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Reduced frequencies of myeloid and plasmacytoid dendritic cell (DC) subsets (mDCs and pDCs, respec-
tively) have been observed in the peripheral blood of HIV-1-infected individuals throughout the course of
disease. Accumulation of DCs in lymph nodes (LNs) may partly account for the decreased numbers observed
in blood, but increased DC death may also be a contributing factor. We used multiparameter flow cytometry
to evaluate pro- and antiapoptotic markers in blood mDCs and pDCs from untreated HIV-1-infected donors,
from a subset of infected donors before and after receiving antiretroviral therapy (ART), and from uninfected
control donors. Blood mDCs, but not pDCs, from untreated HIV-1-infected donors expressed lower levels of
antiapoptotic Bcl-2 than DCs from uninfected donors. A subset of HIV-1-infected donors had elevated fre-
quencies of proapoptotic caspase-3* blood mDCs, and positive correlations were observed between caspase-3*
mDC frequencies and plasma viral load and CD8" T-cell activation levels. Caspase-3™ mDC frequencies, but
not mDC Bcl-2 expression, were reduced with viral suppression on ART. Apoptosis markers on DCs in blood
and LN samples from a cohort of untreated, HIV-1-infected donors with chronic disease were also evaluated.
LN mDCs displayed higher levels of Bcl-2 and lower caspase-3* frequencies than did matched blood mDCs.
Conversely, LN pDCs expressed lower Bcl-2 levels than their blood counterparts. In summary, blood mDCs
from untreated HIV-1-infected subjects displayed a proapoptotic profile that was partially reversed with viral
suppression, suggesting that DC death may be a factor contributing to blood DC depletion in the setting of

chronic, untreated HIV disease.

Dendritic cells (DCs) are antigen-presenting cells (APCs)
found throughout the body that are central in bridging innate
and adaptive immune responses (5, 6). Immature DCs typically
detect the presence of microbes through the binding of con-
served molecular patterns to pattern recognition receptors
(PRRs) such as C-type lectins and Toll-like receptors (TLRs)
(32, 55). DCs exposed to microbial products then undergo a
regulated maturation process, migrate to lymph nodes (LNs)
and stimulate naive T cells and other immune cells to induce
appropriate adaptive immune responses (5, 6). Although
shown to be the most potent of the APCs in activating naive T
cells, DCs have also recently been shown to play a crucial role
in reactivating memory T cells (43, 95, 99) and in maintaining
peripheral tolerance to self-antigens (91, 92).

Human DCs can be divided into myeloid DC (mDC) and
plasmacytoid DC (pDC) subsets that differ in ontogeny, phe-
notype, and function (19, 50, 51, 53, 54, 61, 77-79, 87, 94).
Specifically, pDCs are considered to be involved in antiviral
immunity, are capable of sensing viral single-stranded RNA
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(ssRNA) through TLR7 and bacterial CpG DNA through
TLRY, and predominantly produce type I interferons (IFNs).
Conversely, mDCs sense both bacterial and viral pattern motifs
through a broader range of TLRs (TLR1 to TLRS8) and are
involved in the induction of T helper 1 (Thl)- and Th2-type
responses through the production of cytokines such as inter-
leukin-12 (IL-12) and IL-10.

Frequencies of both mDC and pDC subsets are decreased in
peripheral blood and their APC functions altered in the setting
of HIV-1 infection (9, 21, 25, 27, 28, 30, 36, 37, 65, 67, 75, 88).
We and others have investigated possible mechanisms under-
lying the observed decrease in blood DCs. During acute and
early chronic infection, DCs were found to accumulate in LNs
(25, 64), and yet in late-stage disease, a dramatic depletion of
LN DCs was observed (11). Decreased frequencies of LN
mDCs and pDCs were also seen in a model of simian AIDS
(17). However, in acute SIV infection, although increased mi-
gration of pDCs to peripheral LNs was detected, increased
pDC death was also noted (18).

Apoptosis, a form of programmed cell death, results from a
series of tightly controlled complex pathways (3, 29). These
signaling cascades are typically initiated either extrinsically,
through death receptors on the surfaces of cells, or intrinsi-
cally, through disruption in intracellular homeostasis, a process
critically dependent on mitochondria. Although initiation of
these pathways differs, there is significant cross talk and con-
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TABLE 1. Study subject characteristics”

Study type and parameter

HIV-1-infected donors Seronegative donors

PBMC studies
Gender (no. male, no. female)
Age (yr)
CD4" T-cell count (cells/mm?)
Viral load (HIV-1 RNA copies/ml of plasma)

Treatment follow-up studies
Gender (no. male, no. female)
Time on treatment (mo)
CD4" T-cell count (cells/mm?)
Viral load (HIV-1 RNA copies/ml of plasma)

LN studies
Gender (no. male, no. female)
Age (yr)
CD4" T-cell count (cells/mm?)
Viral load (HIV-1 RNA copies/ml of plasma)

19, 4 8,11
41 (24-60) 30 (25-52)
312 (7-945)

89,700 (6,390-220,000)

9,2
12.5 (3-18.5)

481 (90-975)

<48 (48-115)

2,4
37 (25-45)
663 (271-1,117)
20,292 (1,820-50,119)

“ Data are presented as the median (range) where applicable.

vergence between the two (3, 29, 49). Death receptors belong
to the tumor necrosis factor receptor (TNFR) superfamily,
including such members as Fas and TNFR1, and induce apop-
tosis signaling cascades after activation via specific ligands
(e.g., Fas ligand [FasL] and TNF) (40, 85). Members of the
Bcl-2 family are crucial in mediating apoptosis following intra-
cellular disturbances and can either be proapoptotic (e.g., Bax
and Bim) or antiapoptotic (e.g., Bcl-2 and Bel-XL) (3, 22). It
has been proposed that the antiapoptotic proteins interact with
and inhibit the function of the proapoptotic proteins (3). The
induction of either the extrinsic or intrinsic pathway results in
the activation of specific initiator cysteine aspartate-specific
proteases (caspases), ultimately leading to activation of effec-
tor caspases (e.g., caspase-3, -6, and -7) and cell death (3, 24).
Effector caspases are common to both the extrinsic and intrin-
sic pathway and a characteristic of apoptosis that is, therefore,
independent of the initial induction point (3, 24).

Early studies of T-cell dysfunction during HIV-1 infection
showed increased susceptibility of blood CD4* and CD8" T
cells to apoptosis in vitro (35). Subsequent in vivo studies dem-
onstrated apoptotic T cells and B cells within the LNs of
HIV-1-infected individuals (13, 74). Increased blood T-cell
apoptosis has been associated with disease progression, (26, 34,
73, 98), and the expression of markers of apoptosis is predictive
of adverse clinical events (96).

