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ABSTRACT

pDC are the most potent IFN-a-producing cells in the
body and serve as a vital link between innate and adap-
tive immunity. Deficiencies in pDC function were among
the earliest observations of immune dysfunction in
HIV-1 infection. Herein, we review the status of pDC in
individuals with HIV-1 infection and the potential role of
these cells in pathogenesis. We begin by reviewing the
basic properties of pDC and then discuss the compro-
mise in circulating pDC numbers and function in early
and viremic HIV-1 infection and mechanisms that might
account for their depletion in HIV-infected patients. In
addition, we review the evidence that chronic produc-
tion of IFN-«, probably through the chronic activation of
pDC, is central to the immune activation that is so detri-
mental in HIV infection. Finally, we discuss the impor-
tance of balance in pDC numbers and function and the
potential value of using absolute pDC counts and func-
tion as a biomarker, along with CD4" cell counts and VL
in HIV-1-infected patients. J. Leukoc. Biol. 87: 609-620;
2010.

pDC, THE NIPC

Human pDC are low-frequency cells found predominantly in
peripheral blood and lymphoid tissues that are best known for
their ability to produce large quantities of IFN-« in response
to stimulation with DNA or RNA viruses (reviewed in ref. [1]).
These cells, which were known originally as natural interferon-
producing cells (NIPC), were described by our group [1] and
the groups of Gunnar Alm, Giorgio Trinchieri, and Charles
Rinaldo in the 1980s and early 1990s as HLA-DR™ cells that
lacked markers characteristic of traditional PBMC lineages (T
cells, B cell, monocytes, and NK cells; reviewed in ref. [1]).

Abbreviations: BDCA-2=blood DC antigen-2, cDC=conventional (myeloid)
DC(s), CDC=U.S. Centers for Disease Control and Prevention, DC=dendritic
cell(s), DR5=death receptor 5, HAART=highly active anti-retroviral therapy,
IDO=indoleamine (2,3)dioxygenase, IFN-a=interferon-«, IKopDC=IFN-pro-
ducing killer pDC(s), IRF=IFN response factor, L=ligand, LN=lymph
node(s), LTNP=long-term nonprogressors, MxA=myxovirus-resistance
protein A, NIPC=natural IFN-producing cells, pDC=plasmacytoid DC(s),
SCID-hu=SCID-human, ssRNA=single-stranded RNA, TRAIL=TNF-related
apoptosis-inducing ligand, Treg=T regulatory cell, VL=viral load(s)
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Some of the earliest studies of the cells that produce IFN-a
were prompted initially by observations that the ability of
PBMC from AIDS patients was compromised severely in their
ability to produce IFN-« in vitro in response to stimulation with
virus (see below). Although Rinaldo’s [2] and our group [3, 4]
reported that the NIPC, including those that respond to
HIV-1, belong to the DC lineage, other early evidence indi-
cated that these cells were distinct from classical, mature DC
[5]. Further characterization of the NIPC had to await the rec-
ognition that there are subsets of human DC and that these
cells have distinct phenotypes as well as maturation states. Evi-
dence of such heterogeneity was provided, for example, by
O’Doherty et al. [6], who demonstrated that there were at
least two phenotypically distinct subpopulations of DC circulat-
ing in peripheral blood [6]. Recognition that NIPC were the
same cell type as a population that had been described alter-
natively as plasmacytoid monocytes [7] or pDC [8] finally
came in 1999 when Dr. Frederick Siegal and colleagues [9]
noted similarities in the cells that we had been studying in the
context of HIV infection and the cells that had been described
by Y. J. Liu and colleagues [9]; this finding was rapidly con-
firmed by Cella and colleagues [7]. The term “plasmacytoid”
refers to their plasma cell-like morphology, resulting from an
abundant cytoplasm with a well-developed endoplasmic reticu-
lum.

Although originally thought to be in the lymphoid lineage,
there is now evidence that there is plasticity in the pDC lin-
eage and that these cells can potentially be derived from lym-
phoid or myeloid precursors [10, 11]. A number of transcrip-
tion factors have been implicated in pDC development, includ-
ing IRF-4, IRF-8 [12], and Ikaros [13]. In humans, a role for
the ETS transcription factor SpiB has been reported for the
development of pDC [14] Recently, the basic helix-loop-helix
transcription factor E2-2 has been shown to be expressed pref-
erentially in murine and human pDC [15, 16]; deletion of mu-
rine E2-2 blocked the development of pDC [15]. In humans,
E2-2 was shown to cooperate with SpiB for the development of
pDC [16], and E2-2 haploinsufficiency in humans with Pitt-
Hopkins syndrome was found to be associated with an aber-
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rant pDC expression profile and impaired type I IFN re-
sponses [15]. E2-2 was further found to activate multiple pDC-
enriched genes directly, including transcription factors
involved in pDC development, such as SpiB and IRF-8, as well
as the transcription factor IRF-7, which is required for IFN-«
production [17]. The transcription factors Id2 and Id3 have
been reported to be negative regulators of pDC but not ¢cDC
development [18].

