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Human immunodeficiency virus type 1 (HIV-1) infection has been associated with perturbations of plas-
macytoid dendritic cells (PDC), including diminished frequencies in the peripheral blood and reduced pro-
duction of type I interferons (IFNs) in response to in vitro stimulation. However, recent data suggest a
paradoxical increase in production of type 1 interferons in vivo in HIV-infected patients compared to unin-
fected controls. Using a flow cytometric assay to detect IFN-a-producing cells within unseparated peripheral
blood mononuclear cells, we observed that short-term interruptions of antiretroviral therapy are sufficient to
result in significantly reduced IFN-a production by PDC in vitro in response to CpG A ligands or inactivated
HIV particles. The primary cause of diminished IFN-« production was reduced responsiveness of PDC to de
novo stimulation, not diminished per cell IFN-a production or migration of cells to lymphoid organs. Real-time
PCR analysis of purified PDC from patients prior to and during treatment interruptions revealed that active
HIV-1 replication is associated with upregulation of type I IFN-stimulated gene expression. Treatment of
hepatitis C virus-infected patients with IFN-a2b and ribavirin for hepatitis C virus infection resulted in a
profound suppression of de novo IFN-a production in response to CpG A or inactivated HIV particles, similar
to the response observed in HIV-infected patients. Together, these results suggest that diminished production
of type I interferons in vitro by PDC from HIV-1-infected patients may not represent diminished interferon
production in vivo. Rather, diminished function in vitro is likely a consequence of prior activation via type I

interferons or HIV virions in vivo.

Immature plasmacytoid dendritic cells (PDC), also known as
precursors of type 2 dendritic cells or natural interferon (IFN)-
producing cells, are cells of the innate immune system that
recognize pathogens via interactions between toll-like recep-
tors (TLRs) and evolutionarily conserved bacterial and viral
motifs (recently reviewed in references 2 and 49). Human PDC
are defined as CD11c™ CD123" HLA-DR™ cells and, along
with CD11c" CD123™ myeloid dendritic cells, represent the
two major dendritic cell subsets present in the peripheral
blood. PDC express TLR7, which recognizes single-stranded
RNA, and TLRY, which recognizes unmethylated DNA, and
respond to these stimuli by producing type I interferons and
other proinflammatory cytokines and maturing into dendritic
cells capable of stimulating adaptive immune responses (re-
viewed in reference 28). The endosomal localization of TLR7
and TLRY in PDC is hypothesized to enable specific recogni-
tion of RNA and DNA motifs from endocytosed pathogens
while avoiding triggering by cellular mRNA or DNA.

Type I interferon production by PDC has been demon-
strated in response to a wide variety of viral stimuli. These
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include stimulation with herpes simplex virus types 1 and 2 (30,
38, 42), influenza A virus (12, 43), Sendai virus (23, 26), vesic-
ular stomatitis virus (3, 43), and human immunodeficiency
virus type 1 (HIV-1) (50, 65) in vitro. Following exposure to
HIV-1 particles in vitro, PDC respond by producing type I
interferons, upregulating expression of the costimulatory mol-
ecules CD80 and CD86 and the maturation marker CD83, and
triggering the maturation of myeloid dendritic cells in a cyto-
kine-dependent manner (18, 65). A recent study suggested
that, in the case of HIV-1, PDC recognition is mediated by the
binding of viral RNA by the TLR7 or -9 receptors (6).

HIV infection is known to have effects upon the frequency
and function of peripheral blood PDC (recently reviewed in
reference 39). A number of studies have reported that the
frequency of PDC declines with continuing HIV-1 infection (4,
9, 13, 15, 16, 21, 44, 61, 63). Additionally, several reports
suggest that the frequency of PDC correlates inversely with
viral load and is at least partially restored with antiretroviral
therapy (4, 15). Some changes in peripheral blood PDC fre-
quencies have also been ascribed to trafficking to lymph nodes
during ongoing HIV replication. PDC isolated from HIV-1-
infected patients also demonstrate functional abnormalities,
including diminished production of IFN-a when exposed to
viruses, including HIV-1 and herpes simplex virus in vitro (17,
41), and these effects have since been ascribed to the functional
defects of PDC (15, 16, 27). Control of HIV viral replication
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with effective antiretroviral therapy during early or chronic
infection has been reported to partially restore the ability of
PDC to respond to viruses by producing IFN-a (33, 34, 59).
Together these results suggest that, during HIV infection,
there are diminished frequencies and functions of PDC ob-
served upon restimulation in vitro that are only partially re-
covered during antiretroviral therapy.

