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Summary

Dendritic cells (DCs) are a diverse subset of innate immune cells that are key regulators of the host
response to human immunodeficiency virus-1 (HIV-1) infection. HIV-1 directly and indirectly
modulates DC function to hinder the formation of effective antiviral immunity and fuel immune
activation. This review focuses upon the differential dysregulation of myeloid DCs (mDCs) and
plasmacytoid DCs (pDCs) at various stages of HIV-1 infection providing insights into
pathogenesis. HIV-1 evades innate immune sensing by mDCs resulting in suboptimal maturation,
lending to poor generation of antiviral adaptive responses and contributing to T-regulatory cell
(Treg) development. Dependent upon the stage of HIV-1 infection, mDC function is altered in
response to Toll-like receptor ligands, which further hinders adaptive immunity and limits
feasibility of therapeutic vaccine strategies. pDC interactions with HIV-1 are pleotropic,
modulating immune responses on an axis between immunostimulatory and immunosuppressive.
pDCs promote immune activation through an altered phenotype of persistent type | interferon
secretion and weak antigen presentation capacity. Conversely, HIV-1 stimulates secretion of
indolemine 2,3 dioxygenase (IDO) by pDCs resulting in Treg induction. An improved
understanding of the roles and underlying mechanisms of DC dysfunction will be valuable to the
development of therapeutics to enhance HIV-specific adaptive responses and to dampen immune
activation.
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Introduction

Dendritic cells (DCs) are a diverse subset of innate immune cells that are key regulators of
the host response to human immunodeficiency virus-1 (HIV-1) infection. They orchestrate
immune responses, serving as critical links between innate and adaptive immunity. DCs are
among the first cells to encounter HIV-1 at mucosal sites, where they are co-opted by HIV-1
to facilitate transmission (1). Once infection is established, HIV-1 directly and indirectly
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modulates DC function to hinder the formation of effective adaptive immunity and fuel
immune activation. This review focuses upon aspects of DC dysregulation during various
stages of HIV-1 infection that may impact the course of disease. An improved understanding
of the roles and underlying mechanisms of DC dysfunction on the immunopathogenesis of
HIV-1 infection may be vital to the design of therapeutics that aim to enhance HIV-specific
adaptive responses and/or dampen immune activation.

Myeloid DCs and HIV-1

CD11c* myeloid DC (mDCs) and CD123* plasmacytoid DC (pDCs) comprise the two
major subsets of DCs and are differentially influenced by HIV-1 infection. mDCs are further
classified into various subtypes including mDCs in blood and lymph nodes, monocyte-
derived DCs (moDCs), and dermal DCs and Langerhan’s cells (LCs), which are present in
the epidermal layer of mucosa and skin. mDCs are potent antigen-presenting cells (APCs)
that specialize in directing T-cell responses. They are powerful stimulators of CD4* and
CDS8™* T cells, and they are required to prime naive T cells in the formation of antigen-
specific responses (2). mDCs richly express pattern recognition receptors (PRRs) including
Toll-like receptors (TLRs 2—6, TLR8), C-type lectins, Nod-like receptors (NLRs), DNA
sensors, and the viral RNA sensors melanoma differentiation-associated gene 5 and retinoic
acid inducible gene I, allowing them to respond to a wide variety of pathogens and danger
signals (3, 4). Upon encountering a pathogen, mDCs must undergo maturation to optimize
their antigen presentation capacity and facilitate homing to lymphoid tissue. Mature mDCs
upregulate surface major histocompatibility complex (MHC) and costimulatory molecules
and secrete an array of cytokines or trigger signaling pathways tailored to the nature of the
stimulus to regulate adaptive immunity, with results ranging from powerful antiviral
responses to tolerance. Depending on the stimulus, activated mDCs secrete interleukin-12
(IL-12), an important regulatory cytokine that plays a critical role in skewing T-helper-1
(Th1) responses and activation of natural killer (NK) cells to generate antiviral immune
responses (5-7). Alternatively, the absence of maturation contributes to compromised
immunity (8).

mDCs express the HIV receptors/co-receptors CD4, CCR5, and CXCR4; however, viral
entry largely occurs via endocytosis following binding to c-type-lectins (DC-SIGN,
Langerin, CLEC4A) (3). Although efficient uptake by HIV-1 occurs by mDCs, they are
largely restrictive to productive infection (9-12). Despite minimal infection, accumulating
evidence suggests that mDC function is strongly impacted during HIV-1 infection. mDCs
throughout HIV infection are decreased in frequency and display altered responsiveness to
various stimuli (10, 13-24). Dissimilar to infection with other viruses, mDCs fail to
adequately sense HIV-1 as a form of immune evasion, which blunts their maturation and
ability to mount innate antiviral and adaptive HIV-specific responses and may also
contribute to the formation of T-regulatory (Treg) cells (10, 16, 17, 19, 25, 26). Furthermore,
we describe in detail how mDCs from HIV-infected individuals are variably responsive to
other traditional mDC stimuli, including TLR ligands, which may further contribute to
pathogenesis and limit feasibility of therapeutic vaccine strategies (10, 13, 15-20, 24, 27—
29).
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HIV-1 evasion of recognition and infection by mDCs

Multiple studies have confirmed the inability of mDCs to sense HIV-1 /n vitroresulting in
poor phenotypic activation and T-cell stimulatory capacity (10, 16, 17, 19, 25). In some
contrast with /in vitro findings, mDCs isolated from both blood and lymphoid tissue during
acute and chronic infection display a level of partial activation, but are not fully mature (10,
24, 26, 30). This discrepancy highlights an important distinction between studies that utilize
mDCs from seronegative donors that have been infected with strains of HIV-1 in vitro, as
opposed to mDCs isolated from HIV-infected donors. In the latter case, mDCs have not only
been exposed to HIV-1 /n situbut also to the proinflammatory and immunomodulatory
environment present during HIV-1 infection. There are multiple factors that may contribute
to this partially activated phenotype mDCs /n vivo, including bystander activation of by
cytokines secreted by HIV-activated pDCs (25) and other immune cells. These semimature
mDCs from HIV-infected individuals have been implicated in the formation of Tregs both ex
vivo and within the lymphoid tissue they were isolated from (26). Furthermore, dysregulated
crosstalk between NK cells and mDCs further contributes to accumulation of poorly mature
mDCs during HIV-1 infection. NK cells isolated during chronic HIV-1 infection possess
severely compromised DC editing (31), a process in which NK cells kill immature DC (32).
Increased production of IL-10 during HIV-1 infection by immature mDCs confers resistance
to NK cell-mediated lysis, resulting in the accumulation of these poorly immunogenic mDCs
in the lymph nodes from HIV-infected individuals (30).

Major advances in the field revealing mechanisms by which HIV-1 subverts direct detection
by mDCs were recently reviewed in depth by Iwasaki (33) and Luban (34) and are not
discussed comprehensively here. Of what is known so far, HIV-1 escapes detection by mDCs
at multiple stages including viral uptake, intracellular trafficking, and restriction to
productive infection, all of which result in the avoidance of viral nucleic acid coming in
contact with PRRs (34). Signaling via PRRs would allow mDCs to become appropriately
activated to better direct adaptive immunity, resulting in the qualitative improvement of HIV-
specific T-cell responses. One well-established means by which HIV-1 undermines immune
recognition is by its lack of the accessory protein, vpx, in its genome. Vpx, which is present
in HIV-2 and certain simian immunodeficiency virus (SIV) strains, degrades the restriction
factor SAMHDL. In the absence of vpx, SAMHD1 inhibits productive HIV-1 infection in
mDCs at the level of reverse transcription by depleting deoxynucleoside triphosphates in the
cytoplasm (35-38). Vpx virus-like particles (VLPs) or HIV-1 packaged with vpx has been
shown to overcome this block to productive infection, resulting in enhanced recognition of
HIV-1 by mDCs as evidenced by upregulation of type I interferon (IFN) (39, 40). Upon
addition of vpx VLPs, HIV-1 induced maturation of mDC via interaction of newly
synthesized viral capsid protein and the host protein cyclophilin A, with subsequent
activation of the transcription factor interferon regulatory factor 3 (IRF3) (39). The
intracellular PRRs that recognize and trigger this pathway, however, remain to be identified.
Nevertheless, vpx promoted transcription and production of type I IFN production and
consequent activation of mDC (39, 40). This resulted in mature mDCs that could prime T
cells and expand HIV-specific T-cell clones. The physiologic relevance of improved mDC
detection of HIV-1 was underscored in a recent study of HIV-2, which encodes vpx and is
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less pathogenic than HIV-1. mDCs in these individuals were found to be significantly more
activated, which may contribute to more effective viral control and slower disease
progression seen in HIV-2 (41). Along these lines, during HIV-2 infection there is an
increased frequency of polyfunctional HIV-specific T-cell responses compared with HIV-1
infection (42). Moreover, SIVgy,, which expresses vpx, is non-pathogenic in Sooty
mangabeys. Despite these advances, it is important to point out that these initial studies
examining the effects of vpx in enabling HIV-1 recognition were performed in moDCs. It
has been more difficult to use vpx containing VLPs or lentiviruses to activate blood mDCs,
which have up to 30-fold more SAMHD1 than moDC (Bloch N, O’Brien M, Norton T,
Polsky S, Bhardwaj N, & Landau N, unpublished observation).