A number of studies have demonstrated a role for DCs in
the induction of T-cell apoptosis (20, 45-47, 58, 68, 82, 89).
However, despite multiple observations of decreased frequen-
cies of blood DCs during the course of HIV-1 infection, inves-
tigations into DC apoptosis in the setting of HIV-1 disease
have been limited. Increased HIV-1 replication in pDCs and
pDC death has been shown to occur following CD40 ligation in
vitro (84), and a recent study by Myers et al. demonstrated
increased pDC apoptosis in response to exposure to HIV-1 in
vitro, a process likely mediated through pDC-HIV-1 fusion
(72). Few studies have addressed the impact of HIV-1 infec-
tion on DC survival in vivo. Brown et al. demonstrated that
both increased pDC migration to LNs and increased pDC

death within the LNs contributed to depletion of pDCs in a
monkey model of acute SIV infection (18).

We hypothesized that reduced frequencies of blood DCs
were, in part, related to increased DC apoptosis during HIV-1
infection. In this present study, we investigated whether blood
DCs from HIV-1-infected individuals, evaluated directly ex
vivo or after overnight in vitro culture, displayed altered levels
of pro- and antiapoptotic markers compared to those of unin-
fected donor DCs. We also evaluated associations between
expression of apoptotic markers and markers of clinical HIV-1
disease progression, including plasma viral load, CD4 count,
and level of T-cell activation. Further, we investigated whether
viral suppression with antiretroviral therapy (ART) modulated
the apoptotic profile of blood DCs. We also compared blood
and LN DC apoptotic profiles in HIV-1-infected individuals.
Lastly, we evaluated how innate signaling contributed to the
survival of blood DCs by stimulating total peripheral blood
mononuclear cells (PBMC) with viral and bacterial TLR li-
gands (TLRLs) in vitro and assessing apoptotic markers on
mDC and pDC subsets.

MATERIALS AND METHODS

Study participants. For PBMC studies, blood samples were obtained from 23
HIV-1-infected subjects (Table 1) who were receiving care at the University of
Colorado Infectious Disease Group Practice, University of Colorado Hospital
(Aurora, CO). Inclusion criteria included being ART naive or on no ART for at
least 6 months at the time of screening. Subjects coinfected with hepatitis C were
excluded from the study. To assess the effect of ART, a second blood sample was
obtained from 11 of these 23 HIV-1-infected donors after having received at
least 3 months of ART. Blood samples were also obtained from 19 healthy
adults, self-identifying as HIV-1-uninfected (seronegative), and used as controls.

Inguinal LNs were collected from HIV-1-infected donors that were ART naive
or not receiving ART for 3 months (n = 6; Table 1) as previously described in
detail (25). Autologous blood samples were collected at the same time as col-
lection of LNs.

All study subjects participated voluntarily and gave written, informed consent.
The PBMC and LN studies were approved by the Colorado Multiple Institu-
tional Review Board (COMIRB) at the University of Colorado Denver.

Isolation of PBMC and LN cells. PBMC from seronegative and HIV-1-in-
fected donors were isolated from heparinized blood by gradient density centrif-
ugation using previously described standard techniques (25). To prevent unin-
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tended cell death, all blood samples were processed within 3 h after drawing of
blood, and no statistical difference was found in the median time between blood
draw and processing of the blood samples from seronegative or HIV-1-infected
donors (data not shown).

Inguinal LNs from HIV-1-infected donors were processed as described previ-
ously (25). All LNs and matched PBMC samples were processed within 1 h. For
these studies, disaggregated LN cells and matched PBMC were cryopreserved in
freezing medium consisting of RPMI 1640 medium (Invitrogen, Carlsbad, CA)
plus 1% penicillin-streptomycin-L-glutamine (Invitrogen), 45% fetal bovine se-
rum (FBS; Sigma-Aldrich, St. Louis, MO), and 10% dimethyl sulfoxide (Fisher
Scientific, Pittsburgh, PA) and stored in liquid nitrogen. LN cells and PBMC
were thawed in RPMI 1640 medium, 1% penicillin-streptomycin-L-glutamine,
10% FBS, 10 pg of DNase I (Sigma-Aldrich)/ml prior to undergoing flow cy-
tometry staining and analysis as detailed below.

Evaluation of activation and apoptosis levels of blood DCs. Previous work
evaluating apoptosis in total PBMC demonstrated minimal differences in apop-
tosis of PBMC from seronegative and HIV-1-infected donors directly ex vivo but,
after overnight in vitro culture, significantly higher frequencies of apoptotic cells
in PBMC from HIV-1-infected donors relative to seronegative donors were
observed (76). Therefore, we also measured apoptosis markers on blood DCs in
PBMC both directly ex vivo and after culturing total PBMC in vitro for 13 to 20 h.
PBMC were immediately stained with monoclonal antibodies to enumerate DC
subsets and determine their activation and apoptosis status and were also cul-
tured overnight with or without various TLRLs and apoptosis states determined.

Monoclonal antibodies and apoptotic markers. The following antibodies were
used to identify blood or LN DCs directly ex vivo or blood DCs after overnight
in vitro culture: fluorescein isothiocyanate (FITC)-labeled anti-lineage (Lin)
cocktail CD3/CD14/CD16/CD19/CD20/CD56), FITC-labeled anti-CD34 and al-
lophycocyanin (APC)-Cy7-labeled anti-HLA-DR, phycoerythrin (PE)-Cy5- or
PE-labeled CD11c (all BD Biosciences, San Jose, CA) and APC-labeled CD123
(IL-3R; Miltenyi Biotec, Auburn, CA). DC subsets were defined as follows:
mDCs were Lin~ CD34~ HLA-DR* CD123"% CD11c*, and pDCs were Lin~
CD34~ HLA-DR* CDl1lc™ CD123"e" The surface expression of CD40 was
assessed by using biotinylated CD40 (Ancell, Bayport, MN) with streptavidin-PE
Texas Red (ECD; Beckman Coulter, Fullerton, CA) used as the secondary
antibody, and nonspecific binding was controlled for by using a matched isotype
control antibody (biotinylated mouse IgG1). Surface Fas (CD95) expression was
detected with Pacific Blue-labeled Fas (eBioscience, San Diego, CA) and
matched isotype control (Pacific Blue-labeled mouse IgG1). Intracellular expres-
sion of Fas ligand (FasL; CD178), Bcl-2, and active caspase-3 (hereafter referred
to as caspase-3) was performed using biotinylated FasL (eBioscience), strepta-
vidin-ECD, and PE-labeled Bcl-2 and PE-labeled caspase-3 (both from BD
Biosciences). Matched isotype controls were used for FasL (biotin-labeled
mouse IgG1) and Bcl-2 (PE-labeled Armenian hamster IgG2). Pacific Blue
annexin V and 7-amino-actinomycin D (7-AAD; both from BD Biosciences)
were used to assess early (annexin V* 7-AAD ™) and late (annexin V* 7-AAD™)
apoptosis.