Originally described in humans, pDC have also been charac-
terized in a number of other mammalian species including
mice, rats, and monkeys [19-23]. The characterization of pDC
in mice was of particular importance, as the ability to knock
out specific genes in mice provides essential tools to probe
important pathways in these cells, and their characterization in
macaques is important for the study of these cells in nonhu-
man primate models of SIV-1 infection. It should be noted,
however, that murine and human pDC are not identical in
either phenotype or function; for example, although highly
purified human and murine pDC produce large quantities of
type I IFNs, murine but not human pDC readily produce IL-12
in response to viral or CpG stimuli [19, 24]. Moreover, murine
pDC express CD11c, B220 and SiglecH [20, 25, 26], and hu-
man pDC do not. Instead, human pDC can be identified by
their expression of CD123 (IL-3Ra chain) as well as BDCA-2
(CD303). Nonhuman primate pDC can be identified by many
of the same reagents used to identify human pDC [21, 27].
However, some of the available antibodies used to identify hu-
man pDC, such as human BDCA-2 (CD303), a C-type lectin
receptor expressed by pDC that has endocytic and signaling
capability, fail to react with macaque pDC. An improved set of
antibody reagents that identify nonhuman primate pDC is
needed and would facilitate SIV research.

In humans, pDC represent 0.2—0.5% of the circulating
PBMC, but each pDC is potent, being able to produce as
much as 3-10 pg IFN-a in response to HSV-1, a prototypic in-
ducer of IFN-« in these cells [28]; thus, although many cells in
the body have the potential to produce IFN-a, pDC produce
ten- to 1000-fold more IFN-a than these other cell types [9].
pDC respond to a wide range of enveloped viruses, including
HIV-1, with production of a broad range of IFN-a subtypes
and also produce other type 1 IFNs (IFN-B, -k, and -w, which
signal through the type I IFNR) as well as type III IFN (IFN-A
or CD28/CD29, which signal through a distinct receptor; re-
viewed in ref. [1]). In addition, pDC produce proinflamma-
tory cytokines TNF-a and IL-6 in response to viral stimulation,
as well as a number of chemokines, including CXCL10, CCL4,
and CCL5 [29-31]. The actual induction of IFN-a by viruses
in pDC is a two-step process: The recognition of viral enve-
lopes by C-type lectin receptors on pDC is important for viral
uptake [4, 32], but actual signaling for IFN-a production oc-
curs in the endosome, where TLR9Y is the receptor for viral
DNA [33-36], and TLR?7 is the receptor for viral ssRNA [37,
38]. IFN-a production can also be induced in pDC by type A
CpG, which interacts with endosomal TLR9 [39]; these non-
methylated CpG sequences are prominent in bacteria and vi-
ruses but are suppressed in the mammalian genome. In addi-
tion to RNA viruses, some synthetic ssSRNA and imidazoquino-
lones can induce IFN-a production in pDC through TLR7 [37,
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38]. In addition to cell-free viruses, virus-infected cells can be
potent inducers of IFN production by pDC [40, 41].

The production of IFN-a by pDC depends on the transcrip-
tion factor IRF-7, which we demonstrated to be expressed at
high constitutive levels in pDC but not other PBMC popula-
tions [42, 43]. Although many other cell types can make type I
IFNs, albeit at much lower levels than pDC, this constitutive
expression of IRF-7 and the lack of requirement for IRF-3 par-
ticipation are central to what makes pDC the “professional
IFN-a-producing cells” [17, 44]. In contrast, IRF-7 expression
must be up-regulated prior to the production of IFN-a in
other cell types, such as monocytes or fibroblasts, with initial
signaling through IRF-3 required before these cells can pro-
duce significant levels of IFN [45]. Following stimulation with
TLR7 or -9 agonists, IRF-7 is translocated rapidly to the nu-
cleus in pDC [43, 46]. In a recent study, failure of cord blood
pDC to produce IFN-a in response to stimulation with HSV or
CpGA was associated with a failure to translocate IRF-7 [47].
Translocation of IRF-7 (but not NF-kB) in pDC is dependent
on PI3K; interestingly, inhibition of PI3K results in inhibition
of IFN-a but not proinflammatory cytokine production by pDC
[48]. In collaboration with Betsy Barnes [42, 49], we demon-
strated that IRF-5 is also constitutively expressed in pDC, and
IRF-5 has been implicated in the cytokine induction pathway
in pDC [50, 51]; moreover, recent evidence suggests that IRF-5
is involved in IFN-a production as well [51, 52].

pDC: UNIQUE EFFECTORS AT THE
INTERFACE OF INNATE AND ADAPTIVE
IMMUNITY

As noted above, many cell types in the body have the ability to
produce IFN-« in response to acute viral infection, leading to
cytoplasmic expression of viral DNA or RNA and their inter-
mediates; these replicative intermediates are recognized by
intracellular sensors of RNA such as PKR, RIG-I, MDA-5, and
the intracellular DNA sensor, DAI (reviewed in ref. [1]). The
IFN-a produced in response to these stimuli results in the es-

tablishment of an antiviral program in neighboring, unin-
fected cells, thus limiting the spread of virus. Although the
majority of these other cell types requires viral gene expres-
sion and formation of replicative intermediates before the
presence of the virus can be detected, pDC produce IFN-« in
response to many viruses in the absence of viral gene expres-
sion, including, for example, inactivated HSV-1, influenza vi-
rus, and HIV-1. In addition, we have demonstrated that pDC
can produce IFN-a through preferential sampling of portions
of live, virus-infected cells through a process known as “nib-
bling” (ref. [53] and Wnek et al., manuscript in preparation).
Although monocyte-derived DC and circulating cDC can also
acquire cellular material from live cells [54], there is no selec-
tive uptake of material from virus-infected versus uninfected
cells by these DC (ref. [55] and Wnek et al., manuscript in
preparation).

