. DiPucchio et al.
showed that influenza virus stimulation induces routing of MHC-1 molecules to the cell
surface within 30 min of exposure, and cross-presentation of Flu antigen to CD8+ T cells
within 4 h. Infection of pDCs was probably not required, as cross-presentation was
dependent on endocytic recycling and independent of the proteasome. Cross-presentation by
pDCs to memory CD8+ T cells was more potent than cross-presentation by mDCs,
suggesting that pDCs may have evolved a rapid mechanism of viral antigen presentation for
activation of memory responses (Di Pucchio et al. 2008). Other reports have shown that
pDCs can cross-prime naive CD8+ T cells after TLR activation (Mouries et al. 2008). The
requirement for TLR activation for cross-presentation may be due to TLR-MyD88
recruitment of TAP molecules to nonacidic early endosomal compartment in some forms of
cross-presentation (Burgdorf et al. 2008). Finally, it has been shown that type | IFN can
enhance cross-presentation of viral antigens by dendritic cells in vivo, possibly through
enhanced delivery of co-stimulatory signals (Le Bon et al. 2003).

Cross-presentation of HIV antigen by pDCs has now been conclusively demonstrated in
several in vitro studies. Uptake of HIV lipopeptides (Hoeffel et al. 2007), uptake of
noninfectious HIV particles, and exposure to HIV-infected apoptotic cells (Larsson et al.
2002) lead to cross-presentation of HIV antigen to specific CD8+ T cells in a proteasome-
dependent manner. These studies highlight the dual role of pDCs during HIV infection,
where they can secrete high amounts of type | IFN, but also present viral antigens to CD4+
and CD8+ T cells. Furthermore, cytokines secreted by pDC can also induce maturation of
bystander APCs in a TNFa- and IFNa-dependent way (Fonteneau et al. 2004).
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

O’Brien et al.

Page 7

3.2.4 Migration

Unlike mDCs, pDCs are found in rare numbers in peripheral tissues under steady-state
conditions. pDCs circulate through the body via the bloodstream, and enter secondary
lymphoid tissues via High Endothelial venules (HEV) (Cella et al. 1999; Liu 2005). In
inflammatory conditions, pDCs leave the bloodstream and accumulate at the site of
infection, where they can secrete IFNa., take up antigens, and migrate to draining lymph
nodes for antigen presentation. pDC homing to HEV is facilitated by its expression of L-
selectin and PSGL1, the counter ligands of E and P selectins, respectively. Furthermore,
pDCs express CXCR4, a receptor for the homeostatic chemokine CXCL12 expressed by
HEV. Under reactive conditions, pDCs express additional molecules involved in homing to
secondary lymphoid organs, such as CCR5 and CXCR3 (Diacovo et al. 2005; Yoneyama et
al. 2004). pDCs can also express the chemokine receptor CCR9 and migrate to its ligand
CCL25 to home into the small intestine (Wendland et al. 2007). pDCs purified from blood
express an array of chemokine receptors. However, pDCs do not migrate in vitro towards
the respective ligands (with the exception of CXCR4), indicating that these chemokine
receptors are not functional in the steady state (Penna et al. 2001). Although CXCR3 is
unable to induce migration of pDCs, it potentiates the chemotactic response to CXCL12, and
mediates adhesion and migration to heparan sulfates expressed by endothelial cells (Krug et
al. 2002). In addition, pDCs exposed to IFNa acquire the ability to migrate in response to
CCR2, CCR5, and CXCRa3 ligands (Cicinnati et al. 2008).

In addition to chemokines, pDCs can respond to two agonists released by damaged tissues at
the site of inflammation: Adenosine can engage the Adenosine Receptor Al, and F2L can
trigger the formyl peptide receptor FPR3 (Devosse et al. 2009; Schnurr et al. 2004). pDCs
express functional receptor for the anaphylatoxins C3a and C5a, and can also migrate in
response to 1L-18, an inflammasome-generated inflammatory mediator (Gutzmer et al.
2006; Kaser et al. 2004). Thus, in addition to chemotactic chemokines, pDCs can be
recruited through signals associated with inflammation and tissue damage (Jimenez-Baranda
et al. 2012). We discuss below the crucial role of pDC recruitment at the site of HIV entry.
Viruses can activate pDCs and direct their secretion of T and NK cell chemotactic
chemokines, such as CXCL9, CXCL10, and CCL4 (Piqueras et al. 2006; Megjugorac et al.
2004; Bendriss-Vermare et al. 2005). Although it is possible that secretion of the CCR5
ligands CCL3 and CCL4 by HIV-activated pDCs could limit viral spreading, the presence of
inflammatory pDCs at the site of viral transmission seems to fuel HIV spread rather than
limit it.

3.3 HIV-Plasmacytoid Dendritic Cell Interactions

3.3.1 Entry

HIV enters susceptible cells either through direct fusion with the cell membrane or through
receptor-mediated endocytosis. Direct fusion of HIV occurs following a series of
interactions between the heterotrimeric HIV glycoprotein gp120/gp41 and cell-surface CD4
receptor and a co-receptor, CXCR4 or CCR5. HIV fusion is pH independent and results in
insertion of HIV cores into the cytoplasm with subsequent reverse transcription, integration,
and productive infection (Stein et al. 1987). HIV enters mDCs either through CD4 receptor-
mediated endocytosis and/or through C-type lectin receptors such as DC-specific ICAM-3-
grabbing nonintegrin (DC-SIGN) (Geijtenbeek et al. 2000). mDCs do not become activated
by HIV to produce cytokines or to mature for antigen presentation (Fonteneau et al. 2004).
mDCs are minimally infected by HIV but coculture of HIV-infected mDCs with T cells
results in explosive infection (Frank et al. 1999). The block to HIV replication/infection in
mDC is likely due to the high expression of the restriction factor SAMHD1 (Laguette et al.
2011; Goldstone et al. 2011; Hrecka et al. 2011), a deoxy-nucleoside triphosphate
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triphosphohydrolase. It is thought that SAMHD1, which is highly expressed in mDCs,
restricts HIV replication by hydrolyzing the majority of dNTPs, thus inhibiting reverse
transcription and viral complementary DNA (cDNA) synthesis. SAMHDL1 has only been
analyzed in monocyte-derived dendritic cells and macrophages, but has not yet been
investigated in primary mDCs, pDCs, or monocytes; therefore it is unclear whether
SAMHD1 function in these cell types contributes to inhibition of HIV replication.