Although there is evidence for diminished PDC frequencies
and functions during HIV infection, there are several very
recent lines of evidence suggesting increased production of
IFN-« in vivo. Patients with early infection and advanced HIV
disease have been reported to have elevations in serum IFN-a
levels despite the diminished ability of PDC to produce IFN-a
following stimulation (reviewed in reference 19). IFN-a tran-
scripts have been shown to be elevated in the lymphoid tissue
of progressor patients compared to nonprogressor patients
(24). In addition, IFN-a-induced genes have been found to be
upregulated in cells from HIV-infected patients in peripheral
blood mononuclear cells (PBMC), B cells, NK cells, mono-
cytes, and CD4" and CD8™" T cells (36, 51, 53; R. Lempicki
and S. Migueles, personal communication). Each of these ob-
servations suggests that PDC function, at least with regard to
IFN-a production, is not diminished but rather is very active
during HIV infection. Distinguishing between these possibili-
ties is important, given some recent data suggesting IFN-a may
play a central role in the aberrant immune activation and
progression of disease (25).

In the present study, we examined the effect of HIV repli-
cation and exogenous IFN-a stimulation on the ability of PDC
to produce IFN-a in response to TLR ligands and viral parti-
cles. In this study, we used a flow cytometric assay to measure
IFN-a production by PDC in PBMC cultures. Using this tech-
nique, reduced PDC production of IFN-« in response to CpG
A and HIV-1,,,, in patients off antiretroviral therapy was
found to be due primarily to reduced responsiveness of PDC
rather than due to changes in the frequency of PDC in the
peripheral blood. A similar decrease in ex vivo IFN-a produc-
tion was found in lymph node-derived cells from viremic pa-
tients, suggesting the effect was not attributable to migration of
PDC to lymph nodes during periods of active HIV replication.
The decreased responsiveness of peripheral blood PDC to
TLR ligands and viral particles suggested TLR stimulation in
vivo due to unrestricted HIV replication may directly or indi-
rectly affect PDC function measured in vitro. Consistent with
these data, real-time PCR analysis of gene transcripts in puri-
fied PDC demonstrated that unrestricted HIV replication was
associated with elevated transcription of type I interferon-
stimulated genes. Furthermore, patients with hepatitis C virus
(HCV)-HIV coinfection who were treated with exogenous
IFN-a2b and ribavirin demonstrated significantly diminished
IFN-a production by PDC in response to CpG A and HIV-
14pa- Together, these results suggest that diminished produc-
tion of IFN-« in vitro, during the early stages of HIV infection,
is not due to diminished PDC numbers or trafficking to lymph
nodes, but rather due to feedback inhibition or prior stimula-
tion through TLRs in vivo. These results likely reconcile the
seemingly conflicting evidence of IFN-a effects in vivo with
diminished PDC function in vitro and provide a mechanism for
these changes in function.
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MATERIALS AND METHODS

Study population. HIV-1 infection in study participants was documented by
HIV-1/2 immunoassay. All subjects signed informed consent and participated in
protocols approved by a National Institutes of Allergy and Infectious Diseases
(NIAID) investigational review board. The treatment interruption cohort in-
cluded 14 patients on antiretroviral therapy (minimum three-drug regimen) with
CD4™ T-cell counts of >350 cells/ul within the 3 months prior to study, asymp-
tomatic for significant HIV-related illness, and viral load of <50 copies/ml
plasma for greater than 1 year who consented to a therapy interruption and
leukopheresis at both on-therapy and off-therapy time points. The lymph node
cohort included 14 additional patients with active HIV replication off of antiret-
roviral therapy who consented to simultaneous lymph node biopsy and periph-
eral blood draws. The HCV/HIV cohort included 26 coinfected patients who
underwent blood draws prior to and 8 weeks into treatment with pegylated
IFN-a2b (1.5 pg/kg of body weight/week) and ribavirin (1 to 1.2 g/day). Patients
were eligible for the study if they had CD4" T-cell counts of >100 cells/mm?,
absolute neutrophil counts of >1,000 cells/mm?>, an HCV viral load of >2,000
copies/ml, histologic evidence of chronic hepatitis C, and stable HIV disease with
or without antiretroviral therapy. Patients with other causes of liver disease,
advanced cirrhosis, or severe liver decompensation, severe cardiopulmonary or
renal disorder, severe retinopathies, or who were receiving steroids or other
immunosuppressive drugs were excluded. At initiation of treatment, 18 patients
had undetectable HIV viral loads (<50 copies/ml plasma), while the remaining
8 patients had viral loads of 71, 125, 487, 699, 1,484, 5,459, 5,760, and 33,242
copies/ml. Median HCV viral load at initiation of therapy was 3,215,000 cop-
ies/ml (range, 2,111 to 22,300,000 copies/ml). The cohort used in the PDC sorting
experiments consisted of 10 HIV-negative controls, 10 HIV-infected patients on
antiretroviral therapy with a viral load of <50 copies HIV RNA/ml plasma, and
10 HIV-infected patients off antiretroviral therapy with a median viral load of
36,660 copies/ml plasma (range, 2,138 to 74,940 copies/ml). Exclusion criteria for
each of the protocols included psychiatric illness, substance abuse, pregnancy,
creatinine levels of >2, thrombocytopenia or coagulopathy, history of opportu-
nistic infection or HIV-associated malignancy, or prior CD4 count of <150
cells/mm?. Serum type I interferons were measured using the high-sensitivity
Biotrak assay (GE Healthcare, Piscataway, NJ) according to the manufacturer’s
protocols. Detailed information on the Biotrak assay can be found at http://www
.gelifesciences.co.jp/tech_support/manual/pdf/cellasy/RPN2789.pdf.

