
Plasma Factors during Chronic HIV-1 Infection Impair IL-12
Secretion by Myeloid Dendritic Cells via a Virus-Independent
Pathway

Elizabeth A. Miller, MD1,2, Meredith R. Spadaccia, BS2, Meagan P. O’Brien, MD1,2, Linda
Rolnitzky, MSc3, Rachel Sabado, PhD2, Olivier Manches, PhD2, Davor Frleta, PhD2, and
Nina Bhardwaj, MD, PhD2,3

1Division of Infectious Diseases, New York University School of Medicine, New York, New York,
10016, USA
2Cancer Institute, New York University School of Medicine, New York, New York, 10016, USA
3Division of Biostatistics, New York University School of Medicine, New York, New York, 10016,
USA
4Division of Pathology, New York University School of Medicine, New York, New York, 10016,
USA

Abstract
Objective—Myeloid dendritic cell (mDC) dysfunction during HIV infection may hinder the
formation of both innate and adaptive immune responses and contribute to pathogenesis. Our
objective was to determine whether circulating factors during chronic HIV infection impair mDC
function with respect to secretion of IL-12, a pro-Th1 cytokine, and T cell stimulatory capacity.
Particular focus was placed on the effect of combination anti-retroviral therapy (cART) and the
role of HIV itself on mDC function.

Methods—Monocyte-derived DC (moDC) from uninfected donors were exposed to plasma from
HIV-infected individuals prior to Toll-like receptor (TLR) stimulation. Cytokine secretion was
measured via cytokine bead arrays, and T cell proliferation and IFNγ secretion was evaluated
following co-culture with naive CD4+ T cells. Expression of genes central to TLR-mediated
signal transduction was analyzed via qRT-PCR arrays and western blot.

Results—Exposure of moDC to plasma from untreated HIV-infected donors suppressed
secretion of IL-12, and impaired Th1-skewing of CD4+ T cells. The suppressive effect was less by
plasma donors receiving cART. Removal of virus from plasma did not relieve suppression, nor
was IL-12 secretion decreased upon addition of HIV to control plasma. On a transcriptional level,
decreased expression of IKKβ, a key regulator in the TLR/NF-kappaB signaling pathway,
corresponded to suppressed cytokine secretion.
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Conclusions—Plasma factors during chronic HIV infection impair mDC function in a manner
that likely impacts the formation of immune responses to HIV, opportunistic pathogens, and
vaccines. Despite partial alleviation by cART, this suppression was not directly mediated by HIV.
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Introduction
Myeloid dendritic cells (mDC) are potent antigen presenting cells (APC) that bridge the
innate and adaptive immune systems in order to orchestrate responses to pathogens. mDC
are powerful stimulators of both CD4+ and CD8+ T cells, and are required to prime naïve T
cells in the formation of antigen-specific responses1. In order to become optimal APC, mDC
undergo maturation upon encountering a pathogen; a process that involves upregulation of
surface costimulatory molecules and secretion of cytokines in order to stimulate and
modulate adaptive responses. However, during HIV-1 infection, accumulating evidence
suggests that mDC function is dysregulated and may contribute to pathogenesis2–15. Several
studies have demonstrated impaired cytokine secretion and T cell stimulatory capacity by
mDC during HIV infection in response to toll-like receptor (TLR) ligands and other
stimuli5, 7, 11, 14, 15, though results have been conflicting with certain studies describing
normal reactivity and even hyperreactivity of mDC possibly contributing to generalized
immune activation6, 10, 12, 16. These observed inconsistencies may be attributable to several
factors including variability in the stage of disease and mDC subset studied, stimuli used,
and functional parameters assayed. Furthermore, the etiology of mDC dysfunction during
HIV infection remains largely unclear. Several reports have demonstrated viral-mediated
mechanisms, including modulation of mDC function via HIV/C-type lectin interactions, and
gp120 and vpr dependent mechanisms9, 11, 13, 14, 17.