The ability to respond to viruses in the absence of virus rep-
lication confers a clear advantage to the pDC over other po-
tential IFN-producing cells, as many viruses express gene prod-
ucts with the ability to block IFN-a production in the cells that
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they actively infect; these anti-IFN mechanisms are widespread
and diverse, underscoring the importance of the type I IFN
response in host defense (see Haller et al. [56] for an excel-
lent review about these virus-subversive measures). Direct en-
dosomal delivery of live or noninfectious virus to pDC largely
bypasses these viral subversive measures, as de novo gene ex-
pression is not typically required for the induction of IFN-«a in
pDC. On the other hand, the ability of pDC to respond to in-
activated virus leads to their potential overactivation in viremic
HIV disease, where a circulating defective virus is present at
high levels (see Conclusions and Perspectives). In some in-
stances where virus actively infects the pDC, such as with vesic-
ular stomatitis virus, pDC are able to deliver viral RNA to en-
dosomal compartments containing TLR7 through the process
of autophagy [57]; the degree to which this is a commonly
used pathway by pDC is not yet known. The endosomal loca-
tion of DNA- and RNA-sensing TLRs is important for pDC:
Extracellular host DNA or RNA, which might be released by
dying host cells, is degraded rapidly by extracellular nucleases;
only material that is actively endocytosed is able to stimulate
pDC through the TLR7 and -9 interactions.

pDC produce copious amounts of type I IFNs after viral
stimulation, all of which signal through the shared type I
IFNR, providing an antiviral effect that can be local and sys-
temic. Although the antiviral effects of pDC-derived type I
IFNs are clearly important, an equally, if not more important,
role of pDC is to provide an interface between these innate
immune effectors and other cells of the immune response.
Activated pDC acquire the ability to migrate to LN in response
to chemotactic signals delivered to CCR7, which is up-regu-
lated on pDC upon activation [7]. The pDC move from the
peripheral blood to the LN through interaction of their sur-
face CD62L with receptors in the high endothelial venules. In
addition to this recruitment of activated pDC, we have demon-
strated that nonactivated pDC reside in secondary lymphoid
tissues, including spleen, LN, and tonsil, where they can inter-
act with infected cells and virus that might be brought into the
LN through other cell types, such as migrating ¢cDC [53]. In
the absence of infection, these lymphoid tissue-resident pDC
are not preactivated and are fully capable of producing IFN-«
upon stimulation with virus. Within these secondary lymphoid
tissues, pDC can interact with T cells and NK cells, which they
can chemoattract through pDC-derived chemokines [29, 30],
and may be involved in stimulation of antibody responses as
well. pDC-derived IFN-a activates NK cells as well as CD4 " and
CDS8™ T cells; this activation as well as direct cell:cell contact
between pDC and NK cells and T cells give rise to enhanced
effector functions. Moreover, activated pDC can also migrate
to sites of tissue inflammation [7, 58]. IFN-a produced by pDC
has direct autocrine effects, leading to “priming” of enhanced
IFN-a production, in part, through the up-regulation of IRF-7
[43]. Additionally, IFN-« is an autocrine survival factor for
pDC, which are normally labile [59, 60]. pDC, through their
production of IFN-a and other cytokines, also enhance the
maturation of human CD11c" ¢DC in a bystander manner,
which has potentially important implications in the pathogene-
sis of lupus [61] and HIV-1 [62]. We [63] and others [36, 64]
have shown that pDC provide an accessory function that li-
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censes NK cells to kill virus-infected target cells, including
HIV-infected cells [65, 66]; in the absence of this stimulatory
signal, which is mediated by IFN-a as well as cell:cell interac-
tions, the NK cells fail to lyse virus-infected cells, including
cells infected with HIV-1 [66].

In addition to induction of IFN-a, activation of pDC
through TLR7 ligands sets into motion a maturation process
in these cells; upon viral stimulation, pDC up-regulate the ex-
pression of costimulatory molecules CD80 and CD86 as well as
MHC class I and class II molecules and also acquire CD40 and
CD83. Although initially considered to be inferior APCs com-
pared with cDC as a result of their lower rate of endocytosis
and lower expression of MHC class II [8], pDC are clearly en-
docytic [32, 46], and numerous studies have demonstrated the
ability of pDC to function as APC for CD4- and CD8-positive
cells (reviewed in ref. [1]).

The type of stimulus received by the pDC is an important
determinant in the outcome of the response: In response to
viruses and TLR7/9 ligands, pDC produce large amounts of
IFN-« and induce Th1 differentiation [60], and IFN-« has
been shown to bias CD4™ cells to a Thl phenotype [67], al-
though this biasing is not as strong as for IL-12 [68]. The type
of T cell responses induced by pDC are strongly influenced by
the signals received by the pDC; virus-stimulated pDC stimu-
late naive T cells to produce IFN-y and IL-10 [69], and stimu-
lation of pDC through CD40:CD40L interactions, in the pres-
ence of IL-3, was found to induce Th2 differentiation [8]. In
addition to their ability to influence the development of Thl
and Th2 responses, pDC have the potential to induce toler-
ance or Tregs (reviewed in ref. [70]), in part, through their
expression of IDO. As discussed below, pDC-derived IDO has
also been associated with HIV pathogenesis [71]. In addition
to their roles in directing Th cell subsets, virus-stimulated pDC
have been reported to have a role in the priming of CD8" T
cells [72-76]. Most recently, the ability of pDC to cross-present
vaccinal lipopeptides and HIV-1 antigens from apoptotic cells
to CD8™ T cells has been demonstrated [77]. This cross-pre-
sentation was amplified by exposure to influenza virus and oc-
curred at levels comparable with that of ¢cDC, thus implicating
cross-presentation as a potentially important in vivo function
of pDC. Supporting a potential role of IFN-« in this process is
the requirement for IFN-a signaling for the induction of
CD8™ cytotoxic T cells [74].