Intracellular IFN-o assays. PBMC were freshly isolated from peripheral
blood or apheresis donor packs by sodium diatrizoate-Ficoll density centrifuga-
tion (ICN Biomedicals, Aurora, OH). PBMC were cryopreserved in cell culture
freezing medium with dimethyl sulfoxide (Gibco, Grand Island, NY). Cryopre-
served samples were maintained at —140°C. Cryopreserved PBMC or lymph
node samples were thawed, washed twice with RPMI culture medium containing
10% human AB serum and (0.5 mg/ml) gentamicin, and aliquoted at 2 X 10° to
4 X 10° cells per stimulation tube. To determine the frequency of IFN-a-
producing PDC, one of the following TLR ligands or viral particles was added:
5 pg/ml Staphylococcus aureus peptidoglycan, 25 pg/ml of a synthetic double-
stranded RNA analog [poly(I - C)], 0.5 pg/ml lipopolysaccharide, 5 pg/ml flagel-
lin, 0.5 pg/ml mycoplasma lipoprotein 2, 0.5 pg/ml single-stranded polyuridine
(ssPolyU/LyoVec), 250 uM loxoribine, 2.5 pg/ml CpG containing ODN type
A/2216 (ggG GGA CGA TCG Tcg ggg gg, where CpG motifs are underlined and
phosphorothioate bases are shown in lowercase letters), 2.5 wg/ml control CpG
ODN type A (ggG GGA GCA TGC Tgg ggg gc), 2.5 CpG ODN type B/2206 (tcg
teg ttt tgt cgt ttt gte gtt), and 2.5 wg/ml control CpG ODN type B (tge tge ttt tgt
get ttt gtg ctt) (all from Invivogen, San Diego, CA), 1 pg/ml R848 (gift from K.
Loré, Vaccine Research Center, NIAID, Bethesda, MD), 50 hemagglutinin
units/ml of Sendai virus Cantell strain (Charles River Laboratories, North Fran-
klin, CT), 250 ng p24“? equivalents/ml HIV-1,p, or HIV-1yy, or control
microvesicles from SUPT1 or CEMX174(T1) cells at a similar total protein
concentration (5 to 10 wg/ml; J. Lifson, SAIC-Frederick, Frederick, MD). Sam-
ples were placed in an incubator at 37°C and 5% CO,, and after 4 h of incuba-
tion, brefeldin A (Sigma Aldrich, St. Louis, MO) was added to the medium at a
final concentration of 10 pg/ml to inhibit cytokine secretion. After four addi-
tional hours of incubation, the cells were washed twice and stained with anti-
CD3, anti-CD16, anti-CD19, and anti-CD56 conjugated with Alexa 700, anti-
CD14 with allophycocyanin-Cy7, and anti-HLA-DR with Pacific Blue or
phycoerythrin (PE)-Cy7 (Becton Dickinson, San Jose, CA). Cells were washed
twice and fixed in 2% paraformaldehyde (Sigma Aldrich). The cells were washed,
permeabilized, and blocked overnight in a buffer containing saponin (Sigma
Aldrich) and 5% milk. Following permeabilization, cells were stained with anti-
IFN-a antibody (PBL Biomedical Labs, Piscataway, NJ) labeled with the Zenon
Alexa 488 anti-human immunoglobulin G1 labeling kit (Invitrogen, Carlsbad,
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CA). Cells were washed and stained with anti-CD123-PE and anti-CD11c-PE-
Cy5 (Becton Dickinson) prior to data collection. Data were collected with a
FACSAria three-laser cytometer (Becton Dickinson). Between 70,000 and
1,000,000 CD3™ CD4" events were collected and analyzed using FlowJo soft-
ware (TreeStar, San Carlos, CA).