Though multiple important questions remain regarding mDC dysfunction during HIV
infection, of particular interest is how HIV impacts the ability of mDC to secrete the pro-
Th1 cytokine, IL-12. In addition to generalized immune activation that occurs during HIV
infection, immune dysregulation has been characterized by imbalances in Th1 versus Th2-
type immune responses18–20. IL-12 is a key regulatory cytokine that has a central role in the
differentiation of naïve CD4 + T cells towards the Th1 pathway to generate anti-viral
cytotoxic T cells and IFNγ secretion21–23. IL-12 also activates the innate immune system
via enhancement of natural killer (NK) cell cytotoxicity23. Given the critical role mDC play
during the induction and skewing of adaptive responses, impaired secretion of IL-12 by
these cells during HIV infection may have a profound impact on the formation of effective
immune responses to HIV, opportunistic pathogens, and vaccines. Data regarding IL-12
secretion by mDC during HIV infection have been mixed. Certain studies have described
decreases in IL-12 secretion by mDC in response to stimuli; primarily CD40L, TLR4 and
TLR7/8 agonists5, 7, 11, 14, though these data have been inconsistent16, 24. Reports examining
peripheral blood mononuclear cells (PBMCs) and monocytes from HIV-infected individuals
have also revealed lower IL-12 production25–32, with such decreases found attributable to
direct effects of HIV proteins gp120 and vpr33, 34.

The aim of our study was to further characterize the impact of HIV infection on mDC
function by determining whether circulating plasma factors during chronic HIV infection
impair their ability to secrete IL-12 and skew Th1 CD4+ T cell responses. In order to
address these questions, we employed in vitro systems in which monocyte-derived DC
(moDC) from uninfected donors were exposed to plasma from both cART suppressed and
untreated HIV-infected individuals and subsequently activated by TLR stimulation. This
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approach has allowed us to investigate the contribution of individual plasma factors that may
lead to suppression of mDC function, with a focus on the virus itself. We chose to primarily
study the TLR3 agonist, Poly I:C, which is a synthetic dsRNA complex that is under
investigation as a promising vaccine adjuvant35, 36, in part due to its ability to induce potent
secretion of bioactive IL-12 (IL- 12p70) by mDC37–39. We observed that plasma factors
during chronic HIV infection significantly impair moDC function via mechanism(s) that are
not directly mediated by HIV, despite mitigation of this suppression with combination anti-
retroviral therapy (cART).

Methods
Study population

The HIV-infected subjects enrolled in this cross-sectional study who donated plasma
samples were recruited through New York University AIDS Clinical Trial Unit and the
Center for AIDS Research. Healthy donors served as controls. Chronically infected subjects
on therapy (cART, N=10) were taking cART for ≥1 year without detectable viremia at the
time of sampling (median CD4+ T cell count 578.5 cells/ml, median age 50.4 years).
Chronically infected, untreated subjects (untreated, N=10) were infected for ≥1 year (median
viral load 18,600 copies/ml, median CD4+ T cell count 275 cells/ml, median age 44.5
years). Subjects were sex-matched (overall 83% male) (Table 1). The subjects enrolled in
the study for viral propagation were recruited through Center for HIV/AIDS Vaccine
Immunology (CHAVI 012). These were HIV-infected subjects whom were not receiving
therapy at the time of leukapheresis. Informed consent was obtained from all study
participants in accordance with the Declaration of Helsinki. This study was reviewed and
approved by the Institutional Review Board of Bellevue Hospital, New York University
School of Medicine, the University of North Carolina Chapel Hill, Aaron Diamond AIDS
Research Center, and CHAVI.