pDCs are also minimally infected by HIV (Fong et al. 2002), but in contrast to mDCs are
highly activated to produce IFNa by both live and inactivated but fusion-competent HIV
(Beignon et al. 2005; Fonteneau et al. 2004). pDCs express CD4, CXCR4, and CCR5, but
not DC-SIGN. HIV entry and activation of pDCs to produce IFNa require HIV envelope
glycoprotein (Beignon et al. 2005). When pDCs are incubated with HIV and b12, a human
neutralizing anti-gp 120 mAb, or 17b, a human neutralizing anti-gp120 mAb that binds to an
epitope induced by binding gp120 to CD4, IFNa production is inhibited. HIV entry and
activation of pDCs to produce IFNa also require cell surface CD4. In pDCs incubated with
HIV in the presence of an anti-CD4 antibody, IFNa is markedly inhibited. However, co-
receptor usage does not seem necessary for pDC activation by HIV (Beignon et al. 2005;
Herbeuval et al. 2005a; Schmidt et al. 2005; Haupt et al. 2008). Further support of the
necessity of CD4-gp120 binding to pDC to induce IFNa production has been supported by
the finding that the degree of IFNa induction is correlated with the affinity of the virus to
CD4 (Haupt et al. 2008). pDCs are not activated by non-virion-associated HIV envelope
glycoprotein, however, and may actually inhibit pDC activation (Beignon et al. 2005;
Martinelli et al. 2007).

3.3.2 Activation

pDCs are activated by the interaction of sSRNA or unmethylated CpG DNA (CpG) with
TLRs 7 and 9, respectively, in endosomal compartments of the cell. The source of sSRNA is
usually viral and the source of CpG DNA may be bacterial products or self-DNA, as seen in
systemic lupus erythematosis (SLE) (Boule et al. 2004). Depending on the activating
stimuli, pDCs can be functionally dichotomous. pDCs can either become IFNa-producing
cells (IPCs) that minimally upregulate maturation molecules but produce substantial
amounts of IFNa (over 1,000x other cell types) (McKenna et al. 2005) or become potent
APCs that do not produce IFNa but rather produce NF-xB-dependent inflammatory
cytokines such as TNFa, IL-6, and IL-8, and upregulate co-stimulatory molecules for potent
presentation of antigen to T cells (O’Brien et al. 2011).

Whether pDCs become IPCs or APCs seems related to the endosomal compartments to
which the stimulating ligands traffic. Much of the work on understanding how trafficking of
TLR ligands determines phenotype and function in pDCs has been done by studying CpGs
in pDCs. It is well established that different CpGs predominantly induce IFNa- or NF-xB-
dependent responses, based primarily on their sequence and/or secondary structure. For
example, it has been shown that CpGA has poly G sequences at its ends as well as internal
palindromic sequences containing CG dinucleotides that form multimolecular complexes. A
large fraction of internalized CpGA traffics to and is retained in early endosomal
compartments of pDCs, and results in IFNa signaling. In contrast, CpGB, which comprises
one or more unmethylated 6mer CpG motifs in a fully phosphorothioated backbone, remains
monomeric and traffics rapidly to lysosomes to stimulate NF-xB-dependent responses
(Honda et al. 2005).

Compartmental localization of TLR agonists within pDCs determines whether pDCs can act
as effective APCs. CpGB and influenza stimulate pDCs to form NF-xB-dependent
intracellular pools of MHC 11 molecules that are persistently neosynthe-sized and
accumulate in antigen-loading compartments. In contrast, CpGA stimulation of pDCs does
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not lead to the formation of MHC Il intracellular clusters (Sadaka et al. 2009). CpGB-
stimulated pDCs efficiently process and present CMV antigens and are capable of
stimulating CMV-specific effector memory T helper cells. CpGA-stimulated pDCs produce
large amounts of type | IFNs, but fail to induce CMV-specific CD4+ effector memory T
cells to produce IFN-y (Jaehn et al. 2008). Interestingly, influenza virus induces IFNa
production but also matures pDCs fully, in comparison to CpGB, which stimulates minimal
IFNa production. Agonists such as influenza virus or CpGC can both stimulate IFNa
production and antigen-presenting capacity in pDCs; however, these pDCs that obtain the
mature antigen-presenting phenotype become refractory to IFNa production (Kerkmann et
al. 2003). Thus, TLR agonists which strongly activate NF-xB signaling pathways to fully
mature pDCs to gain an APC phenotype result in a pDC refractory state to further cytokine
production.

Mechanisms by which IFNa signaling pathways are turned off in TLR-activated pDCs
remain to be elucidated. Potential mechanisms for inhibited IFNa production after strong
maturation include changes at the transcriptional and posttranscriptional level. At the
transcriptional level, it has been shown that /RF7mRNA is downregulated after a strong
maturational stimulus (O’Brien et al. 2011). At the posttranscriptional level, it has
previously been shown that strong activation of the NF-xB signaling pathway causes
ubiquitination and proteasomal degradation of IRAK1, a necessary component of the
transductional transcriptional processor complex necessary for /RF7 phosphorylation and
nuclear translocation (Kubo-Murai et al. 2008). In contrast, /RF7is upregulated in human
pDCs both in vitro and in vivo, possibly contributing to persistence of IFN signaling in HIV
disease (O’Brien et al. 2011; Sabado et al. 2010).

New data also implicate adaptor-protein 3 (AP-3) as a critical endosomal protein complex
involved in IFNa signaling in pDCs (Sasai et al. 2010). A newer model of pDC
spatiotemporal trafficking is emerging, whereby stimulatory agonists first traffic to a
common early endosomal compartment to trigger NF-xB-dependent responses, including
IL-6 and TNFa production and expression of co-stimulatory molecules. CpGB, which
strongly stimulates NF-xB pathways but does not stimulate IFNa., is rapidly found in
lysosomal compartments. Alternatively, CpGA, which weakly stimulates NF-xB pathways
but stimulates substantial IFNa production, traffics from the common early endosomal
compartment to an AP-3 lysosome-related organelle (LRO) compartment, where IFNa
signaling pathways are triggered (Sasai et al. 2010).

The activation of pDCs by HIV has been studied in detail. HIV activates pDCs to produce
high levels of IFNa and lower levels of TNFa.,, and minimally upregulates co-stimulatory
molecules, regardless of the HIV CXCR4 or CCR5 strain used. Endocytosis, but not fusion,
is required for pDC activation by HIV. C34, a peptide that inhibits post-CD4 binding
conformational changes in the transmembrane gp41 that is required for fusion, does not
inhibit HIV activation of pDCs. However, inhibitors of endocytosis such as dimethyl
amiloride, cytochalasin D, and chlorpromaz-ine inhibit IFNa production by HIV-activated
pDCs. Additionally, inhibitors of endosomal acidification, such as chloroquine, quinacrine,
ammonium chloride, and bafilomycin, inhibit IFNa production by HIV-activated pDCs.
Altogether, CD4-mediated endocytosis and endosomal acidification seem to be required for
pDCs to become activated and to produce IFNa in response to HIV (Beignon et al. 2005).