Other factors contributing to HIV-1 evasion of detection in mDCs include TREX1, an
exonuclease that degrades reverse transcribed HIV-1 DNA in the cytoplasm to avoid sensing
by PRRs (33, 43, 44), and human TRIMS5, a retroviral PRR (and restriction factor) that
poorly recognizes the capsid lattice of most strains of HIV-1, but which otherwise could
activate TAK1 to stimulate activating pathways in mDCs (34, 45-47). Additional restriction
factors, such as APOBEC3G (A3G), are upregulated in mDCs in response to type | IFN and
may further limit productive infection /in vivo (48). Collectively, this improved knowledge of
how HIV-1 avoids innate sensing by mDCs promotes the advancement of therapeutics for
both preventive and therapeutic purposes. It may be necessary to target multiple restriction
factors in order to enable HIV-1 recognition by blood and tissue mDCs. Further studies
examining the levels of restriction factors in various mDC subsets, especially in individuals
who are innately more resistant to infection (e.g. HLA B57, B27 expressing subjects) and/or
controlling viremia, is warranted.

Altered mDC function during acute HIV-1 infection

Acute infection

While it is well established that HIV-1 fails to directly trigger activation by mDCs as a form
of immune evasion, mDC responses to traditional DC stimuli, including TLR ligands, are
variably altered during different phases of infection. Acute HIV-1 infection (AHIV) is
classified into Fiebig stages I1-VI, which are characterized by sequential increases in viral
RNA, p24 protein, and appearance of HIV-specific antibodies by enzyme-linked
immunosorbent assay and Western blot (49). The eclipse phase, where no virus is detectable,
is followed by viral ramp-up (VR) during Fiebig stage I. Viral load peaks in Fiebig stages Il
and Il subsequently decrease and then plateau to the viral set point in Fiebig stages 1V-VI
(49). During VR and up through peak viremia, there is an overwhelming surge in levels of
antiviral and proinflammatory cytokines (50). Prior to any elevation in systemic cytokine
levels during the eclipse phase, a rise of antiviral acute phase reactants including serum
amyloid A and virus inhibitory peptide, a proteolytic fragment of alpha-1-antitrypsin, is
observed (51). Then during the early stages of VR there are transient increases in 1L-15, type
I IFN, and IFN-inducible protein-10 (IP-10), followed by a second wave of IL-6, IL-8,
IL-18, IL-10, and type I IFN, and finally later elevations in IL-12p70, IL-4, IL-5, and IL-22
(50). Despite this evidence of innate immune activation, the formation of adaptive responses
is delayed (52). Evidence exists that mDC function is altered during these earliest stages of
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AHIV infection. Indeed, it is becoming apparent that HIV-1 interactions with the innate
immune system are key factors in determining subsequent responses. Frleta et al. (16) found
that mDCs isolated directly from subjects during early AHIV (Fiebig stages | and 1) were
compromised in their ability to produce cytokines, including IL-12 and tumor necrosis factor
a (TNFa), in response to CLO97 (TLR7/8 agonist). Using an /n vitro system to study the of
effect circulating plasma factors from AHIV on mDC function, HIV-1 plasma early during
Fiebig stages I and Il was found to strongly suppresses mDC cytokine secretion in response
to TLR stimulation [polyinosinic-polycytidylic acid [poly(l:C)] (TLR3), lipopolysaccharide
(LPS) (TLR4), R848(TLR7/8), and peptidoglycan (TLR2)] including IL-12p70, TNFa, and
IL-6 (16). Furthermore, AHIV plasma during these early stages impairs mDC ability to
activate NK cells and prime Th1 responses from naive CD4* T cells (16). When mDCs are
exposed to plasma from individual donors at successive time points during AHIV, cytokine
secretion is maximally suppressed during the VR very early in Fiebig stage I, following
which certain donor plasma continues to exhibit suppressive effects, while other donors
resemble control plasma at later stages of acute infection (16). Notably, perturbation in mDC
cytokine secretion by AHIV plasma was observed even before the observed systemic
cytokine elevations. Also, no inhibition of cytokine secretion occurred upon mDC exposure
to plasma from acute hepatitis B or C infection, implying that this finding is not
generalizable to all acute viral infections (16). Despite the association with VR, inhibition of
cytokine production is not directly mediated by the virus as determined following mDC
exposure to both laboratory strains and founder strains of HIV-1 in the presence of control
donor plasma (16). Therefore, non-viral components of the circulating extracellular milieu
are detrimental to mDC function very early during acute infection, hampering the formation
of innate and adaptive immune responses at this critical phase. Nevertheless, the cytokine
storm that is detected during acute infection comprising immune cytokines and chemokines
including type I IFN, IL-15, IL-18, TNF, and IP-10 suggest there is eventual systemic
activation of the innate immune system (50), which may be sufficient to account for the
induction of detectable and potent antiviral CD8" T-cell activity (53).

Other studies that have examined ex vivo mDC function during primary infection failed to
demonstrate inhibition of cytokine secretion upon TLR ligation (10, 14). Sabado et a/. (10)
studied highly purified mDCs from AHIV, ranging from Fiebig stages 1-VI, most of which
were later stages of AHIV (Fiebig stages V and VI). Unlike mDCs from VR, mDCs during
the later stages of AHIV (Fiebig stages V and VI) were actually hyperresponsive to
stimulation with R848 (TLR 7/8 agonist) producing significantly higher levels of 1L-12p70,
IP-10, macrophage inflammatory protein-1 a (MIP-1a), MIP-15, RANTES (regulated upon
activation, normal T-cell expressed, and presumably secreted), and TNF compared with
controls (10). In this study, cytokine secretion by mDCs isolated from very early stages of
AHIV (Fiebig stages | and 1) was only performed in two donors, but was not found to be
different from controls. In keeping with the findings by Sabado et a/. (10), Chang et al. (14)
reported that mDCs from individuals during AHIV (Fiebig stages not defined) secreted
higher levels of TNFa upon stimulation with CLO97 (TLR8 agonist), albeit a non-
significant difference. Ex vivo T-cell stimulatory capacity by mDCs was preserved during
AHIV and was higher by mDCs from Fiebig stages 111-VI compared with controls, but
difference this did not reach statistical significance (10). Large-scale transcriptional analysis
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of mDCs from AHIV revealed distinct patterns of expression compared with controls, with
significant upregulation of 292 genes including those involved with transcription/translation,
HIV infection, immune response, apoptosis, cell-cycle, and intracellular trafficking,
suggesting global activation (10). It is likely that the variability in these studies during AHIV
is largely due to the differences in the stage of acute infection focused upon. Moreover,
discrepancies in certain findings may reflect key differences in experimental design,
particularly the presence or absence of the circulating immunomodulatory environment
within the /n vitro culture system. The study by Frleta et a/. (16) highlights the impact of the
extracellular milieu in suppressing mDC function /n situto hinder their responsiveness to a
variety of stimuli. Taken together, the data suggest that there is strong inhibition of mDC
function very early during AHIV that impairs the formation of adaptive responses at this
critical time, which transitions to mDC hyperreactivity during the later phases of AHIV,
possibly contributing to (or being a consequence of) generalized immune activation that
ensues.