In addition to their effects on T cell polarization, pDC and
their production of IFN-a as well as IL-6 have been found to
participate in humoral immunity, having important roles in
class-switching and development of virus-specific antibodies
[78-81]. Thus, pDC are clearly multifunctional cells at the
interface of innate and adaptive immunity.

pDC IN HIV INFECTION

Deficient IFN-a production in patients infected with
HIV-1

The observation of deficient in vitro IFN-a production in HIV-
infected individuals was made early in the AIDS epidemic: We
observed that there was defective production of IFN-a by
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PBMC of patients with this novel syndrome in response to
HSV-infected fibroblasts or cell-free HSV virions, even when
corrected for the white blood count [82, 83]. This failure to
produce IFN-a was strongly associated with and predictive of
opportunistic infections in the immediate follow-up period
[83]. In fact, we reported that in this pre-HAART era, progres-
sion to opportunistic infections did not occur until absolute
CD4" cell counts and IFN-a production by PBMC fell below
critical levels (defined in that early study as CD4" cells<250
and IFN-a<<300 IU/ml). Other investigators later confirmed
the association of deficient in vitro production of IFN-a pro-
duction with opportunistic infections. As a distinct phenotypic
description for the NIPC was lacking, we used IFN-a bioassays
and later, ELISpot assays to assess functional capacity of the
NIPC and determined that not only did the patients have a
lower number of IFN-producing cells, but also, each cell made
less IFN-a on a per-cell basis in response to HSV-1 than did
healthy donors [28].

It was not until the definition of the NIPC/pDC phenotype
that it was possible to evaluate this functional deficiency in
NIPC with a phenotypic correlation. Beginning in 2001, we
[84] and several other groups [85-87] described a numerical
depletion in pDC in the peripheral blood of patients with
HIV-1 infection. In these studies, pDC numbers were found to
correlate with CD4 numbers and/or were inversely correlated
with VL. Our initial data suggested a functional, in addition to
numerical, deficiency in pDC in several patients with high VL
and low CD4" cell numbers; in these individuals, the propor-
tion of pDC that produced IFN-« in response to HSV-1, as de-
termined by intracellular staining for IFN-«, was diminished
compared with noninfected individuals or HIV-infected indi-
viduals with low VL and reasonably high CD4 counts [84]. A
protective role for pDC in HIV infection was suggested by Levy
and colleagues [86], who reported higher levels of pDC in
LTNP than even found in healthy, noninfected controls, and
Almeida et al. [88] described normal levels of pDC in a small
cohort group of LTNP. Although several studies clearly dem-
onstrated a correlation between deficient pDC numbers and
IFN-a production and progression of HIV infection, pDC
numbers were also found to be affected, albeit transiently, in
primary HIV infection as well [89, 90]. Moreover, in the latter
paper, remaining pDC were found to be refractory to produce
IFN-a in response to HSV-1.

Effect of HAART on pDC numbers and IFN-«
production in patients with HIV infection

We reported that IFN-a production normalized in individuals
receiving HAART and restoration of IFN-a production pre-
ceded restoration of CD4% T cell numbers [91]; however,
other groups demonstrated that at the cellular level, this re-
covery of pDC is incomplete, and absolute pDC numbers
never fully normalized [92-96]. The failure of individuals on
HAART to fully recover their pDC numbers is consistent with
the possibility that chronic HIV replication leads to a chronic
stimulation that is detrimental to maintaining pDC homeosta-
sis. Recently, much attention has been given to the accelerated
immunosenescence in patients with HIV infection [97]; in
CD4" cells, this is associated with replicative senescence and

612 Journal of Leukocyte Biology \Volume 87, April 2010

telomere shortening [98]. It is possible that the delayed start
of HAART, which has been the clinical norm, may be encour-
aging senescence not only in the CD4" T cells but also in the
pDC compartment as well. In support of this possibility were
the observations of Chehimi et al. [92], who reported that re-
covery of pDC in HAART patients was more complete in those
patients with the lowest baseline VL versus those with higher
VL, despite full suppression of virus in both groups, as well as
Kamga et al. [89], who reported the best reconstitution of
pDC and IFN production in patients treated with HAART
starting in primary infection. Likewise, Lichtner et al. [99] re-
ported that pDC levels in patients treated with HAART are
predictive of VL, independent of levels of CD4 T cell recovery.