Studies have been performed to understand whether HIV RNA or DNA is responsible for
pDC activation. pDCs cultured with recombinant virions deficient in viral RNA do not
become stimulated to produce IFNa or TNFa.. Additionally, pDCs cultured with plasmid
DNA encoding HIV, circular or linear, and formulated in cationic lipids, do not become
stimulated to produce IFNa. In contrast to viral DNA, pDCs cultured with purified HIV
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RNA preincubated with cationic lipids produce high levels of IFNa and TNFa, and RNAse
treatment inhibits this effect (Beignon et al. 2005). Additionally, pDCs are activated to
produce IFNa by guanosine- and uridine-rich ssRNA motifs derived from the 5’
untranslated region of HIV-1, which have been reported to interact with TLR7 and TLR8
(Heil et al. 2004). HIV pseudotyped with vesicular stomatitis virus envelope (VSV-G),
which is pantropic and allows for infection of all cell types tested, activates pDCs to produce
IFNa and TNFa but does not activate mDCs (Beignon et al. 2005).

pDCs are likely activated by HIV through TLR7, as TLR7 oligonucleotide inhibitors are
much more potent than TLR9 inhibitors in blocking IFNa production by HIV-exposed
pDCs in human pDCs (Beignon et al. 2005; Mandl et al. 2008). Furthermore, silencing of
TLR7 by siRNA in a pDC line inhibited the majority of IFNa production by HIV-1-infected
cells (Lepelley et al. 2011). It remains to be elucidated whether incomplete inhibition of
IFNa in HIV-activated pDCs by TLR7 oligonucleotide inhibitors and siRNA occurs
because of limited specificity of these reagents, or whether additional and as yet undefined
pDC PRRs sense HIV.

Classically, dendritic cells that have been activated by a microbial pathogen become
refractory to subsequent activation. This phenomenon, commonly referred to as TLR
tolerance, is thought to be a protective mechanism against unopposed and deleterious
immune activation and inflammation (Geisel et al. 2007). In pDCs, however, certain viral
and synthetic TLR ligands do not conform to this phenomenon and do not make pDCs
refractory to subsequent activation. Importantly, both CpGA and HIV have been shown to
activate the type | IFN receptor-mediated auto-crine feedback loop and to persistently
activate pDCs to produce IFNa. pDCs stimulated with CpGA or HIV can be restimulated to
produce IFNa whereas CpGB- and influenza-activated pDCs become refractory to
stimulation and cannot secrete IFNa.. Both HIV and CpGA traffic to “early” EEA-1 and
“recycling” transferrin receptor endosomal compartments. This results in limited NF-xB-
dependent responses and weak T cell immunity but strong and persistent IFNa secretion. In
contrast, influenza virus strongly activates NF-xB-dependent responses like CpGB to
mature pDC for strong antigen presentation to T cells and to inhibit ongoing IFNa
production (O’Brien et al. 2011).

Altogether, the data support a model (Fig. 3.1) in which HIV enters pDCs through CD4-
mediated endocytosis to traffic predominantly to early and recycling endo-somes to
stimulate weak NF-xB-dependent responses but strong and persistent IFNa responses. Both
NF-xB and IFNa responses are pH dependent, and HIV RNA predominantly stimulates
these responses through endosomal TLR7. It remains unclear whether HIV activation of
pDCs to become IPCs instead of APCs plays a role in HIV transmission, persistent
inflammation and immune activation, or suboptimal adaptive immune response development
during HIV infection.

3.4 The Role of Plasmacytoid Dendritic Cells in HIV Transmission and
Primary Infection

3.4.1 Transmission

Although lentiviral infections such as HIV are characterized by long incubation periods and
a protracted clinical course, the initial transmission event which leads to systemic infection
is rapid and explosive (Geisel et al. 2007). Much of the research that informs this knowledge
comes from the simian Immunodeficiency Virus (SIV) rhesus macaque NHP model of
mucosal transmission. The rhesus macaque (RM) model of pathogenic SIV closely parallels
that of HIV, in that the animals experience high levels of viral replication, progressive CD4+
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T cell depletion, chronic immune activation, and mucosal and systemic immunodeficiency
leading to AIDS (Paiardini et al. 2009; Brenchley et al. 2010).

The transmission events that transpire during the first 2 weeks of HIV infection are
logistically and ethically difficult to study in humans because HIV is asymptomatic during
this time period. RM studies have proven invaluable to investigate these critical early time
points of infection. From these studies, we now understand that virions cross mucosal
epithelia within hours of inoculation and comprise a small homogeneous founder
population. Genetic studies of transmitted virus support the concept of a small infected
founder population, as infection in humans is acquired from a single virus genotype in 80%
of cases (Keele et al. 2008). This small founder population then undergoes a local expansion
during the first week of infection to establish an irreversible, systemic, and self-propagating
chronic infection. During the second week of infection the virus can be detected in lymph
nodes where latent infection is thought to persist. At this time gut-associated lymphoid
tissue (GALT) is also highly infected, with resultant massive loss of CD4+ T cells (Li et al.
2009; Brenchley and Douek 2008).

A new model of HIVV mucosal transmission events has emerged, based upon detailed
immunohistochemistry studies of cervical and vaginal tissues taken from RMs that were
intravaginally inoculated with SIV in vivo. Upon exposure to SIV, endocervical epithelial
cells produce macrophage inflammatory protein 3 (MIP-3a) which then attracts substantial
numbers of pDCs. pDCs are the first predominant cell type to arrive to infected mucosal
sites and are activated by HIV to produce MIP1p and other chemokines and cytokines which
attract CD4+ T cells. While CD4+ T cells are present in small numbers in normal
endocervical mucosal tissue, release of cytokines and chemokines by HIV-activated pDCs in
locally HIV-infected tissue recruits high numbers of CD4+ T cells for explosive and
sustained infection. Furthermore, it has been shown that topical vaginal application of
glycerol monolaurate, which inhibits the production of MIP-3a, prevents local and systemic
SIV infection, therefore suggesting that pDC recruitment to mucosal sites of HIV
inoculation is critical to transmission and subsequent systemic infection (Li et al. 2009).
Altogether, this emerging model of initial SIV transmission events suggests that innate
signaling, including pDC activation, during HIV mucosal inoculation paradoxically
facilitates rather than restricts viral replication and expansion of infection.