Dendritic cell preparation, plasma exposure, and stimulation
Peripheral blood mononuclear cells (PBMCs) were purified from buffy coats from
uninfected donors purchased from the New York Blood Center (Queens, NY) and plated at
50×106 cells/10 ml/dish in RPMI with 5% PHS. Cells were allowed to adhere for 1–2 hours
at 37°C. Nonadherent cells were removed by washing with RPMI. The adherent monocyte-
enriched fraction was supplemented with 100 UI/ml rhGM-CSF and 300 UI/ml rhIL-4
(R&D Systems) on days 0 and 2. On day 4 of culture, moDC were harvested, washed, and
resuspended in RPMI supplemented with 10% plasma from each donor along with IL-4 and
rhGM-CSF for 24 hours. On day 5, moDC were stimulated with Poly (I:C) (Amersham) at
5μg/ml/106 moDC overnight (15–18 hours). Secretion of IL-12p70, TNFα, IL-6, IL-10,
IL-1β, and IL-8 was measured in moDC supernatants using the Human Inflammatory
Cytokine Cytometric Bead Array (BD Pharmingen). For each individual experiment, moDC
generated from a single uninfected donor were exposed to plasma from 28–30 donors
(plasma from both treated and untreated HIV-infected subjects in addition to control plasma
donors) prior to stimulation with Poly I:C. This was independently repeated on three moDC
donors. In select experiments, circulating mDC were enriched from control PBMC
(EasySep™ Human Myeloid DC Enrichment Kit, Stem Cell) and exposed to 10% plasma
from each group (N=3 per plasma donors per group) followed by Poly IC stimulation.
Additional moDC stimulations were performed following exposure to plasma from HIV-
infected subjects (N=7 per plasma donors per group) using the TLR7/8 ligand, resiquimod
(R848) at 10μM. To assess moDC phenotype and viability following plasma exposure and
stimulation, moDC were stained with conjugated fluorescent antibodies to CD11c (BD
Pharmingen), CD86 (BD Pharmingen), HLA DR (BD Pharmingen), DC-SIGN (BD
Pharmingen), PDL-1 (ebiosciences), and Annexin V (FITC, BD Pharmingen).
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Naive CD4+ T cell co-culture
T cell proliferation and IFNγ secretion assays were performed through co-culture of CFSE
labeled allogeneic naïve CD4+ T cells with moDC that had been exposed to plasma from a
subset of HIV-infected subjects (N=7 per group) and stimulated with Poly I:C as described
above. Naïve CD4+ T cells were purified by magnetic cell sorting (Naïve CD4+ T cell
Isolation Kit II, Miltenyi Biotec) from uninfected donor PBMCs and stained with CFSE
(1μM) for 10 minutes prior to incubation with moDC at a ratio of 1:10 (moDC/Tcell). After
6 days, CFSE dilution was analyzed by FACS and culture supernatants were assayed for
IFNγ using the Human Th1/Th2/Th17 Cytokine Cytometric Bead Array (BD Pharmingen).

DC exposure to viruses
To assess the direct effect of HIV on moDC cytokine production, moDC from uninfected
donors were exposed to varying doses (100–1000pg/ml) of laboratory strains of HIV
(HIV-1MN (X4-tropic) and HIV-1ADA (R5-tropic))(AIDS Vaccine Program (AVP), National
Cancer Institute(NCI)) or to patient-derived strains (10–1000pg/ml) of HIV from untreated
donors in 10% uninfected control plasma for 24 hours prior to stimulation with Poly I:C.
Patient-derived HIV was propagated from CD3 antibody-activated, (eBioscience)
autologous CD4+ T cells supplemented with 100IU/ml rhIL-2 (R&D systems). The doses of
exogenous patient-derived HIV that were added to cultures were estimated to be in the
physiologic range based on the viral loads of our plasma cohort40. Culture supernatants were
harvested every 3 days and assayed for viral content with HIV-1 p24 antigen capture kits
(AVP, NCI). As controls, supernatant from activated CD4+ T cell cultures from uninfected
donors was applied to moDC. In separate experiments, HIV was removed from untreated
donor plasma via ultracentrifugation (100,000 G for 57 minutes) and supernatants assayed
for the absence of virus with HIV-1 p24 antigen capture kits (AVP, NCI). MoDC were
exposed to whole plasma versus supernatant for 24 hours prior to stimulation with Poly I:C.