T-cell activation was assessed by measuring CD38 and HLA-DR expression on
T cells using ECD-labeled CD3 (Beckman Coulter) and APC-labeled CD4 and
FITC-labeled CD8 (both from BD Biosciences), PE-Cy5-labeled CD38 (eBio-
science), and APC-Cy7-labeled HLA-DR. Matched isotype controls were used
for CD38 (PE-Cy5-labeled mouse IgGl) and HLA-DR (APC-Cy7-labeled
mouse IgG2a).

Surface and intracellular staining. Freshly isolated PBMC or thawed LN cells
and matched PBMC samples were washed with 4 ml of cold DPBS (Invitrogen),
1% bovine serum albumin (Sigma-Aldrich), and 2 mM EDTA (fluorescence-
activated cell sorting [FACS] buffer) and centrifuged at 4°C. To determine the
surface expression of CD40 and Fas, cells were incubated with biotinylated CD40
or matched isotype for 20 min at 4°C, washed twice in cold FACS buffer, and
surface stained with the appropriate DC-identification antibodies and with Fas or
matched isotype for an additional 20 min at 4°C. Cells were washed in FACS
buffer and fixed in 1% paraformaldehyde (PFA; Sigma-Aldrich) and held over-
night at 4°C prior to acquisition on a FACSAria (BD Biosciences) flow cytom-
eter.

To determine intracellular FasL, Bcl-2, and caspase-3 expression, the intra-
cellular staining protocol from BD Biosciences was performed. Briefly, cells were
surface stained with DC identification antibodies as described above, washed
with cold FACS buffer, and fixed in Fix/Perm solution (BD Biosciences) for 15
min, 4°C. Cells were washed with cold FACS buffer, resuspended in FACS buffer,
and held overnight at 4°C. The next day, the FACS buffer was removed, and the
cells were resuspended in Perm/Wash buffer (BD Biosciences) for 15min at 4°C.
Cells were washed in Perm/Wash buffer, stained first with FasL or isotype in
Perm/Wash buffer (20 min, 4°C), washed twice, and stained with Bcl-2 or isotype
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control in Perm/Wash buffer for 30 min for 4°C. For caspase-3 staining, cells were
resuspended in Perm/Wash buffer containing caspase-3, followed by incubation
for 30 min at room temperature. Cells were resuspended in FACS buffer and
acquired. For assessment of Bcl-2 and caspase-3 expression after overnight in
vitro culture of PBMC, similar staining procedures were followed except the cells
were surface stained, fixed in Fix/Perm, washed twice with Perm/Wash buffer,
stained with Bcl-2 or caspase-3, and acquired immediately on the FACSAria.

For assessment of T-cell activation, freshly isolated PBMC were surface
stained with CD3, CD4, CDS§, and CD38 and HLA-DR or matched isotype
controls, washed in FACS buffer, and fixed in 1% PFA. The cells were held
overnight at 4°C prior to acquisition on the FACSAria.

FcR blocking reagent (Miltenyi Biotec) was included in all initial incubations
to limit nonspecific antibody binding through Fc receptors.

Annexin V and 7-AAD staining. After overnight culture, total PBMC were
collected, washed, and stained with DC identification markers as described
above. Cells were then washed twice in cold phosphate-buffered saline (PBS) and
resuspended in annexin binding buffer (BD Biosciences) containing annexin V
and 7-AAD. Cells were gently vortexed and incubated 15 min at room temper-
ature. The cells were then washed in annexin binding buffer plus 20 pg of
actinomycin D (Sigma-Aldrich)/ml and subsequently fixed in 1% PFA prepared
in annexin binding buffer plus 20 pg of actinomycin D/ml. The addition of
nonfluorescent actinomycin D to the wash buffer and fixative prevents further
7-AAD staining within fixed cells. The cells were acquired on the FACSAria
within 1 h.

In vitro cultures and TLRL stimulation of total PBMC. PBMC were isolated
as described above and resuspended in RPMI 1640 medium with 10% human AB
serum (Gemini Bioproducts, West Sacramento, CA) at 2 X 10° cells/ml. PBMC
were cultured at 37°C, 5% CO, without stimuli or with either lipopolysaccharide
(LPS) from Salmonella enterica serotype Minnesota (10 wg/ml; Sigma-Aldrich),
with Imiquimod (TLR7L; 10 wg/ml; InvivoGen, San Diego, CA) or with CLO97,
a derivative of the imidazoquinoline compound R848 (TLR7/8L; 5 pg/ml,
InvivoGen). After 13 to 20 h, PBMC were collected, and the assessment of DC
activation and the expression of apoptotic markers was performed as described
above.

Flow cytometry acquisition and analysis. To control for the accuracy and
precision of measurements taken over the course of the study, routine quality
control was performed on the FACSAria using the Cytometer Setup & Tracking
(CS&T) feature within BD FACSDiva software version 6.1.2 (BD Biosciences).
Voltage, laser delay, and area scaling were determined using standardized CS&T
beads (BD Biosciences), and the settings were tracked over time. To verify the
laser delay and area scaling determined by CS&T, a manual quality control using
rainbow beads was performed daily. To further control for quantitative compar-
isons of levels of expression of surface and intracellular molecules, the collection
of data from seronegative donors was interspersed throughout the study period
with the acquisition of data from HIV-1-infected donors.

Up to seven color flow cytometry was performed to identify mDCs (Lineage ™
CD34~ HLA-DR* CDI123"% CD1lc*) and pDCs (Lineage~ HLA-DR*
CD1lc™ CD123") within PBMC or LN cells (25). Intracellular expression of
Bcl-2 and caspase-3 was assessed within each of the DC subsets. In addition, the
expression of the death receptor Fas, and its corresponding ligand (FasL), was
determined on each DC subset. Membrane-bound FasL is cleaved into soluble
FasL by matrix metalloproteinase (56), making detecting surface expression of
FasL by flow cytometry difficult. Thus, intracellular FasL expression was evalu-
ated (82). A representative example of DC gating strategy and expression of
apoptosis markers by DC subsets in fresh PBMC is shown in Fig. 1. Most
apoptosis markers were assessed on DCs in PBMC stained directly ex vivo, as
well as stained after culturing PBMC in vitro, without exogenous stimulation, for
13 to 20 h. The expression of DCs undergoing early and late apoptosis, as defined
by annexin V and 7-AAD staining, were only evaluated after overnight in vitro
culture, and Fas/FasL levels were only measured on DCs in PBMC directly ex
vivo. To assess the CD4* and CD8™" T-cell activation state, the levels of expres-
sion of CD38 on CD4" or CD8" blood T cells, as well as the percentage
coexpressing HLA-DR and CD38, was assessed directly ex vivo.