In vivo and in vitro infection of pDC by HIV-1

pDC express the primary HIV-1 receptor, CD4, as well as the
two main coreceptors, CXCR4 and CCR5, and in vitro, they
can be infected with R5 and X4 strains of HIV-1 [100]. In
vitro, HIV-1 replication in pDC is enhanced by maturation of
the pDC with CD40L, as well as by inclusion of anti-IFN-« anti-
bodies in the culture media to prevent autocrine or paracrine
inhibition of viral replication [101, 102]. A recent study dem-
onstrated that IFN-a up-regulation of APOBEC3G in pDC is
involved in restricting HIV-1 infection in pDC [103, 104], and
pDC infected in vitro with HIV-1 are able to transmit the in-
fection to CD4" T cells [105], suggesting a mechanism by
which infected pDC could move to the LN, where they trans-
mit virus to CD4" cells. Whether pDC are infected with HIV-1
in vivo has been controversial, and purity of the pDC preps
was examined clearly as an important factor. For example, in
one study, pDC were reported to harbor HIV-1 provirus at fre-
quencies similar to that of CD4" T cells [106], and in another
study of patients on HAART, pDC were not found to harbor
HIV-1, leading to the conclusion that circulating pDC are not
a major reservoir for HIV-1 [107]. In an experimental SCID-hu
model for HIV-1 infection, pDC were clearly demonstrated to
become productively infected and produce IFN-« in the im-
planted human thymus [108]. It is possible, however, that pDC
are not resident in the blood long enough to become latently
infected with HIV-1.

Induction of IFN-a by HIV-1
Along with the many viruses that induce IFN-« in pDC, cell-
free HIV-1 and HIV-infected cells are able to induce IFN-a
production by pDC [38, 40, 62, 109]. Unlike with HSV-1 or
influenza virus, however, where low multiplicities of infection
are required to induce IFN-a (typically in the range of one
infectious particle/cell) [109], for HIV-1, virus in the range of
300-1000 ng/ml p24 is required—as much as 10,000 50% tis-
sue culture infective dose [38, 62]. In contrast to the require-
ment for high levels of cell-free HIV-1 to induce IFN-q,
Schmidt et al. [40] reported that cells acutely infected with
low titers of HIV-1 were able to induce IFN-a production effi-
ciently by pDC [40].

For cellfree virus, induction of IFN-a by HIV-1 is dependent
on the interaction of gp120 with CD4 on the pDC; this envel-
ope:CD4 interaction results in endocytosis of HIV-1 into chlo-
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roquine-sensitive compartments and is not dependent on the
interaction of HIV-1 with CXCR4 or CCR5 coreceptors. Once
inside the endosomal compartments, HIV-1 nucleic acid sig-
nals mainly through TLR7. Further, endosomally delivered
HIV-1 RNA rather than DNA in early retrotranscripts was
found to induce IFN-a in pDC [38]. Although one study sug-
gested that gp120 itself is sufficient for the induction of IFN-a
in pDC [110], the majority of studies, including our own, has
failed to confirm this result. Beignon et al. [38], for example,
demonstrated that although binding of HIV-1 to surface recep-
tors on pDC was required, internalization of HIV-1 into acidic
compartments is required for induction of IFN-a, as is the
presence of viral nucleic acid, as viral RNA packaging-deficient
HIV-1 was not able to induce IFN-« expression. The impor-
tance of the initial interaction of gp120 with CD4, however, is
supported by a recent study demonstrating using envelope-
recombinant viruses, where affinity of viral gp120 for CD4
rather than viral tropism (i.e., X4 or Rb) is the primary deter-
minant in the ability of HIV-1 to induce IFN-« in pDC [111].
The reasons for the requirement of such large quantities of
cellfree HIV-1 for the induction of IFN-a by HIV-1 are un-
clear. A number of studies have demonstrated that pDC can
be productively infected with HIV-1 and that this infection
leads to cell death [102, 112-114]; this observation probably
explains why aldrithiol-2-inactivated HIV-1 is somewhat more
efficient at inducing IFN-a than infectious virus. However,
even nonchemically inactivated HIV-1 preparations contain a
large preponderance of noninfectious to infectious viral parti-
cles, and live virus is estimated to make up only 0.1% of the
virion particles in a typical HIV-1 prep, and in vivo, noninfec-
tious particles are estimated to outnumber infectious particles
by a factor of 10°~10* [115, 116]. Autocrine antiviral effects of
HIV-induced IFN on the pDC are supported by the observa-
tion that increased HIV-1 replication occurs when neutralizing
anti-IFN antibodies are included in the cultures. Direct sup-
pressive effects of several different HIV-1 gene products have
been suggested. Martinelli et al. [117] reported that not only
does soluble HIV-1 gp120 not induce IFN-a in pDC, but also,
it can inhibit the production of IFN-a as well as subsequent
maturation in response to subsequent stimulation with the
TLRY agonists CpGA or HSV-2. Interestingly, they found no
inhibition of IFN-« production in response to imiquimod,
which activates pDC through TLR7. An even stronger effect of
inhibition was seen with trimeric gp120 as compared with mo-
nomeric gp120. These results are reminiscent of our report
that cross-linking CD4 with antibodies delivered a strong inhib-
itory signal for pDC IFN-a production [46]. Likewise Vpr, a
small accessory HIV gene product that can be detected in
plasma of HIV-1-seropositive individuals, strongly inhibited
type 1 IFN production by pDC without inducing their apopto-
sis [118]. These authors also found that Vpr inhibited subse-
quent pDC/NK interactions. A role for HIV-1 matrix protein
pl7 in pDC dysregulation has also been reported; pl7 treat-
ment was found to up-regulate CCR7, which should then con-
fer upon them a migratory phenotype, but failed to up-regu-
late maturation and costimulatory molecules on the pDC,
which would usually accompany CCR7 expression. The authors
propose that circulating pDC would be induced to migrate
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prematurely to the LN, where they would retain the capacity
to produce IFN-a but would not be mature [119]. Finally, mul-
tiple effects of HIV-1 Nef on monocyte-derived DC and bone
marrow-derived pDC biology have been described, but specific
effects of Nef on pDC function are not known [120].