3.5 pDC Function in Primary Infection

In chronic HIV infection, pDC and mDC are lost from the blood and this depletion
correlates with high plasma viral load and low CD4+ T cell counts (Barron et al. 2003;
Donaghy et al. 2001, 2003). Similarly, blood mDC and pDC numbers are markedly reduced
in primary infection and are dysfunctional. Sabado et al. found that the ability of mDC and
pDC to stimulate T cells, as measured by a mixed lymphocyte reaction (MLR), was not de fi
cient (Sabado et al. 2010), whereas Huang et al. found that mDC’s ability to stimulate T
cells in MLR was diminished (pDC MLRs were not tested) (Huang et al. 2011). Differences
in study results were thought due to different techniques used for performing the MLR.
Sabado et al. tested MLR using radioactive incorporation of tritium on day 5 of T-cell DC
cocul-ture, whereas Huang et al. used a CFSE-based assay that allows for measuring
proliferative responses over the entire period of culture. Additionally, MLRs in the Huang
study were performed in more patients with earlier acute HIV-1 infection. Notably in the
Sabado study, pDC from acutely HIV-infected subjects with the highest HIV RNA viral
loads had the lowest ability to stimulate T cells.

In the Sabado study, both mDC and pDC from primary HIV-infected subjects (mostly with
later acute HIV infection, as characterized by Fiebig stage 111-V1) were low in number but
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were hyperfunctional as compared to uninfected control subjects. In response to overnight
TLRY agonist stimulation with R848 (resiqui-mod), mDCs and pDCs from HIV-infected
subjects produced more inflammatory cytokines in culture supernatants than normal control
DCs. mDC produced significantly more IL-6, TNFa, IP-10, MIP1la, MIP1B, RANTES, and
IL-12p70 in response to R848, while pDC produced significantly higher levels of IFNa.,
IL-6, TNFa, MIP1la, MIP1p, and RANTES in response to R848. pDCs from primary HIV-
infected subjects also produced cytokines/chemokines in response to stimulation with HIV.
In contrast, in the Huang study, which used intracellular cytokine staining to study cytokine
production in response to CLO97, which is a synthetic TLR7/8 agonist very similar to R848,
results were mixed, with mDC IL-12p70 or TNF-a production being significantly reduced
during acute- and early-stage HIV-1 infection, whereas frequencies of IL-6-secreting mDCs
were similar between the patient groups. They showed that IFNa-producing pDCs, as well
as the per-cell intensity of IFNa production by pDCs, were substantially decreased in
subjects with acute- and early-stage HIV-1 infection. Proportions of IL6- and TNFa-
secreting pDCs were similar between patients from primary HIV-1 infection and HIV-1-
negative controls, but per-cell intensities of cytokine production tended to be higher in
patients with primary HIV-1 infection, specifically with regard to IL-6. Future studies may
elucidate differing results between these two studies, but it seems apparent that DC
dysfunction during the earliest stages of HIV infection likely contributes to inadequate
adaptive immune response development.

In AIDS-susceptible NHP (RMs) that have been infected intravenously with SIV, pDCs are
mobilized in the blood within 3 days after infection (Barratt-Boyes et al. 2010) to increase
three- to sevenfold in blood and 10- to 20-fold in lymphoid tissue (Brown et al. 2009).
Subsequently, by day 14 pDCs are depleted in blood but are highly activated, highly
infected, and apoptotic in lymphoid tissue. Nevertheless, remaining pDCs had essentially
normal functional responses to stimulation through TLR 7, with half of lymph node pDCs
producing both TNFa and IFNa (Brown et al. 2009). These findings reveal that cell
migration and death both contribute to pDC depletion in acute SIV infection. Lymph node
pDCs during acute SIV are highly activated, infected, and apoptotic, which likely influences
CD4+ T cell activation and infection.

3.6 pDC Function in Chronic Infection

HIV-1 disease progression is associated with a decline of circulating pDCs in blood, which
correlates with high viral load and reduced CD4 counts. Chronic production of IFNa has
been observed in HIV patients and is associated with disease progression. Increased IFNa
expression in circulating peripheral blood mononuclear cells (PBMCs) correlates with HIV/
SIV disease progression (Barron et al. 2003; Donaghy et al. 2001, 2003). In particular, a
specific subtype of IFNa, namely, IFNa2b, is preferentially upregulated in HIV-1 patients
throughout the course of the disease (Lehmann et al. 2009). In SIV models, persistent
decline of circulating pDCs and chronic over-expression of IFNa are also observed during
pathogenic SIV infection of nonnatural hosts, but not during nonpathogenic SIV infection of
natural hosts.

Although pDCs are depleted in blood during chronic HIV infection, they accumulate in
lymph nodes. The frequency of pDCs in lymph nodes is higher in HIV-infected patients than
in HIV-uninfected controls, and highest in patients with the highest viral loads (Lehmann et
al. 2010). Additionally, pDCs from lymph nodes of HIV-infected patients secrete higher
amounts of IFNa spontaneously (in the absence of exogenous stimuli) but do not express
higher levels of co-stimulatory molecules, suggesting that these pDCs are activated in vivo
to produce IFNa but are immature IPCs, not APCs. pDCs in lymph nodes of HIV-infected
patients, although higher in frequency than in uninfected controls, also exhibit increased
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apoptosis, as evidenced by increased staining of Annexin V, a marker for cells undergoing
apoptosis. Circulating pDCs in the blood of HIV-infected patients express higher levels of
lymph-node homing markers CCR7 and CD62L. Additionally, pDCs from HIV-infected
patients respond more potently to CCR7 ligands, CCL19 and CCL21, in migration assays,
suggesting that pDCs in chronically HIV-infected patients are poised to migrate more
readily to lymphoid tissues. Therefore pDC depletion in the blood of HIV-infected subjects
is likely due to redistribution of pDCs to lymphoid compartments where they ultimately die.
These results have been confirmed in chronically SIV-infected macaques, which evidenced
four times more pDC in GALT than uninfected control macaques, and the pDCs in
chronically SIV-infected RMs were more stimulatory to produce IFNa than uninfected
control pDCs (Reeves et al. 2012). SIV-infected macaques also have depleted pDCs in blood
but elevated pDCs in lymphoid compartments during acute infection, which decline in
AIDS, likely due to apoptosis. The acute phase of nonpathogenic SIV infection in natural
hosts (e.g., sooty mangabeys (SMs) and African green monkeys (AGMs)) also involves a
decline of circulating pDCs, which initially relocate to lymph nodes, and then return to the
circulation following the onset of the chronic phase, therefore implicating a role for pDC
dynamics in pathogenic lentiviral infection in humans and animal models (Diop et al. 2008).