Data analysis was performed using BD FACSDiva software version 6.1.2 on
total cells. The average numbers of events collected for mDCs and pDCs from
seronegative donors were 2,591 for mDCs and 2,115 for pDCs, and the fewest
events collected were 776 for mDCs and 278 for pDCs. On average, 1,713 mDC
and 702 pDC events were collected from HIV-1-infected donors (minimum
numbers: mDCs, 361; pDCs, 155). Values were typically expressed as mean
fluorescence intensity (MFI) minus the background isotype staining (net MFT).
Due to the distinctive bimodal expression of caspase-3 by DCs (Fig. 1), caspase-3
expression is shown as the fraction of DCs within the total DC population that
are positive for this apoptotic marker. In addition, the frequency of T cells
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FIG. 1. Gating strategy used to identify DC subsets and expression of markers involved in apoptosis. An initial gate was selected based on
forward- and side-scatter properties that eliminated the majority of dead cells and cellular debris. Multiparameter flow cytometry techniques were
then used to identify total DCs defined as Lineage/CD34~ HLA-DR™ and then further subdivided into myeloid DCs (mDCs; CD11c"&" CD123')
and plasmacytoid DCs (pDCs; CD11c™ CD1123"#"). Surface expression of Fas and Fas ligand and intracellular expression of Bcl-2 and caspase-3
by mDCs and pDCs was then assessed. Isotype controls were used for all apoptotic markers. Profiles shown are representative of seronegative

donors.

coexpressing CD38 and HLA-DR within the total T-cell population are shown
with background staining removed (net %).

Statistical analysis. Nonparametric statistics were used due to small sample
sizes. No adjustments were made for multiple comparisons due to the explor-
atory nature of the present study. Comparisons between independent groups
were made by using the Mann-Whitney ¢ test, and paired analysis was performed
using the Wilcoxon signed-rank test. A P value of <0.05 was considered to be of
exploratory significance. The Spearman test was used to determine associations
between two variables with correlations considered to be of exploratory signifi-
cance when r > 0.3 and P < 0.05. All statistical analyses were performed by using
GraphPad Prism version 5.00 for Windows (GraphPad Software, San Di-
ego, CA).

RESULTS

Untreated, HIV-1-infected donors have reduced frequencies
of blood mDCs and pDCs compared to seronegative donors. In
agreement with our previous studies (9, 25) and those of others
(28, 30, 37, 57, 75, 88), fewer mDCs and pDCs were observed
in PBMC from 23 untreated, HIV-1-infected donors (mDCs:
median, 0.26% of total cells; range, 0.11 to 0.47%; pDCs:
0.10%; range, 0.05 to 0.28%) compared to 19 seronegative
donors (mDCs: 0.41%; range, 0.17 to 0.72%, P = 0.006; pDCs:
0.31%; range, 0.12 to 0.57%, P < 0.0001).

Blood mDCs from untreated, HIV-1-infected donors express
lower levels of Bcl-2 than mDCs from seronegative donors. In
fresh PBMC, mDCs from HIV-1-infected donors (n = 18) had
statistically lower expression levels of Bcl-2 than did mDCs
from seronegative donors (n = 14) (Fig. 2A). No significant

associations of blood mDC Bcl-2 expression with viral load
(r=—0.21, P = 0.4) or with CD4 T-cell count (r = —0.34, P =
0.17) were noted among HIV-1-infected donors. Evaluation of
Bcl-2 expression by blood mDCs after overnight in vitro culture
also showed that HIV-1-infected donors (n = 17) expressed
statistically lower levels of Bcl-2 compared to mDCs from
seronegative donors (n = 14) (Fig. 2B). Similar to observations
made with Bcl-2 expression directly ex vivo, no significant cor-
relations with viral load or CD4 T-cell count were identified for
Bcl-2 expression among HIV-1-infected donors after overnight
in vitro culture (viral load: r = —0.07, P = 0.78; CD4 T-cell
count: r = —0.30, P = 0.25).

Expression of caspase-3 by blood mDCs correlates with viral
load. The median percentage of caspase-3" mDCs from HIV-
1-infected donors (n = 23; median net caspase-3" mDCs
within total mDCs 3.1%; range, 0.4 to 13.1%) was only slightly
higher than that of seronegative donors (n = 18; median 2.7%;
range, 1.0 to 5.1%; P = 0.43) (Fig. 2C). However, a greater
range of caspase-3" mDC frequencies was noted among HIV-
l-infected donors, with >25% of subjects having higher
caspase-3" mDC percentages than the highest percentage ob-
served among seronegative donors (Fig. 2C). Among HIV-1-
infected donors, a significant positive correlation was observed
between the percentages of caspase-3" mDCs and plasma viral
load (r = 0.51, P = 0.01; Fig. 2D). No significant association
between caspase-3*" mDC frequency and CD4 count was noted
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FIG. 2. Expression of Bcl-2 and caspase-3 by blood mDCs. Intracellular expression of Bcl-2 by blood mDCs from seronegative (SN; n = 14)
or HIV-1-infected (HIV-1*; n = 17 to 18) donors was assessed either directly ex vivo (A) or after overnight in vitro culture (B). Values are shown
as the mean fluorescence intensity (MFI) with background isotype staining removed (net MFI). Intracellular caspase-3 expression by blood mDCs
was assessed directly ex vivo (C) from seronegative (n = 18) or HIV-1-infected (n = 20 to 23) donors and expressed as the fraction of mDCs
positive for caspase-3 within the total mDC population (%). Viral load (D) and CD8" T-cell activation, defined by CD38 expression (E), positively
correlate with caspase-3 expression by blood mDCs directly ex vivo. Statistical analysis was performed by using the Mann-Whitney ¢ test to compare
Bcl-2 and caspase-3 expression by blood mDCs between seronegative and HIV-1-infected donors, and the Spearman test was performed for plasma

viral load and CD8" T-cell correlations.

(r = —0.30, P = 0.16). When percentages of caspase-3" mDCs
were evaluated after overnight in vitro culture, no statistical
differences were noted between HIV-1-infected (n = 22; me-
dian, 11.4%; range, 2.7 to 35.2%) and seronegative donors
(n = 18; median, 11.7%; range, 3.6 to 22.7%).

Frequency of caspase-3" mDCs from untreated, HIV-1-in-
fected donors is associated with CD8™ T-cell activation levels.
Increased levels of CD4" and CD8™" T-cell activation, defined
as either (i) total CD38 expression (assessed as MFI) or (ii) as
the percentage of each T-cell subset coexpressing CD38 and
HLA-DR, were observed in HIV-1-infected donors compared
to seronegative donors (data not shown). CD4 count corre-
lated inversely with both measures of CD4 " and CD8" T-cell
activation and a positive correlation with plasma viral load was
observed for CD4" CD38" HLA-DR™ T cells (data not
shown).

We then determined if associations existed between percent-

ages of caspase-3" blood mDCs or Bcl-2 expression by blood
mDCs and CD38 expression (MFI) on CD8" and on CD4" T
cells, and with the percentage of CD8" T cells and CD4* T
cells coexpressing HLA-DR and CD38. A statistically signifi-
cant association was observed between the percentage of
caspase-3" mDCs and the level of CD38 on CD8™ T cells (r =
0.48, P = 0.03; Fig. 2E). No statistically significant correlation
was observed between caspase-3* blood mDC percentages and
the level of CD38 expression on CD4™ T cells (r = 0.37, P =
0.11) or with coexpression of CD38 and HLA-DR on either
CD4™ (r = 0.30, P = 0.16) or CD8" (r = 0.02, P = 093) T
cells.