Chronic infection

The majority of studies evaluating mDCs in the setting of chronic infection have
demonstrated varying degrees of impaired cytokine secretion, T-cell stimulation, and NK
cell activation in response to TLR ligands and other stimuli (13, 15, 16, 19, 24, 54). Among
the notable defects observed in mDC function during chronic HIV-1 infection is impaired
secretion of 1L-12 (13, 15, 19). IL-12 is a key regulatory cytokine that plays a central role in
both skewing of naive CD4* T cells toward the Thl pathway and the activation of NK cells
to generate antiviral immune responses (5-7). Using a system designed to recapitulate the
circulating immunomodulatory environment during HIV-1 infection through exposure of
mDCs to plasma from chronically infected individuals, our group led by Miller et al. (19)
found that plasma from untreated, viremic donors profoundly inhibits secretion of bioactive
IL-12 (IL-12p70) by mDCs upon poly(l:C) (TLR3) and R848 (TLR 7/8) stimulation. To a
lesser extent, HIV-1 plasma suppresses production of other cytokines by mDCs, including
TNFa and IL-6. In keeping with the lower IL-12p70 secretion observed by mDCs, they
exhibit impaired skewing of Th1 responses from naive CD4* T cells. When mDCs are
exposed to plasma from donors receiving suppressive ART, cytokine secretion is partially
alleviated, but without direct correlation to plasma donor CD4* T-cell count or viral load
level (19). Along these lines, no direct viral mediated suppression of mDC cytokine
secretion occurs upon mDC exposure to patient-derived strains of HIV-1 (cultured from
untreated HIV-infected patients) in control plasma, nor does the removal of HIV-1 from
plasma from viremic donors mitigate suppression of cytokine secretion upon TLR
stimulation (19). This lack of direct inhibition by HIV-1 upon TLR stimulation during
chronic infection is consistent with the findings of Frleta et a/. (16) during AHIV using
laboratory and founder strains of HIV-1. These data suggest that dysregulation in cytokine
secretion during chronic infection results from non-viral components of the
immunomodulatory extracellular milieu related to the host response to HIV-1. Due to the
central role IL-12 plays in antiviral immunity, defects in expression by mDCs may alter the
formation of immune responses not only to HIV-1 but to other pathogens, vaccines, and
immunotherapies. Multiple studies have demonstrated the importance of 1L-12 in the
formation of effective HIV-specific adaptive responses. IL-12 enhances ex vivo HIV-specific
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CD4* and CD8™ T-cell responses (55-57) and inhibits CD4* T-cell apoptosis from HIV-
infected donors (58). Administration of IL-12 during SIV infection in non-human primate
(NHP) partially restores SIV-specific cytotoxic T-lymphocyte function and increases NK cell
frequency and lytic function (59, 60). When IL-12 was administered prior to SIV challenge,
lower viral load set point and delayed disease progression is achieved (61).

Throughout all stages of HIV-1 infection, mDC responses to stimulation are altered. In
AHIV, very early during VR, mDCs are impaired in their ability to secrete key cytokines,
including IL-12, resulting in poor stimulation of NK cells and adaptive antiviral response.
This quickly transitions to mDC hyperreactivity later during AHIV, followed again by mDC
suppression of cytokine secretion during chronic infection that is partially mitigated by
suppressive ART (Fig. 1). Given that the restorative impact by ART on mDC cytokine
secretion is only partial, an understanding of the underlying mechanisms of this inhibition
may pave the way for novel therapies and vaccine adjuvants to overcome mDC dysfunction
and enhance antiviral immunity throughout the course of HIV-1 infection.

Mechanisms of mDC dysregulation during HIV-1 infection

Direct virus-mediated effects

It remains controversial whether HIV-1 directly inhibits mDC response to traditional stimuli,
such as TLR ligands. Several studies have implicated a role of direct mDC modulation by
HIV-1 in response to TLR ligands via crosstalk with the C-type lectin pathway (27, 29, 62).
In these studies, mDCs were exposed to laboratory strains of HIV-1 (62), an agonistic
antibody to DC-SIGN (27), and purified gp120 (29) followed by LPS stimulation. In
addition, the accessory protein Vpr has been described as an inhibitor of IL-12 secretion by
mDCs following LPS or CD40L stimulation (18). In these studies and others, suppression of
mDC function by HIV-1/gp120 was found to be mediated by increased levels of IL-10 (18,
20, 62), an immunoregulatory cytokine that inhibits mDC maturation and induces a
tolerogenic phenotype (30, 63-65). In addition, the presence of I1L-10 results in upregulation
of programmed cell death protein ligand 1 (PD-L1) (30). When PD-L1 binds to its ligand,
PD-1, on T cells, it serves to negatively regulate immune responses (66).

Blanchet et al. (67) described a novel mechanism of HIV-1 suppression of mDC function via
shutdown of autophagy. Through activation of mammalian target of rapamycin by HIV-1
Env, autophagy was negatively related in mDCs as evidenced by downregulation of the
autophagosome-associated protein LC-3. Inhibition of autophagy by HIV-1 in mDCs was
found to decrease TNFa secretion in response to LPS (67).

These findings of direct virus-mediated inhibition of mDC function were challenged in
recent studies by Miller et al. (16) and Frleta ef a/. (19) in our group. In these studies,
exposure of mDCs to a range of doses of HIV-1, including laboratory strains, founder
strains, and virus cultured directly from CD4* T cells from untreated, viremic HIV-infected
individuals, did not result in inhibition of mDC cytokine secretion upon TLR stimulation
[poly(1:C)]. In keeping with this finding, the plasma from HIV-infected individuals did not
stimulate the production of IL-10 by mDCs (16, 19). It is possible that differences in
experimental design may have contributed to the different findings in these studies including
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genetic variations in the viruses and different mDC stimuli used. Although these HIV-1
strains did not directly inhibit mDC function, recent studies by Parrish et a/. (68) have
indicated that the source of HIV-1 can nevertheless impact host innate immune responses.
Molecular clones of transmitted founder viruses, which express more envelopes per particle,
were relatively more resistant to type | IFN and more efficiently captured and transferred to
CD4* T cells by mDCs. Therefore, while the innate responses of mDCs might not be
modulated, HIV-1 usurps other characteristics of mDCs to augment and spread infection.

Apoptotic microparticles

Apoptotic microparticles (MPs) are circulating small membranous fragments released from
apoptotic cells into the plasma during AHIV (69). Recently, these apoptotic MPs have been
implicated in the suppression of mDC function during early AHIV (16). Apoptotic MPs,
which become elevated during VR (Fiebig stages I and Il), were isolated by Frleta et a/. (16)
from plasma during AHIV and found to impair mDC cytokine secretion upon poly(l:C)
stimulation, including IL-12p70, TNFa, and IL-6. When compared to the cytokine
suppression by whole plasma from the same AHIV donors, apoptotic MPs generally
exhibited less inhibition. Moreover, removal of apoptotic MPs via ultracentrifugation from
the plasma of chronically infected viremic donors did not alleviate the inhibition of cytokine
secretion by HIV-1 plasma (19). Thus, it appears that apoptotic MPs contribute to HIV-1
plasma-mediated inhibition of mDCs, but other factors are additionally involved. These
apoptotic MPs during AHIV were found to be qualitatively different from MPs isolated from
control donors which did not inhibit mDC function (16). Generally, MPs from control
donors are mostly platelet derived (CD41N9M), whereas MPs in AHIV are low for CD41,
indicating that they are derived from non-platelet sources. However, in addition to being
CD41'%%, there was no particular lineage marker that was elevated on AHIV MPs, indicating
they were likely derived from a mix of peripheral blood mononuclear cells (PBMCs) that
undergo apoptosis during AHIV. Mass spectrometry analysis revealed that CD44 binds to
apoptotic MPs from AHIV. CD44 is a cell surface proteoglycan that mediates immune cell
binding to extracellular matrix (70, 71), and is upregulated on mDCs during AHIV (16).
CD44 blockade relieved suppression of mDC cytokine secretion by apoptotic MPs from
AHIV, implicating a role for CD44 in MP-mediated mDC inhibition (16). Although CD44
had been implicated as a phagocytic receptor for clearance of apoptotic neutrophils in lung
inflammation, this is the first time it has been implicated on mDCs as a major uptake or
binding receptor for apoptotic MPs. As CD44 is prevalent on many cells, we believe that
DC-restricted isoforms and/or signaling pathways confer recognition activity to mDCs. The
ligand for CD44 on apoptotic microparticles remains unknown, but is clearly not one of the
conventional ligands osteopontin or hyaluronan.

Products of microbial translocation

The depletion of mucosal immunity in the gut during HIV-1 infection gives rise to increased
levels of circulating products of microbial translocation, including LPS, which contribute to
immune activation and disease progression (72-75). Elevated levels of LPS (TLR4 agonist)
and other immunomodulatory products may have an impact on chronic innate and adaptive
immune activation and subsequent exhaustion throughout infection. In mDCs, LPS signaling
has been shown to lead to decreases in cytokine secretion, including IL-12, upon poly(l: C)
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(TLR3) stimulation via an IL-10-dependent mechanism (76). Miller et al. (19) investigated
whether low-level circulating LPS was responsible for suppression of cytokine secretion by
mDCs upon exposure to plasma from viremic, untreated, HIV-infected donors. LPS at
physiologic levels found during untreated HIV-1 infection was highly suppressive to mDC
cytokine secretion when added to control donor plasma followed by poly(l:C) stimulation,
and this effect was reversed with the addition of the LPS inhibitor polymyxin B.
Interestingly, when polymyxin B was added to mDC cultures in the presence of untreated
HIV-1 donor plasma, it did not reverse the suppressive effect of HIV-1 plasma on mDC
cytokine secretion (19). Therefore, if elevated levels of LPS during HIV-1 infection play a
role in decreased mDC responsiveness to subsequent TLR ligation, there are other
overriding suppressive factors in HIV-1 plasma resulting in the lack of reversal with
polymyxin B.