Milliplex analysis
Luminex analysis was performed on plasma samples from HIV-infected subjects versus
control plasma donors, and on supernatants from an moDC:naïve CD4 T cell co-culture
experiment (MILLIPLEX MAP Human Cytokine/Chemokine Panel I, Millipore, http://
www.millipore.com/bmia/flx4/bmia_immunology#tab1=2). Analytes assayed included
EGF, Eotaxin, FGF-2, Flt-3 ligand, Fractalkine, G-CSF, GM-CSF, GRO, IFN-α2, IFN-γ,
IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17, IL-1ra, IL-1α, IL-1β, IL-2, IL-3, IL-4,
IL-5, IL-6, IL-7, IL-8, IL-9, IP-10, MCP-1, MCP-3, MDC (CCL22), MIP-1α, MIP-1β,
TGF-α, TNF-α, TNF-β, VEGF, sCD40L, sIL-2Rα. Samples were analyzed according to the
manufacturer’s protocol.

qRT-PCR
RNA from HIV versus control plasma-exposed moDC (N=3 per group) was isolated using
RNAeasy Mini Kit (Qiagen) and converted to cDNA using RT2 Strand Kit (SABiosciences).
Expression of 84 genes central to TLR-mediated signal transduction were analyzed using the
Human Toll-Like Receptor (TLR) Signaling Pathway RT2 Profiler PCR Array
(SABiosciences) per manufacturer’s protocol. (see http://www.sabiosciences.com/
rt_pcr_product/HTML/PAHS-018A.html for complete list of genes). Reactions were
conducted using a BioRad icycler IQ5 RT-PCR detection system. All data and statistics
were analyzed via software provided by the manufacturer (http://www.sabiosciences.com/
pcrarraydataanalysis.php).
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Western blots
IKKβ was detected by western blot using rabbit polyclonal antibody (Cell Signaling). HRP-
linked anti-rabbit IgG (Cell Signaling) was used as secondary antibody before
chemiluminescent detection (ECL Plus, Amersham Biosciences).

Statistical Analysis
Statistical analyses were performed on individual experiments and on combined data when
applicable using SAS 9.1 or GraphPad Prism 4. The data displayed in Figures 1 and 2 were
logarithmically transformed for statistical analyses that assume normality of data. Mixed
effects models were used for repeated measures analyses comparing values from the
different moDC donors among the three treatment groups. The mixed model included
treatment group and moDC donor as fixed effects, with repeated observations for plasma
donor. Although there were significant effects for both treatment group and moDC donor, no
interaction was seen. Therefore, pairwise contrasts were performed among treatment groups
for the combined data from moDC donors without adjustments for multiple comparisons.
For the remaining experiments, analyses of variance were performed for an overall
comparison if ≥3 groups were present, and t tests were then used for pairwise comparisons.
Relationship of IL-12p70 secretion by moDC following HIV-plasma exposure and Poly I:C
stimulation with CD4 count, viral load, and age were evaluated via linear regression. In all
cases, P values < 0.05 using two-sided tests were considered significant.

Results
Plasma from untreated HIV-infected donors suppresses cytokine secretion and Th1-
skewing capacity; an effect partially mitigated by cART

Exposure of moDC to plasma samples from HIV-infected individuals resulted in significant
suppression of IL-12p70 secretion upon Poly I:C stimulation compared with controls
(control vs untreated p<0.0001, control vs cART p=0.007; p values generated from mixed
effects model (MEM) for repeat measures)(Figure 1A). Of note, in experiments where
moDC were exposed to plasma free conditions (but together with GM-CSF and IL-4) as an
additional control prior to stimulation, IL-12p70 secretion was also abrogated compared to
all plasma groups (data not shown). Upon examination of the treatment effect, it was found
that the suppression of IL-12p70 was significantly less in the cART group compared with
the untreated group (cART vs untreated p=0.0013) (Figure 1B) When primary circulating
mDC were exposed to plasma from HIV-infected donors prior to Poly I:C stimulation,
suppression of IL-12p70 secretion was comparable to that observed by moDC
(Supplementary Digital Content, Figure 1A). Additionally, IL-12p70 secretion was similarly
lower by moDC exposed to plasma from a subset of HIV-infected subjects following
stimulation with the TLR7/8 agonist, R848 (Supplemental Digital Content, Figure 1B).