Despite lower Bcl-2 expression by blood mDCs from HIV-
1-infected donors, no statistically significant associations were
observed between blood mDC Bcl-2 expression and CD38
expression (MFI) on CD8" (r = —0.01, P = 0.98) and CD4"
(r = 0.13, P = 0.65) T cells and the percentages of CD8* T
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TABLE 2. Expression of Bcl-2 and caspase-3 by blood pDCs from seronegative and untreated, HIV-1-infected donors assessed directly
ex vivo or after overnight in vitro culture

Median (range)

Analysis P
Seronegative donors HIV-1-infected donors
Bcl-2 expression (net MFI):
Directly ex vivo (seronegative donors, n = 14; 4,779 (3,542-6,646) 4,871 (2,074-8,484) 0.95
HIV-1-infected donors, n = 18)
After overnight in vitro culture (seronegative 5,189 (3,239-8,319) 4,841 (2,292-7,984) 0.49
donors, n = 14; HIV-1-infected donors,
n=17)
Caspase-3 expression (%):
Directly ex vivo (seronegative donors, n = 18; 0.7 (0-2.4) 0.6 (0-2.2) 0.59
HIV-1-infected donors, n = 23)
After overnight in vitro culture (seronegative 30.5 (13.3-53.7) 22.5 (10.7-55.0) 0.19

donors, n =
n = 22)

18; HIV-1-infected donors,

cells and CD4" T cells coexpressing CD38 and HLA-DR
(CD8" Tcells: r = 0.22, P = 0.39; CD4™ T cells: r = 0.39, P =
0.11).

Blood pDCs from untreated, HIV-1-infected donors do not
statistically differ in expression of Bcl-2 or caspase-3 com-
pared to pDCs from seronegative donors. Assessment of Bcl-2
expression in pDCs measured directly ex vivo or after over-
night in vitro culture showed no significant differences between
seronegative and untreated, HIV-1-infected donors (Table 2).
Similarly, no statistical differences were observed in the per-
centages of caspase-3-expressing blood pDCs from HIV-1-in-
fected and seronegative donors, assessed directly ex vivo or
after overnight in vitro culture (Table 2).

No statistically significant differences are observed in spon-
taneous apoptosis of blood mDCs or pDCs based on annexin
V and 7-AAD staining between seronegative and untreated,
HIV-1-infected donors. Two different stages of apoptosis can
be assessed based on the use of the surface apoptosis marker
annexin V and a nonvital dye (7-AAD). Cells undergoing early
apoptosis stain positive for annexin V but not with 7-AAD,
whereas late apoptotic cells costain with both annexin V and
7-AAD (90). PBMC were cultured overnight in vitro, and the
percentage of DCs undergoing either early or late apoptosis
was evaluated by flow cytometry. Although a trend toward
higher frequencies of blood mDCs from HIV-1-infected do-
nors undergoing late apoptosis (P = 0.07) was observed, no
statistically significant differences were found in the percent-
ages of mDCs or pDCs in early or late apoptosis after over-
night culture between seronegative and untreated, HIV-1-in-
fected donors (Table 3).

No statistically significant differences are observed in Fas
and FasL expression on blood mDCs and pDCs between se-
ronegative and untreated, HIV-1-infected individuals. Surface
Fas expression and intracellular expression of FasL was eval-
uated on blood mDCs and pDCs from seronegative and HIV-
1-infected donor PBMC directly ex vivo. No significant differ-
ences were observed in expression of Fas by mDCs from
seronegative (n = 13; median net MFI, 44; range, 27 to 92)
versus HIV-1-infected donors (n = 13; median net MFI, 42;
range, 0 to 131; P = 0.29). Fas expression was low on blood
pDCs from both seronegative (n = 13; median net MFI, 6;

range, 0 to 13) and HIV-1-infected donors (n = 13; median net
MFI, 4; range, 0 to 27) with no statistical difference in expres-
sion between the two cohorts (P = 0.42).

In addition, no statistical differences were observed in FasL
expression by mDCs between seronegative (n = 14; median net
MFTI, 422; range, 138 to 827) and HIV-1-infected donors (n =
16; median net MFI, 479; range, 171 to 1,024; P = 0.29).
Similarly, no statistical differences were observed in FasL ex-
pression by pDCs from seronegative (n = 14; median net MFI,
238; range, 81 to 724) and HIV-l-infected donors (n = 16;
median net MFI, 356; range, 88 to 838; P = 0.2). Due to
limited differences in expression of Fas and FasL by either DC
subset between seronegative and HIV-1-infected donors di-
rectly ex vivo, no further analysis of Fas or FasL was under-
taken.

Percentage of caspase-3" blood mDCs decreases after ini-
tiation of ART. To determine whether ART impacted the
specific differences in mDC subset survival characteristics
noted above, a subset of 11 donors (Tables 1 and 4) from the
untreated, HIV-1-infected cohort were further evaluated for
changes in mDC Bcl-2 (n = 7) and caspase-3 (n = 11) expres-
sion in PBMC after starting ART (Fig. 3). Within this cohort,
there was a significant increase in the median CD4 T-cell count
and a significant decrease in plasma viral load after initiation of
ART, with 10 of 11 subjects (91%) achieving complete viro-
logic suppression (Table 4) at the time of the post-ART mea-
surement. The level of CD38 expressed by of CD4™ and CD8™

TABLE 3. Percentages of blood mDCs and pDCs undergoing early
and late apoptosis after overnight in vitro culture

Median % (range)

DC type

and stage P

HIV-1-infected donors
(n = 18)

Seronegative donors
(n =17)

mDCs
Early apoptosis
Late apoptosis

11.9 (2.4-24.3)
0.83 (0-4.5)

8.0 (2.8-34.3) 0.63
1.6 (0.03-141) 007

pDCs
Early apoptosis
Late apoptosis

19.6 (5.7-38.8)
6.3 (2.4-17.8)

21.1 (3.8-46.0) 0.92
43 (0-19.8) 0.30
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TABLE 4. Changes in clinical characteristics and in T-cell and DC activation states after the initiation of ART

Category and parameter

Median (range)

Pre-ART Post-ART?

CD4 T-cell count and VL
CD4 T-cell count (cells/mm?)
VL (HIV-1 RNA copies/ml of plasma)

CD3" CD4" T cells
CD38 (net MFI)
CD38" HLA-DR™ (%)

CD3" CD8" T cells
CD38 (net MFI)
CD38" HLA-DR™ (%)

Blood DCs
mDCs (% total cells)
pDCs (% total cells)
mDCs CD40 expression (net MFI)
pDCs CD40 expression (net MFI)

3,632 (1,390-9,772)

2,228 (1,036-6,530)

2,578 (1,328-5,320)
1,398 (822-2,841)

306 (36-700)
91,600 (7,200-143,000)

481 (90-975)*
<48 (48-115)*

1,386 (911-2,193)f

6.8 (0.78-22.01) 1.83% (0.56-7.81)*

500 (106-1,293)F

135 (5.10-29.10) 2.53 (0.22-7.06)*

0.26 (0.12-0.47)
0.10 (0.08-0.20)

0.22 (0.12-0.57)
0.13 (0.07-0.33)%
1,805 (929-3,530)
855 (227-1,263)§

“ Statistical analysis was performed by using a Wilcoxon paired test (*, P = 0.001; f, P = 0.002; £, P = 0.03; §, P = 0.02).