Taken together, the existing data suggest that a multifactorial etiology of mDC dysfunction
during HIV-1 infection in response to TLR ligands and other stimuli. HIV-1 may directly
mediate inhibition of mDC function via induction of IL-10 and/or disruption of autophagy.
Furthermore, disturbances in plasma composition that exist during HIV-1 infection
contribute to altered mDC function, including apoptotic MPs and possibly LPS. Several
other factors that are elevated during the course of infection could also play a role, including
but not limited to circulating immune complexes, acute phase reactants such as activated
complement, or proinflammatory cytokines leading to exhaustion (51, 77). A more complete
understanding of how HIV-1 infection impairs mDC function to various stimuli will have
important implications for the design of adjuvants, both for therapeutic HIV-1 vaccines and
preventive vaccines against other pathogens for use in HIV-infected individuals.

Strategies to overcome mDC dysfunction during HIV-1 infection

Therapeutic vaccines and immunotherapies for HIV-1 attempt to address the shortcomings
of ART and may ultimately be an important component of eradication efforts. Recent studies
have demonstrated that curative strategies for HIV-1 will likely require a multi-pronged
approach, with one element focusing upon the enhancement of cytotoxic T-lymphocyte
(CTL) function to improve killing of infected cells following the disruption of latency (78).
mDCs are key players in vaccine strategies directed at the enhancement of cell-mediated
immunity, and therefore, mDC dysfunction during HIV-1 infection may represent a
significant obstacle toward successful therapeutic vaccination. There are multiple possible
approaches to overcoming mDC dysfunction to improve vaccine-induced immune responses
during HIV-1 infection. Augmentation of mDC function can be carried out ex vivo, followed
by reintroduction of these modified cells to the patient as a form of adoptive immunotherapy.
Alternatively, mDC function can be rescued /n situ by mDC-targeting formulations, which
are capable of combating the suppressive milieu present during HIV-1 infection (Fig. 2).

The goal of MDC immunotherapy is to enhance mDC function during HIV-1 infection via ex
vivo maturation and antigen loading of mDCs to bypass some of the mechanisms that HIV-1
employs /in vivoto compromise their function and impair effective formation of T-cell
responses. £x vivo generation of large numbers of autologous moDCs can be carried out
using HIV-infected donors’ monocytes following culture in the presence of granulocyte-
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macrophage colony-stimulating factor and IL-4 (11). Once these cells have been removed
from the circulating microenvironment and differentiated and stimulated ex vivo, they are
competent APCs with the ability to stimulate robust T-cell proliferation and antigen-specific
CTLs (11). Antigen presentation is most effectively achieved by mature moDCs compared
with immature moDCs, which lack high expression of costimulatory molecules and induce
tolerogenic rather than immunogenic responses (79). However, depending on the ex vivo
stimulus provided, certain functional defects may persist in moDCs generated from HIV-
infected individuals, including decreased secretion of IL-12 (13), which may limit their
success in immunotherapies.

Several trials of mDC immunotherapy in humans have demonstrated that immunization with
autologous moDCs expressing HIV-1 antigens is safe and immunogenic during HIV-1
infection (80-91). In these studies, the source of HIV-1 antigens loaded onto moDCs has
ranged from inactivated whole virus (83, 85, 86), HIV-1 peptides (82, 90), HIV-1 mRNA
(87-89, 91), and recombinant pox vectors (80). Among the most impressive results achieved
to date in both NHP and humans one involves the use of whole inactivated autologous virus
(83, 85, 86, 92). HIV-1 can be efficiently inactivated with aldrithiol-2 (AT-2, 2,2~
dithiodipyridine, aldrithiol-2), which covalently modifies and functionally inactivates key S-
H- containing internal viral proteins (e.g. nucleocapsid proteins) that are required for
infectivity, while the envelope glycoproteins remain unaffected (93). AT-2 treatment arrests
viral replication before reverse transcription, but maintains the conformational integrity of
the envelope glycoproteins, so they may bind and fuse with target cells similar to infectious
virus (93). Preclinical work by our group and others has demonstrated that AT-2-inactivated
HIV-pulsed moDCs are effective immunogens /n vitro (94-97). Presentation of CD8* T-cell
epitopes are present on MHC class | molecules following processing via the classical
endosomal pathway (94). Both infectious and AT-2 inactivated HIV-pulsed moDCs can
prime polyfunctional HIV-specific responses from naive CD4* and CD8* T cells (97). /n
vitro priming efficiencies are greater with AT-2-inactivated versus infectious HIV-1 and are
specific to gag with the highest frequency and less so to env and pol (97). Following
immunization of chronically infected rhesus macaques (SIVmac251) with moDCs pulsed
with AT-2-inactivated SIV, anti-SIV adaptive immunity was enhanced along with >1000-fold
reduction in plasma viral load compared with control animals who received unpulsed
moDCs (92). Viremia was controlled for up to 240 days after completion of vaccination and
was correlated with increased number of SIV-specific IFN y-producing T-cell responses,
cytolytic activity, and reduced destruction of the lymphoid follicular DC network.
Supporting these findings, immunization of untreated, viremic HIV-infected individuals with
moDCs pulsed with autologous AT-2-inactivated HIV-1 resulted in median reductions in
viral load of 80% over the first 112 days post vaccination (83). This response was sustained
over 1 year in 44% of vaccinated patients, and suppression was greater than 90% in eight of
these patients. Viral suppression correlated with the presence of HIV-1 specific CD4* T cells
secreting IL-2 or IFN y and gag-specific CD8* T cells expressing perforin. More recent trials
have utilized autologous moDCs pulsed with heat-inactivated HIV-1 with some success,
albeit more modest than the findings with AT-2 inactivated virus (85, 86). Viremic, untreated
patients that received moDCs pulsed with heat-inactivated HIV-1 had small yet significant
decreases in plasma viral loads at 24 weeks compared with unpulsed moDCs (85).
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Furthermore, the decrease in plasma viral load appeared to be inversely related to the
number of HIV-specific T-cell responses. When this same vaccine was administered to ART-
treated HIV-infected patients, a substantial decrease (>1 log) in viral load set point following
ART interruption was achieved more frequently in patients that received the moDC-HIV
vaccine compared to moDCs alone at both 12 and 24 weeks following vaccination (86).
Decreases in viral load were associated with an increase in HIV-specific T-cell responses in
the moDC-HIV arm. These studies provide proof-of-concept that augmentation of mDC
function can lead to suppression of virus replication and support the use of adoptive mDC
therapy to bypass defects in immune stimulation.

Other trials that have utilized non-autologous sources of HIV-antigens have been
immunogenic, but overall less successful in terms of virologic control. Canarypox vectors
have been studied /n vitro and administered in human therapeutic trials loaded onto moDCs
(80, 98). Preclinical studies by our group revealed that human moDCs infected with
recombinant canarypox-HIV efficiently expanded both CD4* and CD8* T cells, including
CTLs from HIV-infected donors that were cytolytic, and secreted IFNy and S-chemokines
(98). A phase I/11 trial that compared vaccination of moDCs infected with canarypox-HIV
versus canarypox-HIV alone in patients suppressed on ART found that a greater number of
patients in the moDC group had a VL set point below 5000 ¢/ml during analytic treatment
interruption (31% versus 0%), but this result was transient and did not affect the mean viral
load setpoint during interruption of ART (80). Similarly, recent trials that have administered
moDC electroporated with mMRNA encoding HIV-1 genes resulted in the generation of
vaccine-specific adaptive responses (8789, 91). In two of these trials, interruption of ART
was performed with partial viral control in one study (91) but no impact on viral set point in
a somewhat larger study (87).

Although it appears that there may be an advantage to whole, inactivated, autologous virus
as an immunogen for moDC immunotherapy, its use is fraught with the most practical
limitations. It requires propagation of large quantities of virus from donor cells, which is
particularly difficult in patients receiving ART, and subsequent inactivation with stringent
testing to confirm lack of residual infectivity. It is possible that inactivated autologous virus
may confer advantages over other immunogens due to presentation of relevant, donor-
specific epitopes and/or differences in antigen processing, though it can be argued that some
of these autologous epitopes may have already undergone escape at the time of vaccination.

It remains unclear which vaccine-induced responses represent the best measures of viral
control in these trials. When virologic responses have been attained, a correlation with
increased HIV-specific adaptive immune responses has been observed (83, 85, 86). However,
the generation of these responses has not been sufficient for improved viral control in certain
trials (80, 82, 88). It may relate simply to differences in the magnitude of HIV-specific
responses, which can be difficult to compare between trials. Furthermore, more subtle
differences in the quality (e.g. polyfunctionality, cytotoxicity, TCR avidity) and specificity
of the vaccine-induced T-cell responses must be teased out as well as better characterization
of their impact on innate responses, including NK cell activity. Despite the modest success
of these approaches, there is room for improvement on measures of both efficacy and
feasibility. There are obvious practical constraints when considering the use of mDC
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immunotherapy on a larger scale. Measures for improved efficacy exist on multiple levels
including optimization of the /n vitro mDC maturation stimulus to induce maximal
costimulation and 1L-12 secretion, the dose and form of antigen, the number of mDCs to
inject, and frequency and route of immunization. In addition, moDCs should be not be
derived in autologous plasma, as is often performed, but rather in seronegative clinical grade
plasma or serum to avoid potential moDC suppression in vitro (19).