During chronic HIV infection, circulating blood pDCs have diminished functionality in
response to TLR7 and TLR9 stimulation (Finke et al. 2004; Tilton et al. 2008; Kamga et al.
2005). This compromised functionality is thought to occur because pDCs are exposed to
HIV, CpGs from bacterial translocation from the gut, and inflammatory cytokines in vivo;
therefore they are more refractory to stimulation. Notably, CD4 is expressed at lower levels
on the surface of pDCs in viremic HIV patients, but is more highly expressed on the surface
of pDCs from uninfected controls and elite controllers. However, the intracellular CD4 is
higher in HIV viremic patients than uninfected controls and elite controllers, suggesting that
pDC activation in vivo causes CD4 internalization by pDCs. Decreased surface CD4
expression correlated with decreased IFN production in response to stimulation of pDCs
with HIV (Machmach et al. 2012). It is unclear why pDCs in lymphoid tissues are
hyperstimulatory during chronic HIV or SIV infection (Lehmann et al. 2010) while
circulating blood pDCs are hypostimulatory. One possible explanation for these divergent
responses between lymphoid and blood pDCs is that pDCs were stimulated with different
reagents. In the blood pDC studies, pDCs were stimulated with synthetic TLR7 and TLR9
agonists. In the human lymphoid tissue pDC study, spontaneous activation was measured
and in the SIV GALT study, pDCs within PBMCs were stimulated with PMA and/or
poly:IC.

3.7 The Role of pDCs in Immune Activation During Chronic HIV Infection

HIV infection is marked by aberrant immune activation, which is a better correlate of
disease progression to AIDS than viremia (Hazenberg et al. 2003; Deeks et al. 2004;
Papagno et al. 2004; Benito et al. 2005; Giorgi et al. 1999; Bofill et al. 1996). Chronic
immune activation and inflammation also persist in HIV infection despite antiretroviral
therapy (ART) (Hunt et al. 2003; El-Sadr et al. 2006) and contribute to increased risk of
serious non-AlIDS conditions such as cardiovascular disease, kidney disease, liver disease,
and non-AIDS-defining malignancies (Baker and Duprez 2010; Lekakis and Ikonomidis
2010; Ho et al. 2010; Lichtenstein et al. 2010; EI-Sadr et al. 2006). Immune activation is
characterized by increased expression of HLADR, CD38, and Ki67 on CD4+ and CD8+ T
cells. The cause of immune activation in AIDS is unknown, but stimulation of innate
immune cells directly by HIV and indirectly by products of bacterial translocation may be
major contributors. Thus chronic injection of TLR7 or TLR9 agonists in mice induces
characteristic lymphoid tissue disruption and immune deficiency, a syndrome resembling
HIV-induced immunodeficiency (Heikenwalder et al. 2004; Baenziger et al. 2009).
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Both human and animal studies support a role for pDCs and IFNa in the pathogenesis of
HIV immune activation and inflammation. High plasma titers of IFNa during acute- and
late-stage disease have been shown to correlate with disease progression (von Sydow et al.
1991). When matched for blood HIVV RNA levels, women progress to AIDS more rapidly
than men, express higher markers of immune activation, and produce more IFNa per pDC
when challenged with HIV ex vivo, thought related to effects of female sex hormones on
pDC functionality (Meier et al. 2009). Lymphoid tissue and circulating PBMCs derived
from HIV-infected subjects with progressive disease express much higher levels of IFNa
and related inducible genes as compared to uninfected controls (Herbeuval et al. 2006;
Lehmann et al. 2008).

Primate studies have contributed critical insight into potential mechanisms of immune
activation in chronic HIV infection. In contrast to the RM model where SIV infection results
in AIDS, nonpathogenic or natural SIV hosts exist, including the SM and the AGM among
others. Natural hosts are endemically infected with SIV with high levels of viral replication
and yet they have a life span similar to uninfected animals, as they do not develop
immunode fi ciency, immune activation, or AIDS (Paiardini et al. 2009; Brenchley et al.
2010; Jacquelin et al. 2009). Transcriptional pro fi ling in pathogenic and nonpathogenic
SIV-infected primates reveals differences in IFNa responses, where both hosts have strong
IFNa response signatures during acute infection, but only the pathogenically infected
animals that go on to develop AIDS maintain elevated IFNa response signatures over the
course of chronic infection (Jacquelin et al. 2009; Manches and Bhardwaj 2009). Currently,
it remains unresolved whether the lack of sustained immune activation in natural SIV
infection is due to a general attenuated response to infection, or due to induction of
regulatory mechanisms that suppress immune responses generated during the acute
infection. While one report claimed that pDCs from natural SIV hosts produced deficient
IFNa responses to SIV because of perturbation of IFNa signaling pathways, other groups
have not found differences in pDC responsiveness between pathogenic and non-pathogenic
(natural) SIV hosts. Studies are underway to closely examine whether there are true
differences between pDC antigen-presentation and IFNa responses between pathogenic and
nonpathogenic SIV models (Fig. 3.2).

In pathogenic SIV/HIV infection, GALT is a critical site of mucosal CD4 depletion and
immune activation-induced tissue pathology (Brenchley and Douek 2008). In AIDS-
susceptible RMs, pDCs in the blood upregulate B7-integrin and are rapidly recruited to the
colorectum after intravenous SIV infection. In vivo blockade of a4 B7-integrin inhibited
pDC recruitment to the colorectum and reduced immune activation (Ansari et al. 2011). The
up-regulation of B7-integrin expression on pDCs in the blood also was observed in HIV-
infected humans but not in chronically SIV-infected SMs (Kwa et al. 2011). These studies
further implicate a role for activated pDC in the pathophysiology of immune activation in
HIV.