T cells and the percentage of CD4" and CD8" T cells coex-
pressing CD38 and HLA-DR were also significantly reduced
after treatment (Table 4). The frequencies of blood pDCs
significantly increased, whereas no significant change was
noted in mDC frequency after ART. The median CD40 ex-
pression on both pDCs and mDCs was reduced on ART,
although this only reached statistical significance for pDCs
(Table 4).

A statistically significant reduction in the percentage of
caspase-3" mDCs was observed post-ART relative to pre-
ART (Fig. 3A). Although blood mDCs from untreated, HIV-
1-infected donors displayed lower Bcl-2 expression directly ex
vivo compared to seronegative donors, mDC Bcl-2 expression
did not significantly change on ART (Fig. 3B).

Differential expression of Bcl-2 and caspase-3 in DC subsets
in blood versus the LNs of HIV-1-infected individuals. The LN
is a site of active HIV-1 replication (41) and an environment in
which DCs interact closely with T cells (15). To determine
whether this specific tissue environment influenced DC sur-
vival profiles, the expression of Bcl-2 and caspase-3 by mDCs
and pDCs from the blood was compared to the expression

A)

Caspase-3
p=0.02

- -
(=] o
1 I

caspase-3 (% of total mDCs)
o

o

L]
Pre-ART Post-ART

B)

mDC Bcl-2 (net MFI)

detected in matched LN samples from an additional cohort of
six untreated, HIV-1-infected donors with a median peripheral
blood CD4 count of 663 cellsymm?® and a median plasma viral
load 20,292 copies HIV-1 RNA/ml (Table 1).

In agreement with our previously published study (25),
CD40 expression on mDCs and pDCs in LNs from these HIV-
infected subjects was higher than that on mDCs and pDCs
from autologous peripheral blood (Fig. 4A and D), suggesting
a higher activation state of LN DCs. LN mDCs expressed
higher levels of Bcl-2 (Fig. 4B) and had lower percentages of
caspase-3" (Fig. 4C) than their counterparts in peripheral
blood. Conversely, LN pDCs expressed significantly lower lev-
els of Bcl-2 than did blood pDCs (Fig. 4E). The percentage of
caspase-3" pDCs was also lower in LN than PBMC, although
this difference did not achieve statistical significance (Fig. 4F).

TLR-specific signaling induces increased Bcl-2 and de-
creased caspase-3 expression in blood DCs in vitro. HIV-1
ssSRNA encodes for numerous ligands that bind and activate
DCs via TLR7/8 in vitro, (10, 44, 70, 71) and TLRS triggering
by HIV-1 ssRNA, in combination with DC-SIGN, a c-type
lectin expressed by DCs, was shown to be required for produc-

Bcl-2
150001
100004

50001

0

L L)
Pre-ART Post-ART

FIG. 3. Expression of caspase-3 and Bcl-2 by blood mDCs following ART. To determine the effects of ART on expression of caspase-3 (A) and
Bcl-2 (B) by blood mDCs directly ex vivo, a subset of donors (Table 1; Pre-ART) from the untreated, HIV-1-infected cohort were further evaluated
for changes in caspase-3 (n = 11) and Bcl-2 (n = 7) expression at least 3 months after starting treatment (Post-ART). Values are expressed as
either the fraction of mDCs positive for caspase-3 within the total mDC population (%) (A) or as the mean fluorescence intensity (MFI) with
background isotype staining removed (net MFI) for Bcl-2 expression (B). Statistical analysis was performed by using the Wilcoxon signed-rank test.
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FIG. 4. Comparison of expression of CD40, Bcl-2, and caspase-3 by DC subsets from PBMC and matched lymph node samples from
HIV-1-infected donors. Expression of CD40 (A and D), Bcl-2 (B and E), and caspase-3 (C and F) were evaluated in mDCs (A to C) or pDCs (D
to E) from matched PBMC and lymph node samples from HIV-1-infected donors (n = 6). Values are expressed as the mean fluorescence intensity
(MFI) with background isotype staining removed (net MFI) for CD40 and Bcl-2 expression or as the fraction of mDCs or pDCs positive for
caspase-3 within the total mDC or pDC population (%). Statistical analysis was performed by using the Wilcoxon signed-rank test.

tive infection of DCs (39). In addition, microbial products such
as LPS, a known TLR4L, have been shown to be elevated in
the blood of HIV-1-infected individuals (7, 16, 52). Blood
mDCs express a range of TLRs that include TLR4 and TLRS,
whereas blood pDCs only express TLR7 and TLR9 (51, 54).
To determine whether HIV-1-related TLRLs modulated DC
survival profiles, total PBMC from seronegative individuals
(n = 7 to 12) were stimulated in vitro with viral and bacterial
TLR ligands and apoptosis markers on mDCs or pDCs eval-
uated. PBMC were stimulated with LPS (TLR4L) and with
TLR7/8L or TLR7L to mimic innate signals that might be
delivered by microbial products or by HIV-1 to blood mDCs or
pDCs. The effect of these ligands on the activation state
(CD40) and apoptotic profile (Bcl-2, caspase-3) of each DC
subset was evaluated after overnight in vitro culture (13 to 20 h)
in a TLR expression-specific manner, with mDCs assessed in
LPS- and TLR78/L-stimulated cultures and pDCs evaluated in
cultures stimulated with TLR7L.

Although both TLR4L and TLR7/8L significantly increased
CDA40 expression on blood mDCs, the impact of TLR7/8L was
much greater at the stimulating doses used. TLR7 stimulation
also significantly increased CD40 expression on blood pDCs
(Fig. 5A). Bcl-2 expression in mDCs was significantly increased
by stimulation with TLR7/8L but not with TLR4L (Fig. 5B).
Similarly, TLR7L stimulation induced statistically higher levels
of Bcl-2 expression in pDCs (Fig. 5B). TLR7/8L stimulation of
PBMC resulted in significantly decreased percentages of
caspase-3" mDCs, whereas TLR4L stimulation only trended
toward significance (P = 0.08) (Fig. 5C). TLR7L stimulation

also significantly reduced the percentage of caspase-3" pDCs
(Fig. 5C).