The use of animal models has shed light on further constraints of mDC immunotherapies by
highlighting the critical role of endogenous mDCs during these interventions (99). In mice
that were immunized with bone marrow-derived DCs, it was shown that the injected DCs
indirectly prime naive CD8* T cells /n vivo by transferring antigen to endogenous CD11c*
DCs. In these studies, mice that had undergone selective reduction of CD11c * DCs were
injected with DCs that had been pulsed with either peptide [lymphocytic choriomeningitis
virus (LCMV)] or protein (ovalbumin). CD8" T-cell priming by both peptide and whole
protein-loaded DC vaccines was reduced in mice that were depleted of endogenous CD11c*
DCs. Therefore, during DC immunotherapy, there is a partial reliance upon endogenous DCs
to uptake antigen from injected DCs to prime CD8" T cells, presumably via cross-
presentation (99). This may explain some of the limited success of mDC immunotherapy for
HIV infection, especially given that endogenous mDC function is compromised. It is
possible that more successful mDC immunotherapy for HIV-1 will require the simultaneous
activation of endogenous DCs with a systemic adjuvant to become effective APCs upon
encountering injected mDCs carrying HIV-1 antigens. Determining the appropriate systemic
adjuvant to activate endogenous mDCs is complicated by the presence of the
immunosuppressive factors that are present /n situ. Adjuvants that are tested in seronegative
donors may not have comparable effects in HIV-infected subjects and must be evaluated in
this context to determine their potency. Immunization of patients suppressed on ART is
likely preferable due to partial alleviation in impaired mDC response to adjuvants, such as
TLR ligands (19).

Given limitations concerning feasibility and efficacy of mDC immunotherapies for HIV-1,
interventions that directly target mDCs /n situ are ultimately preferable. Multiple strategies
are under investigation and include targeting mDCs by coupling HIV-protein to monoclonal
antibodies toward endocytic receptors on mDCs, utilization of recombinant vectors that
naturally target mDCs, or HIV-1 antigens co-formulated with mDC-activating adjuvants.

One way to target antigens for delivery to mDCs is to couple immunogens to antibodies
toward endocytic receptors on mDCs. This approach has been explored to enhance the
immunogenicity of protein-based vaccines for HIV-1. Preclinical work has been undertaken
to investigate the use of targeting antibodies toward numerous receptors on mDCs including
DEC-205, Clec9, DCIR, and Langerin (100-102). DEC-gag, a vaccine comprised of the
HIV p24 gag protein fused with a monoclonal antibody toward CD205/DEC205, a c-type
lectin highly expressed on mDCs (100, 102) is the furthest along of these works in clinical
development. Targeting proteins to DEC205, a specialized receptor for cross-presentation,
enhances CTL responses which are generally poorly elicited by protein-based vaccines
(100). The use of DEC-gag has been studied in mice and NHP, and trials are now ongoing in
healthy volunteers (100, 102-105). These trials have administered DEC-gag with an
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adjuvant, poly(I:C) (dsRNA, TLR3 agonist), as a means to activate endogenous mDCs at the
time of targeted antigen delivery. Mice immunized with DEC-gag with poly(l:C)
demonstrated increases in CD8" T-cell responses and improved protection against viral
challenge following a DNA boost (102). Through adoptive transfer of CD4* helper T cells
generated from DEC-gag immunized wildtype mice to CD40~/~ mice, it was determined that
the mobilization of gag-specific CD8" T cells to the viral challenge site was driven by
CD40-expressing mDCs (102). In NHP, HIV gag p24 protein alone versus DEC-gag was
given with or without PolylCLC [stabilized form of poly(l:C)] (105). Both vaccines elicited
CD4" T-cell responses, but DEC-gag improved CD8" T-cell responses. These responses
were contingent upon the addition of PolylCLC, and were further boosted with New York
vaccinia virus-HIV gag/pol/nef. The findings of these studies were confirmed in humanized
mouse models (103), and trials of DEC-gag with PolylCLC are now ongoing in healthy
volunteers with induction of both T and B-cell responses (104). The mDC CD141*
(BDCA-3) subset may be an important cell to target, as it expresses both TLR3 and TLR8 in
addition to clec9 (DNGR1), which has been shown to be critical for cross-presentation (106,
107). Thus, this subset not only produces large amounts of type I IFN but also efficiently
cross-primes CD8* T cells. Future studies targeting clec9 may actually direct antigen to the
most desirable mDC subset /n vivo for generation of antiviral immunity.

HIV-1 therapeutic vaccine trials in humans have most extensively utilized recombinant
vectors, with most studies focusing on the use of Pox vectors, primarily canarypox (ALVAC)
(108-112) and modified vaccinia Ankara (113-115), and less so with Adenovirus vectors
(116). While the majority of these have proven to be immunogenic, viral control has been
minimal and/or transient (108, 110, 112, 115, 116). ALVAC-HIV (combined with
recombinant gp120) was also used in the partially successful preventive HIV-1 vaccine trial,
RV144 (117). Although direct comparison of these trials is complicated by many factors, the
greater success by ALVAC-HIV in the preventive setting highlights the potential hindrance
of the immunosuppressive environment and compromised immunity during established
infection. New recombinant vectors that are able to simultaneously target mDCs in situto
deliver HIV-1 antigens while providing a strong adjuvant effect to offset immunosuppressive
factors are currently under preclinical development. Taking advantage of our recent
knowledge regarding mDC restriction of HIV-1 infection, lentiviral (LV) vaccine vectors
have been engineered to package vpx to counteract the restriction factor SAMHD1 to
achieve productive infection of mDCs (118). mDCs infected with vpx-packaging LV vectors
are transduced at a significantly higher frequency (60-fold higher). These vpx-LV vectors
have been further modified to express CD40L, an immunostimulatory protein, which results
in optimal moDC maturation and secretion of an array of cytokines, including 1L-12p70.
Notably, CTL responses from antigen-specific clones are enhanced four-fold upon the
addition of CD40L (118). These vectors represent a novel vaccine platform that relieves
mDC restriction to LV infection to efficiently deliver both antigen and activation signals to
mDCs.

Highly attenuated, non-replicative Listeria monocytogenes (Lm) vectors expressing full
length HIV-1 gag (Lm-gag) have been studied as a means to combat suppressive factors
present during HIV-1 infection (119). Lm is a unique intracellular bacterium that naturally
infects and potently activates mDCs, resulting in the generation of both CD4* and CD8" T-
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cell immunity, resulting in lifelong protection following a single exposure (120). Lm
provides activation signals via a multitude of membrane-bound and cytoplasmic PRRs,
including TLRs, NLRs, and Rig-I-like receptors (121-127). /n vitro infection of mDCs with
Lm-gag rescues the defect in secretion of 1L-12p70 and other pro-inflammatory cytokines
observed upon TLR stimulation in the setting of HIV-1 infection, which restores mDC
capacity to skew Th1 responses from naive CD4* T cells (119). Lm-gag-infected mDCs are
able to expand polyfunctional gag-specific CD4" and CD8* T-cell responses from HIV-
infected donors. Therefore, attenuated, recombinant Lm vectors may represent an effective
strategy to deliver HIV-1 antigens while optimally activating mDCs /n situ. Moreover, a
better understanding of the mechanisms by which Lm counters mDC suppressive factors
during HIV-1 infection may lead to the development of novel adjuvants for HIV-1 vaccines
and immunotherapies.

The co-formulation of HIV-1 antigens with mDC adjuvants represents a practical approach
to HIV-1 therapeutic vaccines. The emerging field of nanotechnology has led to the
development of the novel nanoparticle-based vaccine DermaVir. Dermavir is comprised of
plasmid DNA encoding 15 HIV-1 antigens that self-assemble into VLPs (128). The
specialized topical delivery mode of Dermavir improves upon standard DNA vaccines,
which do not target mDCs and have been poorly immunogenic (129-131). To provide both
access and danger signals to epidermal LCs, skin is first abraded with a device to produce
reproducible scarification prior to topical application (128). In a dose escalation study to
evaluate safety and immunogenicity in HIV-infected patients receiving ART, Dermavir
induced the potent expansion of HIV-specific (Gag, Tat, Rev) memory T cells at 4 weeks
post vaccination that largely waned at 1 year follow-up (132). No interruption of ART was
performed in this study, so the impact on viral control remains to be seen.