Sorting and real-time PCR of PDC. Purified PDC were isolated from PBMC
samples by thawing cells, staining with anti-CD304 beads (Miltenyi Biotech,
Bergish Gladbach, Germany), and sorting on an AutoMACS cell separator
(Miltenyi Biotech) using the Possel S setting. Cells were then washed, stained
with anti-CD123-PE, anti-CD11c-PE-CyS5, and allophycocyanin-Cy7-HLA-DR
(Beckton Dickinson), washed again, and sorted for lineage-negative (lin~)
CD123" CD11c™ cells on a FACSAria cell sorter. Sort purities were typically
>90 to 95% lin~ CD123% CD11c~ HLA-DR™ cells. Sorted PDC were washed,
resuspended in RNAlater (Ambion, Austin, TX), and frozen at —80°C. Mea-
surements of changes in gene transcription of PDC were performed using TLR
and IFN-a and -B signaling real-time PCR arrays according to the manufac-
turer’s protocols (SuperArray Biosciences, Frederick, MD).

Statistical analysis. The Wilcoxon signed rank test was used to compare
paired data. Independent groups were compared by the Wilcoxon two-sample
test. Correlation was determined by the Spearman rank method. The Bonferroni
method was used to adjust P values for multiple testing. Medians are reported.

RESULTS

Flow cytometric detection of plasmacytoid dendritic cell
IFN-a production in response to TLR ligands and viruses. In
most untreated patients, the effects of HIV infection on pe-
ripheral blood PDC have been characterized by indirect evi-
dence of IFN-a production in vivo but diminished frequency
and function in vitro. Most prior work in this area was per-
formed using sorting techniques and an IFN-a enzyme-linked
immunosorbent assay to measure PDC function. Although
these studies have given considerable insight regarding PDC
function during HIV infection, they were limited by the diffi-
culty in measuring IFN-a production on a per cell basis, sorting
of extremely low numbers of these cells during HIV infection
and correcting for cell number, and the possibility that IFN-a
was produced by contaminating subsets (54). In order to over-
come these limitations, we have adapted a flow cytometric
technique to identify PDC and their production of IFN-a in
response to TLR ligands and viruses without separating them
from PBMC (10). Using this assay, PDC are readily identifi-
able as lineage™ (CD3~ CD8  CD16 CD19~ CD56 ), HLA-
DR" CD14~ CD1lc™ CD123" cells (Fig. 1A). IFN-a produc-
tion by PDC was observed in response to the TLR7/8 ligands
loxoribine and R848 as well as to the TLRY ligands CpG A
(ODN 2216) and, to a lesser extent, CpG B (ODN 2006),
consistent with previous reports that PDC express TLR7 and
TLRY (Fig. 1B) (reviewed in reference 28). IFN-a was not
produced by PDC in response to stimulation with ligands that
are recognized by other TLRs (data not shown). Stimulation of
PDC with viral particles, including 2-aldithriol-inactivated HIV
particles (HIV-1,p..m and HIV-1,,y) and Sendai virus also
led to detectable IFN-a production (Fig. 1B). These data sug-
gest that the flow cytometric assay is capable of specifically
detecting IFN-a production by PDC within PBMC cultures,
enabling direct analysis of the frequency of IFN-a-producing
PDC and providing a measure of their relative production of
IFN-a through mean fluorescent intensity. An additional ad-
vantage of this assay is the ability to detect IFN-a production
by multiple cell types, for instance, the simultaneous produc-
tion of IFN-a by PDC and monocytes in response to Sendai
virus (Fig. 1C).
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FIG. 1. Flow cytometric assay for production of IFN-a in unfrac-
tionated peripheral blood mononuclear cells. A) The gating strategy
for PDC consisted of HLA-DR™" cells that were lineage™ (CD3~
CD8  CD16~ CD19~ CD56 ), CD14~ CD11lc™ CDI123". B) Produc-
tion of IFN-a by PDC in response to medium or stimulation with TLR
agonists (R848 and CpG) or viral particles (HIV ., HIVyy, and
Sendai virus). C) Detection of IFN-a produced by multiple cell types
in response to medium, HIV 54, or Sendai virus.

PDC 9.38%
Mono 21.1%

HIV-infected patients undergoing treatment interruption
demonstrate rapid loss of ex vivo PDC production of IFN-« in
response to viruses and TLR ligands. Unrestricted HIV repli-
cation has been associated with diminished frequencies of PDC in
the peripheral blood (63) and with diminished ex vivo production
of IFN-a in response to viruses, including HIV-1 and herpes
simplex virus (17). IFN-a production by PBMC in response to
viral antigens partially recovers in patients receiving effective an-
tiretroviral therapy (61). Although diminished PDC production of
IFN-o in response to viral particles has been described in patients
with HIV infection, it remained unclear whether this is predom-
inantly due to reduced total numbers of PDC in the peripheral
blood, reduced responsiveness of PDC to viral stimulation, or
diminished IFN-a production by stimulated PDC on a per cell
basis or some combination.