We next evaluated whether DCs from a subset of the un-
treated HIV-1-infected donors (n = 7 to 14), potentially al-
ready exposed to viral and bacterial TLRLs in vivo, could
respond to in vitro stimulation with TLRLS in a similar manner
to DCs from uninfected donors. CD40 and Bcl-2 expression
levels by blood mDCs and pDCs from HIV-infected donors
were upregulated to a similar extent following exposure to
TLR4/7/8L as DCs from uninfected donors, and the percent-
ages of caspase-3" mDCs or pDCs induced by TLRL stimu-
lation of total PBMC were likewise reduced in a manner sim-
ilar to those observed in seronegative donor DCs (data not
shown).

DISCUSSION

Despite the wealth of data demonstrating reduced frequen-
cies of circulating DC subsets in the blood of HIV-1-infected
donors (9, 25, 28, 30, 37, 75, 88), a limited number of studies
have addressed possible mechanisms responsible for this de-
pletion. During acute and chronic HIV-1 infection, it is likely
that recruitment to LNs partly accounts for decreased blood
DC frequencies (25, 64). Conversely, in late-stage disease there
is a reduced frequency of DCs within the LN (11), suggesting
that LN recruitment alone does not fully account for the deficit
in circulating DCs throughout the course of HIV-1 disease.

We hypothesized that another possible contributor to HIV-
1-associated depletion of circulating DCs is increased DC
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FIG. 5. Changes in expression of CD40, Bcl-2, and caspase-3 ex-
pression by mDCs and pDCs from seronegative donors in response to
TLR ligation. Surface expression of CD40 (A) and intracellular ex-
pression of Bcl-2 (B) and caspase-3 expression (C) was assessed on
mDCs and pDCs in PBMC from seronegative donors, after overnight
(13 to 20 h) in vitro culture with or without TLR ligand (TLRL)
stimulation. TLR-specific stimulation of mDCs was assessed using a
TLR4L (LPS; 10 pg/ml, n = 7 to 11) or a TLR7/8L (CL097, a deriv-
ative of the imidazoquinoline compound R848; 5 pg/ml, n = 11).
TLR-specific stimulation of pDCs was assessed using a TLR7L (Imi-
quimod, [R837], 10 pg/ml, n = 7 to 11). Values are expressed as the
mean fluorescence intensity (MFI) minus background isotype staining
(net MFI) for CD40 (A) and Bcl-2 (B) or as the fraction of mDCs or
pDCs positive for caspase-3 as a percentage of total mDCs or pDCs
(C). Statistical analysis was performed comparing the change in ex-
pression with or without TLR stimulation using the Wilcoxon signed-
rank test.
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death. We show that HIV-1 infection induced a proapoptotic
profile in blood mDCs, defined as reduced Bcl-2 expression
and increased frequencies of caspase-3" mDCs in a subset of
subjects that was associated with viral replication. Higher fre-
quencies of caspase-3" mDCs were also associated with in-
creased levels of T-cell activation, as defined by CD38 expres-
sion on CD8" T cells. Elevated CD38 expression on CD8" T
cells has been associated with shorter survival in advanced
HIV-1 disease (33) and is considered by some groups to be a
better indicator of disease progression than frequencies of
CD8" T cells coexpressing CD38 and HLA-DR (63). Since
mDC-T-cell interactions form a critical step in initiation of
adaptive immune responses, it is possible that T-cell activation
status may directly contribute to the increased levels of apop-
totic mDCs observed during untreated HIV-1 infection. An
alternative hypothesis is that mDC survival and T-cell activa-
tion are independently influenced by HIV-associated factors.

The HIV-associated reduction in mDC Bcl-2 expression re-
ported in the present study concurs with findings of reduced
Bcl-2 expression described in T cells during HIV-1 infection (1,
14, 26, 80, 83, 100), raising the possibility that a common
mechanism may be responsible for predisposing both mDCs
and T cells to apoptosis. Most studies addressing the effect of
ART on levels of T-cell Bcl-2 expression have noted increased
expression of Bcl-2 with therapy (1, 4, 93), although one study
found that Bcl-2 expression by T cells was not altered during 6
months of ART (38). In agreement with this latter study, we
also did not observe any significant change in blood mDC Bcl-2
expression in a subset of HIV-1-infected donors that initiated
ART during the study. Given that we did not observe a direct
association between Bcl-2 expression and viral load in un-
treated, HIV-1-infected individuals, this lack of ART effect on
Bcl-2 expression was not surprising and further supports the
idea that HIV-associated factors other than viral load must be
contributing to the decrease in mDC Bcl-2 expression. Con-
versely, caspase-3" mDC frequencies were elevated above nor-
mal levels in a subset of HIV-1-infected subjects, were signif-
icantly associated with viral load, and were reduced after viral
suppression with ART. The fact that we did not observe sta-
tistically greater percentages of caspase-3* mDCs between
HIV-1-infected and uninfected subject groups is possibly re-
lated to small sample size, which may be considered a limita-
tion of the present study. These observed differences in the
association of pro- and antiapoptotic protein expression with
viral load suggests that multiple mechanisms are likely respon-
sible for the observed HIV-associated changes in blood mDC
apoptosis profiles.

In a recent study using direct ex vivo annexin V and 7-AAD
staining to evaluate apoptosis of blood mDCs, Meera et al.
reported a higher percentage of apoptotic mDCs in AIDS
patients compared to controls (69). Although we also observed
HIV-associated, proapoptotic changes in Bcl-2 and caspase-3
expression in blood mDCs directly ex vivo, we did not observe
HIV-associated significant increases in DCs undergoing apop-
tosis using annexin V/7-AAD staining on cultured PBMC.
However, a trend toward higher frequencies of blood mDCs
from HIV-1-infected donors undergoing late apoptosis was
noted (P = 0.07). Blood DCs have been reported to survive
poorly in vitro (59, 66), and we noted high frequencies of mDCs
and pDCs undergoing spontaneous apoptosis in both subject
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groups after overnight PBMC culture (Table 3). High levels of
spontaneous apoptosis and a large variability in apoptotic DC
frequencies between donors, as defined by their expression of
annexin V and 7-AAD, may have prevented detection of subtle
differences between the subject groups. It is also possible that
the lack of differences using this measure of apoptosis simply
reflects a poor correlation between assays assessing different
stages of the apoptosis pathway or in those carried out on cells
directly ex vivo versus following a culture period. Indeed, in an
early study of T-cell apoptosis during HIV-1 infection, lower
Bcl-2 expression of CD4" and CD8™ T cells measured directly
ex vivo did not correlate with the percentage of cells induced to
undergo apoptosis in vitro (26).

In contrast to our findings on blood mDCs, our study found
that levels of blood pDC markers of apoptosis were not mark-
edly altered in the setting of untreated HIV-1 infection, sug-
gesting that survival of blood DC subsets may be differentially
influenced by HIV-1. Meera et al. noted an increased fre-
quency of blood pDCs undergoing apoptosis directly ex vivo in
individuals with early and advanced HIV infection (69). The
lack of similar observations of decreased survival tendencies of
blood pDCs based on Bcl-2 and caspase-3 expression in our
study may reflect analysis of different cohorts of HIV-1-in-
fected donors in addition to differences in the assays used to
detect apoptosis.