Although IFNa is directly antiviral because it programs cell death and reduces viral
replication in HIV-infected cells (Karpov 2001), it likely contributes to inhibition of T cell
differentiation and death of HIV-uninfected bystander cells in HIV infection (Demoulins et
al. 2008). IFNa induces TNF-related apoptosis-inducing ligand (TRAIL) and its death
receptor (DR) 5 on CD4+ T lymphocytes in peripheral blood and in secondary lymphatic
tissue, leading to the apoptosis of uninfected CD4+ T cells, likely contributing to the
characteristic destruction of lymph node architecture in advanced stages of HIV-1 infection
(Herbeuval et al. 2005a). Type I IFN can upregulate transcription of p53 and integrates with
the p53 pathway to regulate apoptosis of virally infected cells (Takaoka et al. 2003). It has
been observed that type | IFN-regulated genes, including cell cycle-associated genes, are
upregu-lated in activated CD4+ T cells of HIV-infected patients (Sedaghat et al. 2008).
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Additionally, IFNa administration significantly enhances CD8+ T cell activation in
chronically HIV-infected subjects (Manion et al. 2012). Besides IFN-induced TRAIL-
mediated apoptosis of CD4+ T cells, recent models argue for a dynamic regulation of
memory T cell homeostasis by inflammatory cytokines and type | IFN. First, chronic TLR
stimulation can induce reversible blockade of thymic output, in a type | IFN-dependent way
(Demoulins et al. 2008). Second, type | IFN is known to enhance bystander T cell
proliferation (Tough et al. 1996), and constitutive proliferation of memory T cells due to
specific or bystander activation could contribute to exhaustion of the memory CD4+ T cell
reservoir. In addition, IFNa has been shown to inhibit telomerase activity and contribute to
telomere shortening in human T cells (Reed et al. 2004). Depletion of self-renewing central
memory CD4+ T cells by chronic stimulation has been shown to be a tipping point in SIV-
infected macaques, upon which insufficient central memory cells are available to generate
CDA4+ effector memory and immunodeficiency ensues (Okoye et al. 2007). The
hyperproliferative state modulated by chronic IFNa secretion may drive memory T cell
exhaustion in the long term (Sedaghat et al. 2008).

Because stimulation of innate immune cells, including pDCs, by HIV and circulating
bacterial products from gut translocation is thought to be a major cause of immune
activation and inflammation in HIV infection, clinical trials have tested whether IFNa
inhibitors and inhibitors of innate immune TLR signaling in HIV infection blunt immune
activation. In older studies, HIV-infected subjects were vaccinated against IFN-alpha-2b in a
phase I/11 study and then a double-blind placebo-controlled phase 11/111 clinical trial,
respectively (Gringeri et al. 1996, 1999). Although the immunogenicity of the vaccine was
low, subjects who responded to vaccination had a lower rate of disease progression,
supporting the evidence that IFNa plays a role in driving immune activation and disease
progression. Chloroquine has also been studied as an immunomodulatory agent in HIV
infection as it has been shown to reduce endosomal TLR signaling through inhibition of
acidification in endosomal compartments where TLR ligands bind TLRs. Endosomal
acidification is necessary for cleavage of TLRs for activation of inflammatory signaling
pathways. In vitro, chloroquine inhibits IFNa production by HIV-activated pDCs.
Chloroquine also decreases CD8+ T cell activation and inhibits indoleamine 2,3
dioxygenase (IDO) and programmed death ligand 1 (PDL-1), two negative regulators of T
cell responses (Martinson et al. 2010). When mice are treated with chloroquine, the
production of proinflammatory cytokines upon stimulation with LPS is reduced (Hong et al.
2004).

Clinical trials have supported the use of chloroquine to reduce immune activation in HIV-
infected patients. When chloroquine was administered to ART-naive subjects for 2 months,
patients showed immunological improvement, as the frequency of CD38+ HLA-DR + CD8+
T cells, proliferation of T cells, and circulating LPS levels were significantly reduced
(Murray et al. 2010). Six months of chloroquine administration to HIV-infected clinical
nonresponders, who had inadequate reconstitution of CD4+ T cells despite suppressive
ART, had decreased frequency of activated T cells, decreased circulating LPS, decreased
production of inflammatory cytokines (IL-6, TNF-alpha) in response to ex vivo stimulation
of TLR ligands, and evidenced improved CD4+ T cell counts and pDC numbers (Piconi et
al. 2011). Larger placebo-controlled trials are under way to fully elucidate whether chloro-
quine is effective at immunomodulating innate immune signaling to curb immune activation
and T cell depletion in HIV infection.

3.8 Contribution of pDCs to Th17/Treg Balance During HIV Infection

In addition to the role of pDCs in inflammation-associated decline of the CD4+ T cell
compartment, pDCs can potentially affect the balance of CD4+ T cell subsets in the
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periphery and in the gastrointestinal tract of infected individuals. Recent studies have
focused on specific populations of CD4+ T cells that seem to share a common
developmental pathway, and may be important in controlling HIV-associated immune
activation: Th17 and Treg. Th17 cells are thought to be important for host defense against
microbes, and in particular may be crucial for preservation of the integrity of the gut-
associated mucosa and prevention of bacterial translocation (Kanwar et al. 2010). On the
other hand, Tregs are potent suppressors of T cells and DC activation, and they may play a
dual role in HIV infection, by suppressing HIV-specific T cell responses, but also by
dampening the damaging immune activation during chronic disease. Th17 and Treg
differentiation is reciprocally regulated in vitro upon stimulation of naive CD4+ T cells, in
the presence of TGFp and the inflammatory cytokines IL-6, IL-1(, and IL-23. While TGFp
upregulates the expression of the master transcription factors RORyt and Foxp3 for Th17
and Treg development, respectively, signaling through I1L-6 skews Treg development
towards Th17 commitment (Veldhoen et al. 2006; Bettelli et al. 2006; Zhou et al. 2008).
Treg and Th17 cells also share common chemokine receptors (CCR4, CCR6) and homing
properties towards CCL20 (Acosta-Rodriguez et al. 2007).

Early studies of Treg dynamics during HIV infection reported decreased numbers of Treg in
the blood of chronically infected patients, a concept compatible with the fact that Treg can
be infected by HIV (El Hed et al. 2010). The interpretation of those data is complicated by
the fact that there is no unambiguous marker of Treg in humans, as Foxp3 can also be
expressed by recently activated CD4+ effector cells. However, Tregs can be identified with
a good probability using a combination of markers, including high expression of Foxp3,
CD25, low expression of the IL-7Ra (CD127), and expression of inhibitory surface
molecules, such as CTLA-4 and GITR (Miyara et al. 2011). The emerging picture is that
despite a relative disappearance of Tregs in the circulation, both data in humans and in NHP
show an increased frequency of Foxp3 CTLA4+ Tregs in the secondary lymphoid tissue of
chronically infected individuals (Boasso et al. 2006). Furthermore, SIV infection in
pathogenic and nonpathogenic NHP models showed that disease progression is associated
with the relative loss of Th17 cells and increase in the frequency of CD4+ Foxp3+ Tregs in
blood and lymphoid mucosal tissue (Kanwar et al. 2010). Infection and loss of Th17 in acute
SIV infection (Kader et al. 2009) may contribute to altered Treg/Th17 ratios in later phases.
In addition, even though massive depletion of CD4+ T cells occurs in the gastrointestinal
tract of all SIV-infected monkeys, bacterial translocation is not observed in nonpathogenic
infections, suggesting the crucial role of the preservation of a normal Treg/T17 balance in
the gut.