Exposure of moDC to plasma samples from HIV-infected individuals also resulted in
significantly lower production of TNFα and IL-6 upon Poly I:C stimulation, with the
exception of TNFα secretion in the cART group (control vs untreated p<0.0001 for TNFα
and IL-6; control vs cART p=0.11 for TNFα and p=0.0004 for IL-6)(Figure 1C and 1E).
The suppression of TNFα was significantly less in the cART group compared with the
untreated group, and a similar trend was noted for IL-6 (cART vs untreated p=0.0042 for
TNFα, and p=0.073 for IL-6) (Figure 1D and 1F). IL-8 levels were not consistently different
amongst control and HIV groups. IL-1β secretion was generally very low by moDC in all
plasma groups, however, when 10 measurable it followed a similar trend as IL-12p70,
TNFα, and IL-6 (data not shown). When moDC were left unstimulated following plasma
exposure, no differences in IL-12p70, TNFα or IL-6 secretion were observed between
groups (data not shown). The phenotype of moDC following plasma exposure and Poly I:C
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stimulation was not consistently different between groups in terms of expression of CD86,
HLA DR, DC-SIGN, or PDL-1 (Supplemental Digital Content, Figure 2A). Cell viability
following exposure to HIV plasma was not significantly lower via FACS analysis of both
annexin V staining and forward scatter/side scatter characteristics (Supplemental Digital
Content, Figure 2B).

When plasma-exposed moDC were cocultured with allogeneic CFSE-labeled naïve CD4+ T
cells, less IFNγ secretion and small decreases in proliferation were observed in the untreated
group compared with controls (p=0.005, p=0.007), but not in the cART group compared
with controls (p=0.27,p=0.49)(p values generated from MEM) (Figures 2A and 2B). Upon
direct comparison between the cART and untreated groups, lower IFNγ was seen in the
untreated group, with a trend toward lower proliferation (p=0.002, p=0.0595) (Figure 2C
and 2D). T cells alone were cultured with HIV versus control plasma +/− stimulation with
antibodies to CD3/CD28 and no differences in proliferation were observed amongst groups
(data not shown). In addition to IFNγ, luminex analysis of co-culture supernatants revealed
significant decreases in several cytokines/chemokines in the HIV plasma groups including
MIP-1β, IL-6, IFNα2, IL-1α, eotaxin, IL-7, TNFα, IL-12p40, and IL-12p70 (Supplemental
Digital Content, Figure 3).

No evidence for direct viral mediated suppression of moDC function
When laboratory strains of HIV (100pg/ml) were added to moDC cultures in 10%
uninfected control plasma prior to stimulation, no significant decrease in IL-12p70 secretion
was demonstrated (Figure 3A). Dose titration was performed with addition of log higher
doses of laboratory strains of HIV without suppression of IL-12p70 secretion (data not
shown). Furthermore, when patient-derived HIV strains (100pg/ml) from four separate
donors were added to moDC cultures in 10% uninfected control plasma prior to stimulation,
no decrease in IL-12p70 secretion was demonstrated (Figure 3B). Again, dose titration was
performed without suppression of IL-12p70 secretion when log higher and lower doses of
patient-derived HIV were added (data not shown). When HIV was removed from the plasma
from 4 untreated HIV infected individuals via ultracentrifugation, there was no significant
effect on IL-12p70 secretion overall (Figure 3C). Within the individual moDC experiments
performed using these 4 untreated plasma donors, occasional partial decreases and increases
in IL-12p70 secretion were observed following ultracentrifugation of plasma (Figure 3C
left). However, upon combining the data from each moDC donor (N=3) following
normalization to whole plasma IL-12p70 secretion, no overall effect was detected in any of
the four untreated HIV donors tested (Figure 3C right). No correlation of IL-12p70 levels
(data displayed in Figure 1B) with viral load levels or CD4+T cell count of plasma donors
was demonstrated via linear regression analysis (Figure 3D). The lack of correlation was
consistent when data from each treatment group was analyzed separately. Additionally, no
correlation with age or race (black vs non-black) with IL-12p70 secretion was found.