In a cohort of 14 patients undergoing treatment interrup-
tion, we measured the frequencies and production of IFN-a by
PDC utilizing the flow cytometric assay described above. In
patients on therapy, 0.26% of peripheral blood cells were lin™
CD14~ HLA-DR" CDl11c™ CD123" PDC, while in patients
off therapy 0.18% of PBMC were PDC (P = 0.16) (Fig. 2).
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FIG. 2. Plasmacytoid dendritic cell production of IFN-a in response to CpG A and HIV 4, 5 particles is diminished in patients with active HIV
replication. A) Representative flow cytometric data from a patient undergoing treatment interruption. B) Summary data of PDC frequency and
absolute numbers (left panel) or responsiveness to CpG type A and HIV, (right panels) in 14 patients undergoing structured treatment
interruptions. PDC production of IFN-« in response to stimulation with TLR ligands or viral particles was significantly decreased in patients with

active HIV replication.

Similarly, there was no statistically significant change in the
absolute numbers of PDC in the peripheral blood during an
interruption of therapy. Previous studies had demonstrated an
inverse correlation between viral load and the frequency of
PDC in the peripheral blood, but the short duration of treat-
ment interruption in this cohort (median time off therapy, 28
days) may explain why no significant differences in PDC fre-
quencies were observed. In contrast, patients off antiretroviral
therapy had significantly reduced percentages of PDC that
responded to CpG A (16.2% of PDC produced IFN-a on
therapy, versus 4.0% off therapy; P = 0.008) and to HIV-1,54
(5.2% versus 1.5%; P < 0.001) (Fig. 2). Finally, the average

PDC production of IFN-a per cell, as measured by mean
fluorescence intensity, was higher in patients on antiretroviral
therapy, although this did not reach statistical significance
(CpG A mean fluorescence intensity, 5,112 on therapy versus
3,635 off therapy [P = 0.14]; HIV-1,,, mean fluorescence
intensity, 3,087 versus 2,133 [P = 0.07]). These data suggest
that HIV viremia alone has a very dramatic effect on in vitro
production of IFN-a by PDC. Although diminished frequen-
cies of PDC may play a role in reduction of IFN-a production
in late-stage disease, the observed decrease in ex vivo PDC
production of IFN-« in response to CpG A and HIV-1,,, in
HIV-infected patients with even brief periods of viremia is
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FIG. 3. Correlation between PDC frequency and IFN-« production in response to CpG type A and HIV ;5 in matched peripheral blood and
lymph node samples. A positive association between the total frequency of PDC in PBMC or lymph node samples was observed, although this did
not reach statistical significance (r = 0.58; P = 0.09). The percentages of PDC producing IFN-« in response to CpG type A and HIV ,,, were

not correlated between lymph node and peripheral blood samples.

primarily the result of a decrease in the percentages of PDC
producing IFN-a in response to stimulation.

Diminished ex vivo PDC production of IFN-a is not ex-
plained by migration of cells to lymph nodes. Although no
significant difference in the frequency of PDC in the peripheral
blood of patients on or off antiretroviral therapy was observed,
it remained possible that a small subset of activated IFN-a-
producing PDC might be migrating to secondary lymphoid
tissues during active HIV replication and that this migration
could underlie the diminished IFN-a production in peripheral
blood PDC restimulated ex vivo. This possibility was investi-
gated in 14 HIV-infected patients with active viral replication
(median viral load, 20,645 copies/ml of plasma; range, 7,511 to
170,300) who underwent simultaneous peripheral blood draws
and lymph node biopsies. The frequencies of PDC in the pe-
ripheral blood and lymph nodes were similar in this cohort
(ranges, 0.07 to 1.08% and 0.08 to 1.15%, respectively; P >
0.5). There was a trend toward a positive correlation between
the frequency of PDC in the peripheral blood and lymph
nodes; however, this was only of borderline significance (r =
0.58; P = 0.09). The lack of an inverse association suggested
that the decreased frequency of PDC in the peripheral blood
was not due to accumulation in lymph nodes. Further, the
percentages of PDC producing IFN-« in response to CpG A or
HIV-1,54 were also not correlated between lymph node and
peripheral blood samples (Fig. 3) (P = 0.28 and P > 0.5,
respectively). These data are indirect in that they are cross-
sectional for a separate group of patients, and we did not
observe enrichment of a large population of IFN-a-producing
cells in the lymph nodes of viremic patients. Rather, the fre-
quency of PDC producing IFN-a upon ex vivo stimulation was
similar between blood and lymph nodes. These data suggest
that selective migration of IFN-a-producing PDC from periph-
eral blood to lymph nodes does not appear to be a primary
mechanism for the diminished ex vivo production of IFN-« in
the peripheral blood in patients off antiretroviral therapy.