As mentioned, the relative expansion of Tregs in infected individuals plays a dual role. In
vitro removal of CD4+ CD25+ cells from peripheral leukocytes of HIV-infected patients or
SIV-infected macaques enhances HIV- or SIV-specific immune responses (Kinter et al.
2004;Aandahl et al. 2004). Furthermore, the frequency of Tregs inversely correlates with the
magnitude of SIV-specific CTL in infected RMs (Estes et al. 2006). On the other hand,
decreased frequency of circulating Tregs correlates with hyperacti-vation in HIV-infected
patients, and early induction of TGF, Foxp3, and IL-10 in nonpathogenic models of SIV
infection is associated with early resolution of inflammation (Bosinger et al. 2009; Jacquelin
et al. 2009; Ploquin et al. 2006).

The mechanisms of Treg/Th17 deregulation are not known. However, besides direct
infection of Th17 cells, there is evidence that DC-derived cytokines and immunoregulatory
enzymes can play an important role in regulating Treg/Th17 balance. Thus, type | IFN
constrains the development of Th17 cells (Guo et al. 2008). Type | IFN induces up-
regulation of SOCS3 and downregulation of IL-1p and IL-23 in DC, while naive T cells
cultured in Th17 polarizing condition in the presence of type | IFN downregulate RORyt,
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IL-17A, and IL23R in CD4+ T cells (Ramgolam et al. 2009). Another mechanism
controlling peripheral Treg differentiation and affecting Treg/Th17 ratios is expression of
immunoregulatory enzymes in dendritic cells. The enzyme IDO that catalyzes the rate-
limiting step in tryptophan catabolism has a well-identified role in dampening T cell
activation, through depletion of tryp-tophan, an amino acid essential for proliferation of
effector cells. IDO also plays a role in the generation and activation of Treg, through
activation of the amino-acid starvation response gene GCN2 in developing CD4+ T cells,
but also through the generation of soluble tryptophan catabolites, which can contribute to
Foxp3+ Treg differentiation (Munn et al. 2005; Fallarino et al. 2006; Favre et al. 2010).
Importantly, IDO activity is upregulated in HIV-infected patients, and is associated with
disease progression and a deregulated Treg/Th17 ratio (Favre et al. 2010). pDCs activated
by HIV and other TLR agonists express IDO, and induce the generation of Treg from naive
CD4+ T cells (Manches et al. 2008; Moseman et al. 2004). In addition, IDO expression by
pDC has been shown to prevent conversion of Treg into Th17 cells and IDO functioned as a
molecular switch to maintain the stability of Treg at the detriment of Th17 differentiation in
an inflammatory environment (Baban et al. 2009; Sharma et al. 2009). Inhibition of IDO by
1-methyl tryptophan showed enhancement of HIV-specific CTL responses and clearance of
HIV-infected macrophages, in an in vivo model of HIV infection in humanized mice (Potula
et al. 2005). Furthermore, Tregs have been shown to induce IDO in DCs through CTLA-4
engagement, and CTLA-4 blockade in RMs inhibits IDO expression, enhances CD8+ T-cell
responses, and contributes to lower viral load (Hryniewicz et al. 2006).

New mouse models of conditional pDC knockout have recently been developed, and provide
remarkable insights into the role of pDC during acute and chronic viral infections. Thus,
conditional knockout of BDCA-2 depletes mouse pDC, which impairs generation of anti-
vesicular stomatitis virus CD8+ T cell responses, but had no effect in a model of acute
lymphocytic choriomeningitis virus (LCMV) infection (Swieki, Immunol Rev 2010).
Similarly, conditional knockout of E2-2 preventing the development and maintenance of
pDC did not affect T cell responses and clearance of LCMV Armstrong strain. However,
pDC-deficient animals failed to clear LCMV Docile strain, resulting in chronic infection
(Cervantes-Barragan et al. 2012). pDC-deficient mice displayed reduced numbers of
LCMV-specific CD4+ T cell and impaired CD8+ T cell responses. Enhancement of CD4+ T
cell responses was nevertheless independent of antigen presentation by pDC and likely due
to decreased IFN in pDC-deficient mice. Interestingly, in yet another conditional knockout,
Siglec-H deletion leads to specific pDC depletion, but it was shown that pDC promoted the
induction of peripheral tolerance by generating antigen-specific CD4+ Foxp3+ Treg.
Importantly, pDC maintained higher number of CD4+ Foxp3+ Treg in the lamina propria of
the small intestine, but not in the periphery, while pDC-depleted mice had enhanced number
of Th17 cells in the lamina propria, indicating that pDCs are involved in the homeostasis of
Th17/Treg ratios in the gastrointestinal tract (Takagi et al. 2011). Thus, although the role of
pDC-derived IFN and IDO expression may be part of a complex immunoregulatory
network, the high levels of type I IFN and possibly the antigen-presenting capabilities of
pDCs likely affect the balance of beneficial and detrimental Th17 and Treg responses in
chronically infected individuals.

3.9 Conclusions and Future Directions

The role of pDCs in HIV immunopathogenesis remains incompletely characterized. Much of
the evidence linking pDCs and IFNa to HIV transmission and disease progression is
correlative, but causative data is emerging. Although pDCs have the capacity to mature into
APCs to stimulate potent adaptive immune responses, in HIV infection pDCs more likely
effect a cytokine- and chemokine-producing phenotype, which may paradoxically fuel viral
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transmission and immune activation. Further research is needed to clarify the role of pDCs
in HIV transmission, disease progression, and chronic inflammation (Fig. 3.3).

3.9.1 Future Directions: Transmission

Through careful analysis of mucosal tissue samples from macaques infected in vivo with
SIV, it has been shown that pDCs arrive first to produce inflammatory cytok-ines and T-
cell-attracting chemokines (Li et al. 2009). Inhibition of pDC trafficking to mucosal tissues
using topical glycerol monolaurate actually prevented SIV transmission and systemic
infection. Based on this report it seems that inhibition of innate immune responses and
inflammation during HIV mucosal exposure actually prevent transmission, whereas earlier
studies which tested immune-activating topical microbicides, like imiquimod and CpG,
actually enhanced infection and viremia (Wang et al. 2005). Additionally, it has been shown
that exposed, uninfected sex workers actually have depressed mucosal immunity as
compared to uninfected controls (Lajoie et al. 2012), supporting an immune quiescence
model of protection, whereby lower T-cell activation/recruitment at the mucosal
compartment reduces HIV target cell numbers and is an important component of protection
from HIV infection.