Although this review focuses on DC dysfunction during established HIV-1 infection and
potential therapeutic interventions, DCs also have an important impact on B-cell function
relevant to preventive HIV vaccine design. To generate long-lived antibody responses from
memory B cells, follicular DCs play a key role in promoting the development of IL-21-
producing T-follicular helper cells in vivo (133-135). There is also evidence that mDC
dysregulation during HIV-1 infection contributes to B-cell dysregulation. mDC upregulation
of B-lymphocyte stimulator (BlyS) has been correlated with uncontrolled B-cell
proliferation and hypergammaglobulinemia in acute and chronic HIV-1 infection compared
with aviremic non-progressors (136). These findings further assert that harnessing mDC
function may improve the efficacy of preventive vaccines for a variety of pathogens for use
in HIV-infected individuals.

pDCs and HIV-1 infection

pDCs are the most potent producers of type | IFNs (IFN a/p) to generate innate antiviral
immune responses. They were first recognized as a DC subset by Liu and Siegal (137) and
independently by a student in our laboratory (138, 139). While Liu and Siegal (137)
identified the major type I-IFN producing cells in blood as pDCs, O’Doherty (138, 139)
identified pDCs based on key difference between these cells and their conterpart mDCs in
blood. pDCs possess fewer and distinct TLRs from mDC, expressing only TLR7 and TLR9
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to recognize single-stranded RNA and double-stranded DNA viruses, respectively (3). In
addition to secretion of type | IFNs upon stimulation, pDCs also have the ability to
upregulate surface MHC and costimulatory molecules and secrete pro-inflammatory
cytokines, including TNFa and IL-6. Similar to mDCs, pDCs largely restrict productive
infection with HIV-1 (10). The mechanisms of this restriction are not well defined, but may
be due to expression of factors such as SAMHDL1 (Bloch et al., unpublished observation),
IFN-induced tetherin (140, 141), and likely others. Unlike mDCs, pDCs are able to
adequately sense HIV-1 resulting in robust IFNa secretion. Although type | IFNs secreted
by pDCs contribute to innate antiviral functions by inhibiting HIV-1 replication,
dysregulation of these cells during HIV-1 infection may be involved in immunopathogenesis
by contributing dichotomously to both immune activation and immunosuppression (Fig. 3).

pDC frequency during HIV-1 infection

Similar to mDCs, circulating pDCs are diminished in number during HIV-1 infection (10,
142-144). Reduced numbers of circulating pDCs reflects trafficking to lymphoid tissues,
accelerated death, and possibly reduced differentiation from bone marrow precursors (145-
147). The number of circulating pDCs has been positively correlated to CD4* T-cell count
and negatively correlated with viral load and disease progression (142, 144, 148, 149).
Sabado et a/. (10) examined pDC frequency during primary infection and found a sharp
decline as early as Fiebig stages | and I, and numbers remained low throughout all stages of
infection, including following treatment with cART. Although numbers of pDCs remain
lower throughout infection compared with control subjects, longitudinal analysis revealed
that they increase significantly within the initial 200 days postinfection in both treated and
untreated patients (10). Studies during chronic infection have demonstrated that the loss of
circulating pDCs is partially mitigated by ART, but does not return to levels of controls (142,
144).

Mechanism of pDC activation by HIV-1

Unlike mDCs, pDCs are highly activated by HIV-1 to produce IFNa (25, 150). pDCs secrete
high levels of IFNa following exposure to both live and inactivated strains of HIV-1 but not
envelope-deficient strains (25). To investigate the mechanism by which HIV-1 enters and
activates pDCs to secrete IFNa, Beignon et al. (150) determined whether envelope-receptor
interactions trigger signaling that induces pDC activation or alternatively facilitates routing
of HIV-1 nucleic acids to TLR-expressing endosomal compartments to stimulate activation.
Secretion of IFNa is dependent upon binding of gp160 to CD4 on pDCs, as evidenced by
neutralization of gp-120 using monoclonal antibody or blockade of CD4 with anti-CD4
antibodies. However, binding of envelope to CD4 is not sufficient to activate pDCs, as
recombinant HIV-1 gp160 fails to induce IFNa secretion (150). The dependence upon CD4
binding to envelope for pDC activation was supported by Haupt et a/. (151), who found a
correlation with viral affinity to CD4 with the magnitude of IFNa secretion.

It was further established that pDC activation is dependent upon endocytosis and subsequent
acidification of endosomal compartments but not viral fusion with the cell membrane (150).
Inhibitors of endocytosis including cytochalasin D, dimethyl amiloride, and chlorpromazine
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inhibit the secretion of IFNa following exposure to HIV-1, along with inhibitors of
endosomal acidification including chloroquine, ammonium chloride, quinacrine, and
bafilomycin. However, addition of a peptide (C34) that inhibits post-CD4 binding
conformational changes in transmembrane gp41 required for viral fusion does not inhibit
IFNa secretion by pDC (150).

The contribution of HIV-1 nucleic acids to pDC activation was delineated through delivery
of both HIV-1 RNA and DNA via cationic lipids to pDC (150). HIV-1 RNA is able to
robustly stimulate pDCs, but linear pNL4-3 DNA delivered to pDCs is unable to stimulate
pDCs in comparison with HIV-1y 4.3 virions (wildtype, X4 tropic virus), indicating that
HIV-1 DNA (retrotranscripts) is not critical to stimulate pDCs. Furthermore, activation of
pDCs by HIV-1 RNA is reversible with RNAse treatment, and recombinant virions deficient
in viral RNA do not stimulate pDCs to produce IFNa. This stimulation is TLR-dependent,
and using genetic complementation, it has been shown that TLR7 is the likely primary
target, not TLR9 (150). This was further supported by short interfering RNA knockdown of
TLR7 ina pDC cell line that abrogated the majority of IFNa secretion following HIV-1
exposure (152).

Although pDCs are strongly activated to secrete IFNa in response to HIV-1, they are only
partially matured to upregulate costimulatory molecules and secrete proinflammatory
cytokines, making them less competent antigen-presenting cells (25, 153). Following
activation with HIV-1, pDCs upregulate CD83 and CCR7 and acquire migratory capacity
toward CCL19, the ligand of CCR7 (25). However, when compared with other TLR7
agonists including R848 and influenza, HIV-activated pDCs are not completely matured by
HIV-1 in terms of CCR7, CD40, and CD86 expression (153). This partially matured
phenotype in HIV-exposed pDCs results in low proliferative responses by CD4* and CD8*
T-cell responses compared with other stimuli including CpGB (TLR9 agonist) and influenza
(TLR7 agonist) (153). Similarly, HIV-exposed pDCs secrete proinflammatory cytokines,
including TNF and IL-6, but levels tend to be lower than that of other pDC stimuli including
influenza (153). Utilizing confocal microscopy, O’Brien et al. (153) revealed that HIV-1
traffics to early endosomes unlike other ligands that traffic to late endosomes/lysosomes,
which results in a strong IFNa signal but incomplete maturation and lower secretion of NF-
xB-dependent inflammatory cytokines (153). This finding is supported by studies in pDCs,
revealing that endosomal trafficking of various stimulating ligands determines whether
pDCs become primarily IFN producers versus APCs. Such work has been primarily been
carried out using various CpGs in pDCs that traffic differently due to differences in their
sequences and/or secondary structures. CpGB remains in a monomeric form and traffics to
lysosomes to activate NF- xB-dependent proinflammatory responses. Conversely, CpGA,
which forms multimolecular complexes, traffics to and is retained in early endosomes
resulting in primarily a strong IFNa signal (154). In summary, HIV-1 stimulates pDCs via
viral envelope binding to CD4, followed by receptor-mediated endocytosis, and trafficking
of viral RNA to TLR-expressing early endosomal compartments to induce a phenotype
characterized by robust type | IFN secretion and weaker antigen presentation capacity.
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Role of pDC in chronic immune activation during HIV-1 infection

Progression to acquired immunodeficiency syndrome (AIDS) is strongly associated with
persistent generalized immune activation of both HIV-specific and non-specific T cells (155,
156). Chronic immune activation eventually leads to T-cell exhaustion characterized by loss
of effector and proliferative T-cell responses, upregulation of inhibitory molecules such as
CTLA-4 and PD-1, and apoptosis (66, 157, 158). Immune activation also facilitates HIV-1
infection of CD4* T cells, especially HIV-specific CD4* T cells (159-161). Notably,
markers of immune activation are now known to provide greater prognostic significance to
disease progression than viral load (162-164). Immune activation also contributes to
increased risk of non-AIDS conditions such as cardiovascular, liver and kidney diseases, and
non-AIDS-defining malignancies (165-169). The pathogenesis of chronic immune
activation is complex and incompletely delineated, but triggering of innate immune cells by
HIV-1, products of microbial translocation, activated platelets, and other viruses (e.g. herpes
viruses) likely play a major role (72, 170, 171). Although type I IFNs possess potent
antiviral properties in the appropriate setting, both human and animal studies support a role
of chronically elevated IFNa in immune activation and immunopathogenesis of HIV/AIDS
(172-176). IFNa levels during HIV-1 infection correlate with disease progression and can
lead to apoptosis of uninfected CD4" T cells through upregulation of TNF-related apoptosis-
inducing ligand (173, 176). Furthermore, administration of exogenous IFNa was shown to
increase CD8™ T-cell activation in HIV-infected subjects (175). Given that pDCs serve as the
most potent producers of IFNa, dysregulation of this cell type may underwrite these
processes. Indeed, women have pDCs that produce greater amounts of type | IFN on a per-
cell basis and their infection progresses faster than that in men with similar viral loads (177).