PDC from patients off antiretroviral therapy have increased
transcription of interferon-stimulated genes. The observation
that HIV-infected patients off therapy have diminished respon-
siveness of PDC to CpG A and HIV-1,, stimulation sug-
gested that unrestricted HIV-1 replication might alter the

function of PDC observed upon restimulation. This might oc-
cur through prior activation through TLRs or feedback inhi-
bition by IFN-a produced in vivo. To test this hypothesis, PDC
from HIV-infected patients on effective antiretroviral therapy
(n = 10), off antiretroviral therapy (» = 10), and from HIV-
negative controls (n = 10) were purified based on CD304
(BDCA-4) magnetic bead enrichment followed by sorting of
CD123" CD11c™ cells. Purity of the isolated PDC populations
was determined by flow cytometry to be >90 to 95%. Purified
PDC populations were analyzed by real-time reverse transcrip-
tion-PCR assay for expression of interferon-stimulated genes
as well as genes involved in the type I interferon and TLR
pathways. PDC isolated from patients with active HIV repli-
cation had significantly increased expression of approximately
25 genes compared with PDC from patients on effective anti-
retroviral therapy or normal controls. A large number of these
genes are well-characterized interferon-stimulated genes, in-
cluding MX1, MX2, OAS2, IFIT3, GBP1, G1P2, GI1P3,
ISGF3G, and ISG20 (Fig. 4). The five genes with the largest
increases in expression in patients off therapy were all inter-
feron-stimulated genes. Additionally, changes in genes in-
volved in TLR pathways and interferon signaling were also
identified, including upregulation of STAT1 and STAT2 in
patients off antiretroviral therapy. Expression of TLR7, a re-
ceptor believed to be involved in type I IFN production by
PDC in response to HIV-1 particles, was diminished in pa-
tients off therapy compared to normal controls but was simi-
larly down-regulated in HIV-infected patients on antiretroviral
therapy. No significant effects on levels of transcripts of TLR9
or IRF7 were observed.

Serum samples from patients on and off therapy were ana-
lyzed for levels of type I IFN. Levels of serum IFN were
detectable in both groups of patients and were not significantly
different. However, it should be noted there are 13 known
subtypes of IFN-«, as well as IFN-B and several type I IFN-like
cytokines, that can stimulate interferon-responsive genes. The
currently available serum assays only measure a subset of these
cytokines. As a result, it is likely that expression of type I
interferon-stimulated genes, rather than the level of plasma
interferons, remains the best indicator of the level of activation
of the type I interferon pathway in vivo.
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UBE2V1 0.036* 0.087 0.956
IFIT1 T 0.036* 0.078 0.797
HMGB1 0.330 0.012* 0.491
CD86 0.512 0.069 0.024*
MAPK8 0.112 0.337 0.044*
IRF1 0.986 0.112 0.101
IKBK B 0.750 0.134 0.069
MAP3K 1 0.334 0.218 0.058
IL10 0.679 0.046* 0.160
HSPA1A 0.002* 0.001* 0.075
PPARA 0.448 0.001* 0.001*
TLR7 0.755 0.027* 0.013*
HSPD1 0.123 0.002* 0.024*
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FIG. 5. PDC production of IFN-« in response to HIV ., or CpG type A stimulation is significantly reduced during long-term treatment with
exogenous IFN-a2A. PDC frequency and absolute numbers (left panel) or response to CpG or ADA (right panel) are shown. Data are from
patients with hepatitis C virus infection that were treated with IFN-a2A and ribavirin. PBMC samples were collected prior to the initiation of
therapy and at week 8 of therapy, and PDC production of IFN-a was measured with the flow cytometric assay described in the legend for Fig. 1.

Ex vivo PDC production of IFN-« is diminished by long-
term IFN-« treatment in vivo. The observation that PDC from
patients off antiretroviral therapy had increased transcription
of type I interferon-stimulated genes suggested that signaling
through the IFN-o/B pathway might affect the ability of PDC
to respond to subsequent stimulation with TLR ligands. The
effects of short-term and long-term treatment with IFN-a on
the ability of PDC to produce new IFN-a in response to CpG
A and HIV-1,,,, were examined. A 2-h preincubation of
PBMC with recombinant IFN-a2A was found to augment the
ability of PDC to produce IFN-a in response to CpG A and
HIV-1,p4 (data not shown). Although short-term treatment
with IFN-a2A increased IFN-a production upon restimula-
tion, PDC in HIV-infected patients are likely chronically ex-
posed to high levels of IFN-a. To test the effects of long-term
IFN-a stimulation in vivo, we examined IFN-a production
upon restimulation in 26 patients receiving pegylated IFN-a2b
and ribavirin for the treatment of chronic HCV infection.
These patients, who had been receiving 1.5 ng/kg pegylated
IFN-a2b per week and 1 to 1.2 g ribavirin per day for 8 weeks,
demonstrated a significant reduction in the frequency of PDC