Topical and oral ART as pre-exposure prophylaxis has proven to be a highly efficacious
strategy to prevent HIV transmission (Grant et al. 2010; Abdool Karim et al. 2010), but this
approach has had various limitations. Some of these studies were stopped prematurely due
to futility (van der Straten et al. 2012) and others have raised concerns about systemic
toxicity like bone loss with oral tenofovir use (Liu et al. 2011). Strategies that employ daily
oral ART pre-exposure prophylaxis also may not be cost-effective (Keller and Smith 2011).
Therefore, integrating immunomodulating microbicides like glycerol monolaurate into the
armamentarium of prevention strategies should be considered. Additionally, specific
inhibitors of pDC activation could be explored as topical microbicides. In vaginal and
foreskin tissue explants, Phosphorothioate 2" deoxyribose oligomers, when applied
topically, have been shown to both inhibit HIV infection and dampen HIV-associated local
inflammation, including IFNa production (Fraietta et al. 2010). Cross-linking CD4,
BDCA-2, BDCA-4, or CD-123 on pDCs has been shown to inhibit IFNa production both by
inhibiting translocation of IRF7 to the nucleus, therefore inhibiting IFNa signaling
pathways, and by maturing the pDCs so that IFN signaling is inhibited (Fanning et al. 2006).
Immunoproteasome inhibitors (Ichikawa et al. 2012) have also been used to inhibit
pathogenic IFNa signaling in pDCs.

3.9.2 Future Directions: Chronic Immune Activation

The cause of immune activation and inflammation in HIV infection remains unknown, but
candidate mechanisms include the stimulation of innate immune cells by replicating and
non-replicating HIV and by circulating bacterial products that have translocated from
damaged gut mucosa. Critical insight into the pathogenesis of immune activation in HIV
infection has been gained by studying pathogenic as compared to nonpathogenic SIV
infection. Although both RMs and SMs or AGMs are highly viremic with SIV, only RMs
develop AIDS while both SMs and AGMs have a normal life span. Only RMs have
heightened immune activation, inflammation, and CD4 T cell decline. A major clue to the
etiology of immune activation in chronic pathogenic SIV and HIV is that type | IFN-
stimulated genes (ISGs) are highly upregulated in RMs but not so in SMs or AGMs.
Although one study suggested that pDC responses in natural SIV infection are blunted due
to defects in IFNa signaling pathways (Mandl et al. 2008), subsequent studies have not
supported these findings (Harris et al. 2010) but rather showed that ISGs are highly
upregulated in RMs, SMs, and AGMs during acute infection, but this transcription signal
normalizes in SMs and AGMs after 4-6 weeks of SIV infection (Manches and Bhardwaj

Adv Exp Med Biol. Author manuscript; available in PMC 2013 July 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

O’Brien et al.

Page 19

2009). Similarly, a rare group of HIV-infected humans who maintain a significant viremia
but do not experience a decline in CD4+ T cells also have transcriptomes which are
characterized by low ISGs as compared to HIV-infected progressors (Rotger et al. 2011).
These studies support a model of active immune suppression of IFN responses in
nonpathogenic as compared to pathogenic SIV infection, rather than any specific deficit in
the ability of pDCs to produce type | IFN in response to SIV.

Understanding the cause of these persistent IFN responses during chronic HIV and
pathogenic SIV infection remains an important unanswered question. Additionally,
understanding how IFN-responses are resolved despite persistent viral replication in
nonpathogenic SIV infection will provide potential targets for immune therapy in HIV-
infected humans. Because pDCs are considered to be the main source of type | IFN, more
detailed studies are needed to dissect any differences in SIV—pDC interactions between RMs
and SMs or AGMs. For example, differential responses to TLR ligands predict disease
transmission and progression in HIV-infected subjects (Bochud et al. 2007; Pine et al. 2009;
Rotger et al. 2011; Freguja et al. 2012; Ricci et al. 2010; Soriano-Sarabia et al. 2008);
therefore there may be functional differences in the response of innate immune cells,
including pDCs, to HIV and to circulating bacterial products from gut translocation. It has
been shown that HIV stimulates pDCs to produce IFNa instead of maturing to become an
APC, while other ssSRNA viruses like influenza both stimulate IFNa production and mature
the cells, ultimately inhibiting persistent IFNa production. It is unknown whether trafficking
and stimulation of TLR7 agonists, including SIV, or TLR9 agonists, including bacterial
DNA (CpG), differ between RM and SM or AGM pDCs. If SIV or CpGs mature SM or
AGM pDCs but do not mature RM pDCs, this would be suggestive that differential
trafficking and/or stimulation of signaling pathways could account for differential systemic
responses to SIV in vitro. Another intriguing possibility is that there is inhibited infection of
SIV in lymphoid tissues of SMs, such that there would be a lack of stimulatory ligands for
pDCs to produce IFNa (Paiardini et al. 2011). Also, it has been shown that there is
increased trafficking of pDCs to GALT (Kwa et al. 2011; Reeves et al. 2012) in RM, which
produce inflammatory cytokines, including IFNa.

Non-pDC IFN responses may also contribute to chronic immune activation. Monocyte-
derived macrophages derived from PBMCs of macaques upregulated 1SGs in response to
SIV infection, but ISG expression was inhibited after silencing the expression of MDA-5, a
cytosolic RNA receptor that activates IFN signaling pathways. However, when chloroquine
was added to the experiment, there was further reduction in ISG expression, indicating that
both an endosomal TLR pathway and a cytosolic MDA-5 pathway are implicated in ISG
expression (Co et al. 2011).

From the transcriptome studies of PBMCs from blood and lymphoid tissues of pathogenic
vs. nonpathogenic PMBCs, immune regulatory genes such as IDO and ADAR were more
highly expressed in nonpathogenic SIV disease (Jacquelin et al. 2009). It is not known
which cell types are responsible for increased expression of these immunoregulatory
molecules. The interplay between innate immune cells and adaptive immune cells to achieve
this more immunoregulatory state is also unknown. For example, SIV might induce pDCs in
SM and AGMs to become predominantly IDO-producing cells instead of IFNa-producing
cells in vivo, as compared to RMs. In addition to IDO and ADAR, the differential
expression of other immunoregula-tory molecules on innate and adaptive immune cells, both
in vivo and ex vivo in AGMs and SMs as compared to RMs, would be informative.
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Fig. 3.1.
pDC entry and activation by HIV
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