Studies of pathogenic versus non-pathogenic SIV infection in NHP models have further
supported a role of pDC-associated type I IFN in chronic immune activation. Following
infection with SIV gy or SIV agp, respectively, sooty mangabeys and African green
monkeys activate an acute innate immune response including production of type | IFNs and
IFN-stimulated genes (ISGs). However, unlike pathogenic SIV infection in rhesus macaques,
where the production of type I IFN is sustained, non-pathogenic infection is characterized by
resolution of IFN production and associated 1SGs, upregulation of defensins, suppressors of
the IFN response and factors that dampen T-cell activation (IDO, IL-10, PDL-1, and LAG3)
(174, 178). During chronic infection, there is upregulation of the immune dampening genes
TGFpgand IL-10, indicating that non-pathogenic infection is characterized by a distinct set
of responses contrived to prevent sustained immune activation. In contrast, pathogenic
infection is characterized by chronic expression of 1SGs, accompanied by enhanced
expression of proapoptotic factors, as well as markers of T-cell activation and exhaustion and
of inflammation (174, 178). In AIDS-susceptible rhesus macaques, preventing recruitment
of pDCs expressing high levels of B7-integrin to the colorectum via /n vivo blockade of
a4 B7 integrin results in dampened immune activation. B7-integrin on circulating pDCs is
also upregulated in HIV-infected humans but not in sooty mangabeys, which display much
lower levels of immune activation during SIV infection (179). Interestingly, administration
of agonist IFN to sooty mangabeys did not worsen immune activation, although it transiently
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reduced viral loads (180). This observation suggests that sooty mangabeys deploy durable
and potent mechanisms to contain immune activation during chronic infection.

Chronic type I IFN production is associated with T-cell exhaustion in addition to apoptosis.
T-cell exhaustion is characterized by dysfunctional T cells that express markers of
exhaustion including PD-1 and CTLA-4 (66, 157, 158). Recently, PD-1 blockade was shown
to suppress hyperimmune activation by durably blocking expression of transcripts associated
with type | IFN signaling in blood and colorectal tissue of SIV-infected rhesus macaques
(181). Interestingly, this was associated with increased expression of gut-associated junction
genes, decreased microbial translocation into the blood, improved immunity to gut-resident
and opportunistic pathogenic organisms, and longer survival.

O’Brien et al. (153) described an in vitro phenotype of human pDC hyperreactivity to HIV-1
that may serve as a source of persistent levels of IFNa during HIV-1 infection. As a general
rule, pDCs develop tolerance to IFNa production following the initial stimulus with TLR7
or TLR9 agonists, which can be considered a protective mechanism against undesired,
persistent immune activation (153, 182, 183). This phenomena is also described for certain
viruses that stimulate pDCs via TLR7 including influenza and Sendai viruses (153). In
contrast, pDCs are permissive to repeated stimulation with HIV-1 resulting in persistent
secretion of IFNa following successive exposures. HIV-activated pDCs constitutively
express higher levels of the transcription factor IRF7, which correlates to their ability to
secrete secondary IFNa. This expression is IFN-inducible and dependent upon continuous
autocrine IFNa/g receptor feedback provided by low levels of type I IFN. Interestingly,
pDCs stimulated with R848 (TLR7/8 agonist) sharply upregulate SOCS3, a negative
regulator of IFNa when overexpressed, which might contribute to inhibition of continued
IFNa production (153). In contrast, AT-2 HIV only slowly upregulated SOCS3 in pDCs and
to overall much lower levels than R848. Confocal microscopy revealed that HIV-1 traffics to
early endosomes rather than late endosomes favoring continued IFNa secretion, as well as
weak maturation, reduced NF-xB-dependent responses, and only a low level of induced T-
cell immunity (153). These findings delineate a possible mechanism by which HIV-1 may
simultaneous blunt adaptive immune responses to HIV-1 by promoting a partially matured
phenotype in pDCs while contributing to immune activation by providing a continuous
source of IFNa (153).

Ex vivo studies provide support of this phenotype described by O’Brien et al. (153),
suggesting that during both acute and chronic HIV-1 infection, pDCs are a persistent source
of IFNa production. Sabado et a/. (10) described evidence of ongoing IFNa expression by
pDC during AHIV. pDCs were purified during early infection, ranging from Fiebig stages 1-
VI, with the majority of donors in Fiebig stages V and V1. Gene expression profiles
indicated the presence of /n vivo activation of pDCs during early HIV-1 infection, with
HIV-1 donor pDCs expressing significantly higher levels of TLR7 and IRF7 compared with
controls. Findings of high basal IFNa expression by pDCs have been shown to persist
during chronic infection. pDCs isolated from both blood and lymphoid tissue display
increased spontaneous expression of IFNa (147, 172, 184). Similar to the /in vitro
phenotypic findings of O’Brien et al. (153), these pDCs in the lymph nodes did not
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upregulate maturation markers compared with controls, suggesting they are activated to
produce IFNs but not become optimal APCs.

In addition to heightened IFNa expression at baseline, Sabado et a/. (10) demonstrated that
isolated pDC from AHIV infection may also be hyperreactive to ex vivo stimuli. pDCs
isolated during Fiebig stages V and VI produced significantly higher levels of IFNa in
response to /n vitro stimulation with AT-2-inactivated HIV-1 compared with controls.
Moreover, in response to ex vivo stimulation with R848 (TLR 7/8 agonist), pDCs from HIV-
infected donors secreted not only higher levels of IFNa but also a broader array of
proinflammatory cytokines and chemokines (IL-6, MIP-1a, MIP-18, RANTES, and TNFa)
compared with control pDCs. Therefore, as early as acute infection, pDCs are hyperreactive
indicating a possible role in promoting immune activation. These results were partially
discrepant from findings by Huang et a/. (185) regarding pDC function in primary HIV-1
infection. In this study, PBMCs from acute and early HIV-infected individuals were
stimulated with CLO97 (TLR 7/8 agonist), followed by intracellular cytokine staining to
evaluate pDC cytokine secretion (185). Per-cell intensity of TNFa and IL-6 tended to be
higher in primary HIV-1 donors compared with controls, in line with the findings by Sabado
et al. (10). Conversely, IFNa production by HIV-pDCs was lower than controls in response
to stimulation with CLO97. Significant differences in methods between these studies may
contribute to the divergent findings including the use of isolated pDCs versus whole
PBMCs, the measurement of secreted cytokines versus intracellular cytokine staining, and
the use of different TLR7 agonists as pDC stimuli. In other studies ranging from early to
chronic infection, pDCs that were stimulated ex vivo with various TLR7 and TLR9 agonists
also showed diminished secretion of IFNa and decreased ability to activate NK cells (184,
186, 187). Taken together, the existing data suggest that some degree of pDC exhaustion
likely occurs as HIV-1 infection progresses, presumably due to chronic stimulation /n situ by
HIV-1, products of microbial translocation, and other immunomodulatory factors, which
may lead to a decreased responsiveness to exogenous stimuli. Therefore, while it is apparent
that pDCs are a persistent source of IFNa /n vivo during HIV-1 infection that may contribute
to chronic immune activation, over time exhaustion of these cells may occur adding to the
multifaceted picture of immune dysfunction during HIV-1 infection. Recent work with
LCMV infection in mice supports these observations and implicates a potential therapeutic
role for blockade of type I interferon signaling in chronic infection (188, 189). In both
studies, blockade of type I IFN signaling diminished immune activation and negative
immune regulators, restored architecture of lymphoid tissue, and enhanced viral control and
clearance in a CD4" T-cell-dependent manner. These observations again emphasize the
central and multifaceted immunoregulatory contributions of type I IFN in chronic viral
infections. Future studies are warranted to determine whether direct IFN blockade or indirect
targeting of the type | IFN pathway in pDCs represents a viable treatment strategy to
improve immune activation and facilitate viral control.