Evidence of in vivo production of IFN-a in HIV
infection

The presence of circulating IFN-« in the serum of some HIV-
infected individuals was one of the earliest immune alterations
discovered in AIDS [121]; like deficient in vitro production of
IFN-a by NIPC, the presence of serum IFN was associated with
a poor prognosis. Curiously, the circulating IFN-a in patients
with HIV was found to be sensitive to treatment at pH 2, al-
though none of the individual IFN-a subtypes are themselves
intrinsically acid-labile; furthermore, Gendelman and col-
leagues [122] isolated the IFN-o from plasma from HIV-in-
fected individuals and found that the purifed IFN-a was not
acid-labile [123]; instead, a serum factor found in HIV-in-
fected individuals as well as individuals with lupus is able to
confer the lability [124, 125]. Moreover, although presumed
by many to be the pDC, the source of the circulating IFN-«
has not been described definitively.

Evidence that pDC produce IFN-« in situ in response to
HIV-1 comes from a study by Gurney et al. [108], who were
studying pDC in thymus in a SCID-hu model. This pDC-de-
rived IFN inhibited HIV-1 production directly in the HIV-in-
fected thymus, and their depletion augmented HIV-1 replica-
tion dramatically. Although the majority of reports indicates
that circulating pDC in HIV-infected individuals do not consti-
tutively produce IFN-a, as detected by intracellular flow cytom-
etry or IFN bioassay (see, for example, ref. [84]), Lehmann
and colleagues [126] found an increased expression of IFN-o
mRNA in PBMC and pDC when isolated directly from CDC
Stage C HIV-infected patients relative to controls and CDC
Stage A patients; interestingly, there were no differences in
IFN-a mRNA in lymphoid tissue between controls and pa-
tients. Further evidence for an IFN “signature” was found in
an increased MxA gene expression in PBMC but not lymphoid
tissue. These investigators also reported extremely high consti-
tutive levels of intracellular IFN-a expressed by all of the pDC
from patients and controls, a result that contradicts others.
Two other reports suggest a strong IFN signature in vivo: Til-
ton et al. [127] demonstrated a reduced capacity of pDC from
individuals who were on short-term interruption of HAART-
treated to produce IFN-o, which was accompanied by an up-
regulation of type 1 IFN response genes in PBMC and lym-
phoid tissues. These investigators suggest that the failure of
pDC from these patients to produce IFN-« in vitro may not
reflect an intrinsic deficiency in the pDC but rather, a refrac-
tory period for the pDC after they have been stimulated in
vivo with virus or type 1 IFNs; they demonstrate further that a
similar refractoriness occurs in pDC of HCV patients treated
with IFN-a2B. In the second paper, Badolato report [128] that
in children who were infected perinatally with HIV-1, there is
MXxA expression, even at times when serum IFN-« is low. It is
possible that given the ubiquitous expression of IFN-a recep-
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tors and the short half-life of this cytokine, measurements of
serum IFN-a might not fully reflect its presence and activity.

Mechanisms of depletion of circulating pDC

The mechanisms that account for the decreased circulating
pDC and their dysfunction in HIV-infected patients are cur-
rently a topic of intense investigation. It has been suggested
that in HIV infection, pDC are activated in the periphery and
are then recruited to the LN, thus accounting for the lower
circulating numbers of pDC; indeed, the depletion of pDC in
the peripheral blood of patients with systemic lupus has been
associated with redistribution of these cells to lesions in the
skin [129]. Such redistribution of pDC was observed early after
SIV infection by Barratt-Boyes and colleagues [130, 131] and
others [132], and Dillon et al. [133] have reported that ¢cDC
and pDC accumulated in the LN of asymptomatic, untreated,
HIV-l-infected subjects at a point when pDC were only de-
pleted modestly from the peripheral blood. pDC have also
been reported to accumulate in the lymphoid tissues, includ-
ing spleen, of chronically infected individuals [134, 135]. The
accumulation of the pDC in the spleen was associated with a
high pro-VL; interestingly, however, in that study, although
IFN-a was found in situ in the spleens from HIV-infected indi-
viduals, pDC were not the major source for the IFN-a [134].
In contrast to the reports of accumulation of pDC in lymphoid
tissue, a parallel depletion of cDC (or myeloid) and pDC from
the blood and LN of chronically infected monkeys was re-
ported [136]. Likewise, Biancotto et al. [137] have recently
found a dramatic depletion of ¢DC and pDC in LN of HIV"
individuals, and Badolato et al. [128] found dramatic deple-
tion of pDC in tonsils of HIV-infected children. Thus, it ap-
pears that redistribution of pDC to the LN in HIV-infected
individuals is insufficient to explain the peripheral depletion
of these cells, especially in viremic individuals, although it is
possible that the pDC, which do get recruited to the LN, die
rapidly [132, 138]. Complicating further the issue of the fate
of circulating pDC in HIV-infected patients are the observa-
tions of phenotypic changes in circulating pDC from patients
chronically infected with HIV-1. Dillon et al. [133] have re-
ported that circulating pDC and those that accumulate in the
LN of asymptomatic subjects have what they termed a “partial
activation phenotype” with a significant increase in the expres-
sion of CD40; these partially activated pDC also demonstrated
a reduced capacity to migrate in response to CXCL12. In re-
cent studies, our lab has found evidence for multifactorial
changes in circulating pDC from patients; we observed subsets
of pDC undergoing apoptosis (as evidenced by increased acti-
vated caspase 3" pDC), increased pDC expressing activation
and maturation markers, as well as replacement of dying or
migrating pDC with less-mature pDC that express lower levels
of IRF-7 (Feng et al., submitted). Moreover, we observe that
coculture of pDC with acutely HIV-infected autologous or het-
erologous CD4" T cells or with chronically HIV-infected H9
cells leads to pDC:CD4" T cell fusion; inhibition of cell:cell
fusion was found to rescue pDC IFN-a production (E. S. Ja-
cobs et al., manuscript in preparation). The possible contribu-
tion of cell:cell fusion to pDC loss has also been proposed by
Fauci and colleagues [139]. An additional possibility that
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needs to be addressed is whether deficient pDC in advanced
HIV infection could, in part, result from a failure of the bone
marrow to produce adequate numbers of pDC. A summary of
some of the contributory factors to and consequences of pDC
depletion is shown in Figure 1.