Since lymphoid tissue is a site of active viral replication and
a tissue compartment in which DCs might interact most closely
with both HIV-1 and T cells, we hypothesized that in HIV-
infected donors the apoptotic profiles of LN DC subsets would
differ from those of circulating DCs and perhaps more accu-
rately reflect HIV-associated changes. The increase in CD40
and Bcl-2 expression and decrease in caspase-3 expression by
LN relative to blood mDCs that we observed in HIV-1-in-
fected donors suggests that mDCs may be receiving both acti-
vation and survival signals in HIV-infected lymphoid tissue. A
number of studies have demonstrated a positive relationship
between CD40 ligation and increased expression of the anti-
apoptotic Bcl-2 family members (12, 42, 48, 81), although ex-
pression of these “survival” signals may depend on the activa-
tion state of the DCs at the time of CD40 ligation (23).
Induction of spontaneous apoptosis of total DCs from patients
with breast cancer was prevented by inducing increased Bcl-2
expression with CD40 ligation (81). The role for CD40-in-
duced survival may be most notable in the LNs where close
interactions between T cells and DCs occur (15), thereby in-
creasing the likelihood of CD40-CD40L interactions. The
small sample size of LN donors in our study prevented accu-
rate determination of associations between CD40 expression
and these apoptotic markers. However, given the parallel ob-
servation of higher expression of CD40 by the same LN mDCs
relative to blood mDCs, it is tempting to speculate that LN
mDCs are indeed receiving survival signals within the LN of
HIV-1-infected infected donors that may, in part, be due to
increased CD40 signaling resulting in increased Bcl-2 expres-
sion and/or decreased caspase-3 expression. These results
might also provide a mechanism to explain the observation of
our group that mDCs accumulate in the LNs of chronically
HIV-infected subjects (25). Enhanced DC survival by IL-10-
induced reversal of DC susceptibility to NK cell-mediated
elimination (2) has also been reported to provide a mechanism
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to explain accumulation of mDCs in LNs. The survival signals
received by mDCs in the LN, or a lack of “death-inducing”
signals, may help to offset the proapoptotic tendencies of cir-
culating blood mDCs in HIV-1 infection, although this hypoth-
esis needs to be confirmed with additional studies.

Stimulation of mDCs in vitro with a TLRL mimicking HIV-1
ssRNA induced strong activation and an antiapoptotic profile,
whereas stimulation with a bacterial TLRL only moderately
activated mDCs and did not significantly alter their apoptotic
status. Thus, in addition to the possibility of increased CD40
activation inducing mDC survival within the LN, these data
suggest that signaling via TLR7/8 by HIV-1 may also aid in the
survival of LN mDCs during chronic infection. We, and others,
have reported that DCs in LNs of HIV-1-infected donors are
in a state of partial activation (25, 60). Thus, LN mDCs may
receive survival signals via viral TLRs and CD40 ligation that
allow them to persist in this state of partial activation, thereby
potentially contributing to the state of chronic immune activa-
tion through nonspecific activation of T cells. In addition, sur-
vival of these “semimature” DCs may contribute further to
T-cell dysfunction in the context of HIV-1 infection through
the induction of regulatory T cells (60).

Conversely, pDCs from LNs of HIV-1-infected donors had
reduced expression of Bcl-2 in combination with increased
CD40 expression compared to circulating pDCs from the same
donors. Thus, the LN environment during HIV-1 infection
may provide both activating and proapoptotic signals to pDCs
in contrast to our findings for LN mDCs and highlighting
further functional differences between these two DC subsets.
Indeed, in vitro studies have shown activation of pDCs through
CD40-CDA40L in HIV-1 infection models increased viral rep-
lication, productive infection, pDC death, and increased trans-
mission of HIV-1 to T cells (31, 84). This suggests that the LN
is a site of increased pDC death in HIV-1 infection, which is
likely related, at least in part, to the increased expression of
CD40 by LN pDCs. A recent study by Lehmann et al. provides
further evidence for an HIV-associated increase in LN pDC
death (62). They report that pDCs that had homed to the LNs
of HIV-1-infected subjects underwent apoptosis, based on an-
nexin V staining, at a greater rate than LN pDCs from unin-
fected donors, and this increased pDC apoptosis was associ-
ated with high pDC IFN-a production (62). Similarly, a study
investigating pDC accumulation and death in the LNs of
acutely SIV-infected monkeys demonstrated increased pDC
death and SIV-infection rates of the pDCs similar to that of
CD4" T cells (18). The accumulation of pDCs in the LN of
HIV-1-infected donors as reported by our group (25) and
others (62), and the similar observations noted during acute
SIV infection (8, 18) suggests that a balance exists between
recruitment of pDCs to the LN and their subsequent death.

Stimulation with a viral TLRL induced both activation and
an antiapoptotic profile in blood pDCs in vitro, a finding con-
sistent with a study demonstrating increased pDC survival fol-
lowing in vitro stimulation with HIV-1-derived ssRNAs (70).
However, these observations contrasted with the decreased
survival profile observed in LN pDCs in HIV-1-infected do-
nors. This difference implies that factors other than TLR7
activation of pDCs via HIV-1 ssRNA in vivo, such as other
HIV-1 proteins (including Env, Net, Tat, and Vpr) that have
been shown to induce apoptosis (86) or direct infection of
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pDCs (18, 84), likely account for the observed LN pDC sur-
vival patterns in HIV-1-infected subjects.

Although the intrasubject comparisons of apoptosis markers
in blood versus LN DCs are informative, the absence of LN
samples from an uninfected control group limits the interpre-
tation of our findings. For instance, the relative antiapoptotic
profile of LN mDCs that we observed may also reflect physi-
ologic tissue-specific profiles that are unrelated to HIV-1 in-
fection. In an acute SIV infection model, LN mDCs following
SIV infection displayed increased caspase-3 expression com-
pared to preinfection LN mDCs, although no alteration in
Bcl-2 expression was observed after infection (97). Thus, it is
possible that our observations of apoptotic markers indicative
of an increased survival pattern by LN mDCs relative to blood
mDCs may still reflect reduced survival of LN mDCs compared
to LN mDCs from an uninfected individual.

In conclusion, we believe our study to be the first to show
that circulating mDCs from untreated HIV-1-infected donors
exhibit a proapoptotic profile characterized by lower Bcl-2
expression compared to seronegative donor mDCs and with
frequencies of caspase-3" mDCs that correlated with viral load
and levels of CD8™ T-cell activation. Furthermore, we show
that in the setting of untreated HIV-1 infection, LN mDCs
appear to be receiving survival signals, whereas LN pDCs dis-
play a more apoptotic profile than their counterparts in blood.
These findings underscore the role that DC survival may play
in HIV-1 pathogenesis and may help to explain the patterns of
blood DC depletion and LN accumulation that have been
previously reported in several studies. Given the exploratory
nature of these preliminary findings, larger studies are neces-
sary to confirm the results generated in our study.
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