Roles of pDCs in immunoregulation during HIV-1 infection

Despite their potential role in chronic immune activation, pDCs may also play a contrary
role in immunoregulation during HIV-1 infection through the induction of Treg responses.
Tregs suppress activation of T cells and DCs and may have both deleterious and beneficial
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functions during HIV-1 infection. On one hand, they may limit the formation of HIV-specific
T-cell responses, but alternatively, they can serve to alleviate chronic immune activation.
Which of these roles predominates during the course of HIV-1 infection remains
controversial. The frequency of Tregs inversely correlates with SIV-specific CTL responses
in NHPs (190) and immune reconstitution in humans (191). When CD4*CD25* cells from
HIV-infected donors have been studied /n vitro, they have been shown to hinder the
proliferation and cytokine secretion by CD4* and CD8* T cells in response to HIV-1
antigens (192). In contrast, low Treg frequency during chronic HIV-1 infection is associated
with increased immune activation (193). Studies regarding the identification of Tregs during
HIV-1 infection have been complicated by difficulties in definitively identifying this
phenotype due to ambiguity in expression markers. Cells that express high CD25 and Foxp3,
low CD127, and also express the inhibitory molecules cytotoxic T-lymphocyte antige-4
(CTLA-4) and glucocorticoid-induced TNF receptor have a high probability of being Tregs
(194), though not all studies have employed these stringent criteria.

While the exact role Tregs play during the various stages of HIV-1 infection remains to be
elucidated, it appears that pDCs are important in generation of these cells during HIV-1
infection. Manches et a/. (195) described the development of suppressive
Foxp3*CD127'°CD25"* cells from naive CD4* T cells by HIV-exposed pDCs consistent with
the phenotype of Tregs. Treg induction relates to the expression of indolemine 2,3
dioxygenase (IDO), an enzyme that is critical in tryptophan catabolism. IDO expression by
pDCs occurs via endocytosis of HIV-1 following gp120-CD4 binding, followed by
endosomal TLRY triggering. Using a competitive inhibitor of IDO, 1-methyl tryptophan and
short interfering RNA knockdown, it was determined that expression of IDO is primarily
required for Treg generation by pDCs. Interestingly, the induction of Tregs cells in this IDO-
dependent pathway was independent of type I IFN production or of other molecules
expressed by HIV-stimulated pDC including ICOSL. The generation of Tregs following
HIV-pDC interaction may help explain the strong negative correlation of viral load and
allogeneic T-cell proliferative capacity of pDC isolated from HIV-infected individuals during
acute infection (10). It is possible that high levels of circulating virus can negatively impact
T-cell stimulatory capacity of pDCs due to induction of Tregs by HIV-exposed pDCs during
acute and chronic infection. Indeed, acute SIV infection is associated with rapid
development of Tregs and elevated IDO expression (190). The skewing toward Treg
responses by HIV-exposed pDCs may be implicated in decreased Th17 responses observed
during HIV-1 infection (196), leading to a breakdown of gut integrity and higher levels of
bacterial translocation and immune activation (72). In HIV-infected donors, disease
progression is associated with elevated Tregs in peripheral blood and gut related to high
levels of IDO and reduced Th17 responses (196).

In a later study, Manches et al. (197) demonstrated that TLR-induced IDO expression in
pDCs is dependent upon the non-canonical NF-xB pathway and independent of the
canonical NF-xB pathway. Upon TLR7 signaling, there is release of TRAF3 to the IRAK1/
TRAF6/IRAK4 complex, which allows NIK to activate the non-canonical pathway. These
pDC-induced Tregs were able to suppress proliferative CD4* T-cell responses (197).
Furthermore, they were shown to limit the phenotypic maturation of mDCs upon stimulation
with LPS and resiquimod (TLR7/8 agonist), which would serve to hinder their antigen
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presentation capacity. This suppression occurs partially through CTLA-4 engagement.
Therefore, in addition to blunting T-cell responses directly during HIV-1 infection, pDC-
induced Tregs may also inhibit their induction and effector function by impairing antigen
presentation by mDCs (197). This finding highlights another dichotomous role of pDCs
during HIV-1 infection, given the previous findings that HIV-exposed pDCs can elicit
bystander activation and maturation of mDCs through the secretion of pro-inflammatory
cytokines, primarily TNFa, to enhance their antigen presentation capacity (25). Clearly,
finding the appropriate balance of all of these factors is crucial, and an improved
understanding of the optimal equilibrium of Tregs during HIV-1 infection will be vital to
understanding potential beneficial interventions in order to manipulate their function. To
better delineate the role of Tregs in the SIV model, attempts to block IDO with the inhibitor
1-methyl tryptophan (1mT) have been undertaken (198, 199). Only one of these studies
successfully increased the level of circulating tryptophan in animals following IDO blockade
with 1mT, and this resulted in improved viral control in animals receiving ART (198). Future
studies that optimize IDO blockade and Treg inhibition during SIV may be illustrative in
determining whether therapeutics that target Tregs are of value in improving viral control.

Summary and conclusions

We describe the differential dysregulation of mDCs and pDCs at various stages of HIV-1
infection, providing insight into immunopathogenesis. HIV-1 evades innate immune sensing
by mDCs resulting in suboptimal maturation, lending to poor generation of antiviral
immunity and contributing to Treg development. In addition to weak recognition of HIV-1,
mDCs display perturbed responses to traditional stimuli, such as TLR ligands, which vary
depending on the stage of infection. At very early stages of AHIV, mDC secretion of pro-
Th1 skewing cytokines is strongly hindered, resulting in inadequate stimulation of NK cells
and adaptive antiviral responses. In later stages of AHIV, mDCs conversely display
hyperreactivity contributing to overall immune activation, followed by resumption of
cytokine restriction during chronic infection that is only partially alleviated by suppressive
ART. Evidence suggests that the etiology of mDC dysregulation is multifactorial,
implicating a combination of viral and non-viral factors, including yet-to-be identified
suppressive plasma factors. Altered mDC function throughout HIV-1 infection may pose a
significant obstacle to therapeutic vaccine strategies that aim to enhance HIV-specific
adaptive responses. Attempts to overcome mDC suppressive factors with the use of mDC
adoptive immunotherapy and mDC-targeting vaccines have had only a modest degree of
success. The future and potential success of therapeutic HIV-1 vaccines may lie in our
improved ability to activate mDCs /n s/tuto combat suppressive factors. Focus should be
placed on further investigation of effective adjuvants and/or vectors in the context of altered
mDC function during HIV-1 infection. A more complete understanding of the factors that
lead to mDC suppression will have important implications for the design of such adjuvants.

pDC interactions with HIV-1 are pleotropic, modulating immune responses on an axis that
fluctuates between immunostimulatory and immunosuppressive. HIV-1 traffics to early
endosomal TLR-expressing compartments following CD4 binding on pDC, resulting in
robust and persistent secretion of type | IFN, but only weak enhancement of antigen
presentation. By serving as the major source of chronic type | IFN secretion during HIV-1
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infection, pDCs contribute to immune activation and exhaustion. In contrast, HIV-1 also
stimulates secretion of IDO by pDCs that results in the induction of Tregs, which not only
serve to blunt anti-HIV immune responses but also may dampen chronic immune activation.
Additional studies that directly or indirectly block type I IFN signaling and IDO expression
by pDCs /n vivowill be helpful to clarify their contribution to both immune activation and
viral control. A more refined understanding of the appropriate balance of each of these
factors will be vital to the design of therapeutics to enhance HIV-specific adaptive responses
and reduce immune activation. Ultimately, adjuvants and therapeutics that are able to target
both mDCs and pDCs may promote durable antiviral immunity by simultaneously
enhancing adaptive responses while limiting Tregs and/or immune activation and thus
facilitating progress toward viral eradication.
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Fig. 1. mDC function at various stages of HIV-1 infection
mDC function is suppressed during viral ramp-up (Fiebig stages I/11) and then transitions to

hyperresponsiveness to Toll-like receptor (TLR) ligation in the later Fiebig stages of AHI.
During chronic infection, mDC function is again suppressed upon TLR ligation, but this is
partially mitigated by suppressive ART.
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Fig. 2. Strategiesto overcome myeloid DC (mDC) dysfunction during HIV-1 infection
Augmentation of mDC function can be carried out ex vivo through activation and antigen

loading, followed by reintroduction of these modified cells to the patient as a form of
adoptive immunotherapy (left). Alternatively, mDC function can be rescued /n situ by mDC-
targeting formulations that are capable of combating the suppressive milieu present during
HIV-1 infection (right). Strategies include targeting mDCs by coupling HIV-protein to
monoclonal antibodies toward endocytic receptors on mDCs, utilization of recombinant
vectors that naturally target mDCs, or HIV-1 antigens co-formulated with mDC-activating
adjuvants.
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Fig. 3. The contrary roles of plasmacytoid DCs (pDCs) in HIV-1 infection
HIV-1 stimulates pDCs to produce interferona, which has antiviral functions, but persistent

secretion also contributes to immune activation. HIV-1 induces pDCs to secrete IDO, which
directs the formation of Tregs. Tregs have a dual role in dampening both immune activation
but also myeloid DC activation and HIV-specific effector T-cell responses.
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