producing IFN-a in response to CpG A and HIV-1,,, stim-
ulation while on IFN-a and ribavirin therapy (CpG A, 6.12%
IFN-a* PDC off IFN-a and ribavirin therapy versus 0.54% on
IFN-a and ribavirin therapy [P < 0.001]; HIV-1,p4, 1.63% off
therapy versus 0.32% on therapy [P < 0.001]) (Fig. 5). No
statistically significant changes in PDC frequency or absolute
number were observed. Given IFN-a and ribavirin are stan-
dard care for such patients, we were unable to perform studies
in patients receiving IFN-a alone. Thus, we are unable to
formally exclude a possible effect of ribavirin in these experi-
ments. However, these data do suggest that long-term stimu-
lation of the type I interferon pathway, as is seen in PDC of
HIV-infected patients with unrestricted viral replication, may
diminish the ability of PDC to produce new IFN-a upon sub-
sequent stimulation.

DISCUSSION

The data from the present study, taken in the context of
previous reports, provide considerable additional insight into
the function of PDC during HIV infection. HIV infection and

FIG. 4. Quantitative PCR of purified PDC demonstrates an increase in type I interferon-stimulated gene transcription in patients with active
HIV replication. A) Changes in genes up- or down-regulated in HIV-positive patients compared with normal controls. Data from patients with
active HIV replication are represented by dark gray bars; data from patients with control of HIV replication due to antiretroviral therapy are shown
by light gray bars. B) P values of genes up- or down-regulated during HIV infection and with active HIV replication. {, gene known to be stimulated

by type I interferons; *, statistically significant at the 0.05 level.
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disease progression have been associated with a decrease in the
frequency and function of PDC in the peripheral blood (4, 9,
14, 63) Consistent with these observations, diminished IFN-a-
dependent maturation of myeloid dendritic cells has been ob-
served in viremic patients (31). This maturation can be recon-
stituted by the addition of exogenous IFN-a in vitro. In
addition, asymptomatic long-term nonprogressors maintain
high frequencies of circulating PDC and produce large
amounts of type I interferons upon stimulation ex vivo (63).
These data have suggested that diminished PDC function rep-
resents a defective function that is preserved in long-term
nonprogressors. Somewhat paradoxically, more recent expres-
sion array and in situ hybridization data have suggested that
IFN-a production, most likely from PDC, is high in vivo in
HIV-infected progressors, suggesting this PDC function is in-
tact (24, 64). However, the results of the present study may
help to reconcile these seemingly contradictory data. The flow
cytometric assay utilized in this study allowed the visualization
of IFN-a production by PDC or other cells in PBMC samples
in response to CpG A ligands and HIV particles without the
need to isolate or culture PDC in vitro. Utilizing this assay
system, we found that a significantly lower percentage of PDC
respond to CpG A ligands and HIV particles in patients with
active HIV replication than in uninfected controls. Although
HIV disease has been well documented to result in lower
circulating levels of PDC, the short duration of treatment in-
terruption in this study did not reveal significant differences in
PDC frequency in patients off therapy. These data suggest that
active HIV replication rapidly reduces the responsiveness of
PDC to subsequent stimulation by CpG A and HIV particles.
Analysis of PDC frequencies and functions within lymph nodes
from patients off antiretroviral therapy were not inversely cor-
related with matched peripheral blood samples, suggesting that
selective trafficking of functional PDC to lymph nodes does not
explain the reduced responsiveness observed in the peripheral
blood. Real-time PCR analysis of purified PDC revealed that
interferon-stimulated gene expression was significantly higher
in patients off antiretroviral therapy. To determine the effects
of interferon stimulation upon PDC function, we investigated
the effects of short-term and long-term exposure to interfer-
ons. Short-term exposure to exogenous IFN-a2A significantly
enhanced the expression of type I interferons by PDC in re-
sponse to CpG and HIV particles. In contrast, the long-term
exposure to pegylated IFN-a2b in patients receiving treatment
for chronic hepatitis C virus infection resulted in significant
reductions in the ability of PDC to respond to these ligands
without changing the circulating frequency of PDC, a finding
similar to that seen in patients with active HIV replication. It
should be noted that we were unable to exclude a potential role
of ribavirin in the effects observed in PDC function in hepatitis
C virus-infected patients. However, taken together, these data
suggest that chronic stimulation of PDC with IFN-a in vivo
may lead to hyporesponsiveness of these cells upon exposure
to CpG A or HIV particles. These data also suggest that
although advanced disease may be associated with declines in
PDC frequencies, many of the differences in function observed
between infected patients with high-level viral replication and
nonprogressors or treated patients are likely a consequence of
viremia and not a defect in IFN-a production in vivo.