Effects of HIV infection on other functions of pDC
In addition to their well-known role as IFN-producing cells, as
described above, pDC produce other cytokines and interact
with other cell types. A number of studies have addressed
some of these other functions of pDC from HIV-infected indi-
viduals. Defective stimulation by pDC in the allogeneic mixed
lymphocyte reaction has been described [106], as well as a
partial activation rather than full activation phenotype [133].
Defects have also been reported in the ability of TLR7/9 ago-
nists to up-regulate CCR7 expression and maturation markers
in pDC from HIV-infected donors [140]. Interestingly, Sach-
deva et al. [141] reported that the IFN-a and proinflammatory
cytokine (IL-6 and TNF-a) production by pDC are not neces-
sarily coupled: In HAART-treated patients with poor CD4 re-
constitution, pDC production of IFN-a but not TNF-a and IL-6
was impaired. In fact, spontaneous production of proinflam-
matory cytokines by pDC from HIV-infected individuals in the
absence of additional stimuli has been reported [88]. Another
area of interest is the potential defect in the interaction of
pDC with NK cells. In a recent study, defective NK activity in
viremic HIV infection was attributed to NK cells and defects in
pDC [142, 143]. HIV gene products may have a direct role in
these defective interactions: Along with inhibiting IFN-a pro-
duction, trimeric gp120 was found to interfere with pDC-in-
duced NK cytolytic activity [117].

pDC as mediators of overzealous immune activation
in HIV-1 infection

Although as described above, there is significant evidence for
association of loss of circulating pDC with HIV disease progres-
sion, other evidence suggests that chronic production of IFN-a
can have detrimental effects in HIV- or SIV-infected individu-
als. Whether IFN-a is beneficial or detrimental in HIV infec-
tion remains somewhat controversial. As reviewed by Herbeu-
val and Shearer [116], some early trials of IFN therapy in HIV-
infected subjects showed only modest beneficial effects,
whereas other studies suggested a negative association of the
presence of IFN-a on HIV infection. In fact, these same au-
thors have reported that IFN-o, which is produced in response to
the high levels of HIV-1 virions found in patients, leads to the
up-regulation of the TRAIL death molecule on uninfected T
cells. In addition, they demonstrated that in vitro exposure of
pDC to HIV-1 leads to up-regulation of TRAIL on the pDC
themselves, turning them into IKpDC capable of killing HIV-
infected SupT1 cells through the TRAIL pathway [116, 144—
146]. Moreover, Stingl and colleagues [147] reported recently
that TRAIL is expressed on as many as half of the circulating
pDC in HIV-infected individuals and that these TRAIL-express-
ing pDC can kill HIV-infected T cells and even T cells associ-
ated with noninfectious HIV particles. They propose that mi-
gration of these killer pDC to the LN could be responsible for
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Figure 1. Fate of pDC in HIV-infected individuals. pDC enter the circulation from the bone marrow, where they migrate to the lymphoid tissue
directly or circulate until they encounter live or defective HIV-1 or other pathogens. Encounter with HIV-1 leads to pDC activation and produc-
tion of IFN-a, partial or full maturation of the pDC, apoptosis of the pDC, or fusion of the pDC with HIV-infected CD4 " cells. This can result in
migration of the pDC to the LN and replacement with immature pDC from the bone marrow. At later times, we hypothesize that bone marrow
output of nascent pDC may decline as a result of replicative exhaustion. High levels of IFN-a induce TRAIL expression on pDC, making them into
IKpDC as well as DR expression CD4" T cells. This in turn is hypothesized to lead to killing and depletion of infected T cells and T cells that

have encountered defective virus as well as death of the pDC.

the depletion of uninfected CD4 cells. Interestingly, they did
not find similar generation of IKpDC in patients with varicella
zoster virus or hepatitis C virus infection [147]. However, Che-
himi et al. [148] has questioned recently whether lysis of HIV-
infected T cells by TRAIL-expressing pDC has physiological
significance. These investigators evaluated blood from HIV-
infected subjects and confirmed the expression of TRAIL on
circulating pDC; however, although the activated pDC from
these donors were able to kill DR5-expressing, HIV-infected
SupT1 cells (in agreement with Shearer and colleagues [116,
144-146]), these pDC did not kill autologous, HIV-infected
CD4™ T cells, which did not express DR5. Moreover, compara-
ble levels of type I IFN were found in plasma of viremic,
HAART-treated vs. control subjects, potentially arguing against
a sustained type I IFN signaling specific to chronic HIV infec-
tion.