These data also provide some insight regarding the mecha-
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nism of the diminished ex vivo production of IFN-a observed
during HIV infection. A number of IFN-a-inducible genes
were observed to be upregulated during high-level viremia,
suggesting that diminished ex vivo IFN-a production was a
consequence of feedback inhibition. Consistent with this hy-
pothesis, in hepatitis C virus-infected patients, exogenous
IFN-« and ribavirin in vivo were sufficient to cause diminished
production of IFN-a upon stimulation in vitro under these
experimental conditions. As outlined above, and consistent
with the array data presented here, several lines of evidence
indicate that there are increases in IFN-a production in vivo
during active HIV replication. Thus, the diminished IFN-a
production observed upon ex vivo restimulation might poten-
tially be caused by stimulation through TLRs of a small sub-
population of PDC, resulting in paracrine feedback inhibition.
However, the real-time PCR data also suggest that direct,
ongoing stimulation through TLRs in vivo may contribute to
diminished IFN-a production. Increased expression levels of
Statl, IFIT3, and NFKB1A in the off-therapy group compared
to on-therapy time points suggest ongoing stimulation through
TLRs by HIV RNA. The pattern of expression of these genes
is similar to those observed within splenocytes in vitro or in
animal models of chronic stimulation through TLRY by CPG
(35). Some of these, such as NFKB1A, have counter-regulatory
activity that may contribute to diminished production of IFN-a
upon restimulation. Together, these results suggest that the
refractory state of PDC from viremic patients may be due to a
combination of feedback inhibition and prior direct activation
through TLRs by HIV RNA.

It is becoming increasingly clear that immune activation
plays a central role in the pathogenesis of HIV disease and is
the sum total of many direct and indirect effects of ongoing
viral replication. Viral replication has been demonstrated to
lead to a rapid turnover of CD4" and CD8™ T-cell populations
(37, 52) and with diminished interleukin-2 (IL-2) production
by HIV-specific CD4™ T cells in vitro (22, 29, 55, 66). Addi-
tionally, B-cell and NK-cell subsets show signs of activation
with abnormal skewing of their respective subsets (1, 45, 46,
48). Many subsets of immune cells in the peripheral blood and
lymph nodes of HIV-infected patients demonstrate increased
transcription of interferon-stimulated genes, suggesting activa-
tion by type I interferons is occurring in vivo. In addition to
PDC, unrestricted HIV-1 replication has profound IFN-a-me-
diated effects on the functions of monocytes, NK cells, B cells,
CD4™" T cells, and CD8™" T cells (36, 40, 48, 53, 64; S. Migueles,
personal communication). Our laboratory has recently demon-
strated that spontaneous monocyte production of the proin-
flammatory cytokines IL-1@, IL-6, and tumor necrosis factor
alpha is reduced by active HIV-1 replication, and this effect
correlated with elevated transcripts of type I interferon-stim-
ulated genes in monocytes and was recapitulated by the addi-
tion of exogenous IFN-a2A.

There is some recent evidence that suggests these effects of
IFN-a on other immune system cells may be deleterious. In
many viral infections, type I interferons are thought to be
beneficial to the host in that they exhibit antiviral properties
both by activating cellular intrinsic defense mechanisms and by
stimulating the immune system (reviewed in references 47 and
58). The latter mechanisms include upregulation of class I
major histocompatibility complex molecules, maturation of
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monocytes and immature myeloid dendritic cells into mature,
functional dendritic cells, increasing NK cell cytotoxicity, stim-
ulation of antibody responses, and enhanced survival and pro-
liferation of CD4™ and CD8" cell responses (7, 8, 11, 32, 56).
Type I interferons also have well-characterized antiviral effects
on HIV replication in vitro (5, 20, 57, 60). However, in vivo
they are increasingly thought to play a central role in the
aberrant immune system activation that may drive HIV disease
progression. This widespread immune activation may favor
viral replication by a variety of mechanisms, including provid-
ing large numbers of activated target cells and by dampening
the immune response. Consistent with this hypothesis, sooty
mangabeys, which have been demonstrated to avoid progres-
sion to AIDS despite high viral loads, also have very low levels
of systemic immune activation despite high-level viral replica-
tion (reviewed in reference 62). In contrast to rhesus macaques
infected with simian immunodeficiency virus or humans in-
fected with HIV, these natural hosts do not demonstrate
IFN-a production to HIV particles in vitro, nor do they show
signs of type I interferon-stimulated gene stimulation in vivo
(35a). These findings raise the possibility that type I interferons
play a central role in immune activation and disease progres-
sion in susceptible hosts. If this is found to be the case in
humans, this may have important therapeutic implications for
agents that block the effects of type I interferons.
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