A role for IDO production by activated pDC in response to
HIV-1 in vivo or in vitro, leading to T cell activation and dys-
function, has also been reported [71, 149, 150], and Manches
et al. [151] have demonstrated the pDC-derived, IDO-depen-
dent induction of Tregs, which may serve to regulate and po-
tentially limit protective anti-HIV immune responses [132].

Further evidence for a potentially detrimental role for pDC
in lentiviral infection is the recent observation that although
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in the rhesus macaque, SIV infection leads to IFN-a produc-
tion by pDC and chronic immune activation, in the natural
host for SIV—the Sooty Mangabey, where the virus is non-
pathogenic despite ongoing replication—there is a failure of
the pDC to produce high levels of IFN-« as a result of an en-
dogenous defect in IRF-7 [152]. It is speculated that in the
absence of strong production of IFN-a, strong detrimental im-
mune activation triggered by IFN-a does not occur. However,
a recent paper by Campillo-Giminez et al. [153] draws differ-
ent conclusions regarding nonpathogenic SIV infection: These
authors found that rhesus macaques and African green mon-
keys produce similar levels of IFN-« in response to SIV infec-
tion and instead, associated pathogenesis with an enhanced
recruitment of pDC to the LN and an inflammatory environ-
ment early after infection. A further association of an overzeal-
ous production of IFN-a and HIV progression was reported
recently by Altfeld and colleagues [154]; these investigators
found that women, who progress more rapidly to AIDS than
men, produced more IFN-« in response to TLR7 agonists and
had higher levels of CD8" cell activation than men when cor-
rected for VL. Interestingly, there were no differences in re-
sponse to CpG-A (a TLRY agonist) or in TNF-a production
between men and women. This higher level of IFN-a produc-
tion in females in response to TLR7 stimulation has been pro-
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posed to reflect escape of X-chromosome inactivation of TLR7
(which is encoded on the X chromosome), leading to higher
levels of IFN-a production in females; moreover, this higher
production of IFN-a in females may be associated with the
much higher levels of lupus, a disease that is clearly linked to
pDC and IFN-q, seen in females [155]. In the case of HIV-1
infection, these higher levels of activation could be responsible
initially for the lower VL seen in women earlier in infection,
but relentless, chronic activation may lead to accelerated pro-
gression to AIDS.

CONCLUSIONS AND PERSPECTIVES

The status and role of pDC in HIV-1 infection are clearly com-
plex; as outlined above, the loss of pDC function is strongly
associated with disease progression in HIV and insufficient
pDC interaction with other cell types. Additionally, the pres-
ence of a strong pDC response is seen in virus controllers and
LTNP. On the other hand, chronic activation of pDC, particu-

pDCin HIV Infection

Chronic
pDC
stimulation

Loss of pDC
numbers and
function

Increased death receptor expression
Increased TRAIL expression
Increased viral replication
Bystander cell apoptosis
Treg induction
Pathogenesis

Reduced anti-viral activity
Reduced NK activity
pDC death
T cell death
Pathogenesis

Reduced viral replication
Antigen presentation
Infected cell killing
pDC, T cell survival
Virus control

Figure 2. Keeping the balance of pDC activity in HIV infection. Loss
of a balanced pDC response is of great importance in HIV-1 pathogen-
esis. Depletion of pDC numbers and their functional activity can have
a number of effects that lead to HIV pathogenesis. In addition to lim-
iting virus replication through the production of IFN-a, pDC function
is critical for licensing effective NK and for preventing pDC and T cell
apoptosis. Loss of pDC in viremic HIV-1 infection (right pan in the
balance) results in increased virus replication, decreased killing of vi-
rus-infected cells, as well as pDC and CD4" T cell death, all leading to
HIV pathogenesis. On the contrary, chronic stimulation of pDC leads
to expression of TRAIL on CD4 T cells and pDC and the expression
of DRs on CD4" T cells, which contributes to the induction of apopto-
sis of uninfected CD4" T cells through IKpDC (left pan of the bal-
ance). Additionally, chronic stimulation of pDC driven by continual
HIV production can lead to the generation of Tregs through the in-
duction of IDO, which attenuates the immune response when it is
most critical and fosters an increase in viral replication. However, the
correct balance of pDC activation and the subsequent functions of
pDC will result in proper antigen presentation and elimination of
HIV-infected cells and decreased viral replication and allow for the
survival of pDC and CD4 T cells that are required for an effective im-
mune response (“balance”). We hypothesize that steps to prevent this
chronic stimulation of the pDC, perhaps by early antiretroviral ther-
apy, will preserve normal, protective pDC function.
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larly through TLR7, can lead to detrimental effects of IFN-c,
including induction of IDO and up-regulation of TRAIL on T
cells and pDC, leading to increased killing of CD4™ T cells as
well as killing of uninfected T cells by so-called “killer” pDC.
These seemingly contradictory observations underlie the im-
portance of maintaining balance in the IFN-« system: Under-
production and chronic overproduction of IFN-a by pDC can
be expected to have detrimental effects to the host (Fig. 2).
Evidence of immune exhaustion of pDC and better reconstitu-
tion of pDC in patients treated early on with antiretroviral
therapy argue that an earlier start to HAART might result not
only in lowering of the viral set-point but also preservation of
pDC numbers and function [89, 92]. We had suggested previ-
ously that given the discordance of CD4 counts with pDC
numbers that occur frequently early and late in disease, moni-
toring pDC numbers along with CD4 counts will provide the
clinician with better information about the innate and adap-
tive immune system in HIV infection [156], which has also
been proposed by Hosmalin and colleagues [89].
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