Decreased IKKβ expression in moDC exposed to plasma from untreated donors
In moDC exposed to control versus minimally suppressive cART donor plasma (N=3 per
group), TLR pathway-specific qRT-PCR arrays revealed no significant differences in
expression levels of the 84 pathway-specific genes assayed (fold change cut-off of >+/−3.0).
In contrast, upon comparing untreated donors with controls, IKKβ (IKBKB) expression was
lower via qRT-PCR (−5.37, p=0.029) in these suppressive plasma donors. No other
significant differences were observed between controls and untreated donors of the
remaining genes assayed (fold change cut-off of >+/−3.0). Decreased levels of IKKβ by
moDC exposed to plasma from untreated donors compared to both control and the cART
groups were confirmed by western blot (p<0.01) (Figure 4).
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Discussion
We report the presence of circulating plasma factors during chronic HIV infection that
profoundly impair the secretion of IL-12 by moDC following TLR stimulation. In keeping
with our finding of lower IL-12 secretion, we also observed impaired skewing of Th1 CD4+
T cells and small decreases in T cell proliferation by moDC exposed to plasma from
untreated HIV-infected individuals. Due to the central role IL-12 plays in activation of both
NK cells and type I cell mediated immunity21–23, this defect in expression likely impacts the
formation of innate and adaptive immune responses during HIV infection not only to the
virus itself, but to opportunistic pathogens and vaccines. Furthermore, these findings bear
particular relevance to ongoing research regarding therapeutic vaccines for HIV that aim to
target and stimulate myeloid dendritic cells in order to enhance T cell effector functions.
Such vaccines, if successful, not only may be a means to improve viral control, but
ultimately may comprise an important component of eradication strategies41. The
importance of IL-12 in the formation of effective HIV-specific immunity has been
previously elucidated in multiple studies. Enhancement of ex vivo HIV-specific CD4+ and
CD8+ T cell responses 42–44, as well as inhibition of CD4+ T cell apoptosis from HIV-
infection individuals has been demonstrated by the addition of IL-1245. Utilization of non-
human primate models of SIV revealed that administration of IL-12 during infection
increases NK cell numbers and lytic function, and can partially restore SIV-specific
cytotoxic T lymphocyte function46, 47, whereas, preconditioning with IL-12 prior to SIV
challenge lowered viral load set point and delayed progression of disease 48.

We found that inhibition of moDC was partially alleviated in patients receiving cART, but,
surprisingly, no direct correlation to plasma donor CD4+ T cell count or viral load level was
observed. Unfortunately, the relatively small sample size and diversity in cART regimens
did not permit the evaluation of specific drug effects within this group. In keeping with the
lack of correlation with viral load, we did not find evidence in our system that moDC
dysfunction is directly mediated by the virus itself. The addition of both laboratory strains
and patient-derived strains of HIV to control donor plasma did not suppress cytokine
secretion, nor did the removal of virus from plasma from untreated HIV-infected donors
reverse the suppression. This is in sharp contrast to previous reports that HIV directly
modulates mDC responses to TLR ligands via binding to certain C-type lectins, including
DC-SIGN, or that HIV proteins, such as gp120 and vpr, can inhibit mDC
function9, 11, 13, 14, 17. Rather, our findings suggest that HIV infection indirectly inhibits
mDC function possibly through increases in circulating inhibitory factors, or, alternatively,
through depletion of factors necessary for mDC function. While it remains unclear why our
findings differ from these cited studies, several key differences in experimental design may
have contributed including genetic differences in the viruses, DC stimuli used, and cytokines
assayed. Though these studies also evaluated the effect of HIV on human moDC derived
from control donors, a prominent difference is our exposure of these cells to plasma from
HIV-infected donors and patient-derived strains of HIV, whereas the cited work utilized
laboratory strains of HIV or HIV proteins.

Some studies have shown that HIV and/or its proteins increases expression of IL-10, an
antiinflammatory cytokine49, 50, leading to mDC suppression8, 11, 13, 17. High expression of
IL-10 has been implicated in the suppression of IL-12 during HIV infection 5, 7, 26, though
others have found IL-12 levels to be independent of IL-1025, 30. Consistent with these latter
studies, we did not find evidence to support a role of IL-10 in our system. The plasma from
HIV-infected individuals did not stimulate the production of IL-10 by mDC, nor were levels
of IL-10 elevated in the plasma samples from HIV-infected donors (Supplemental Digital
Content, Figure 4A and 4B). On Luminex analysis of the plasma samples, of the few factors
where significant differences were detected between HIV groups versus controls, only a
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small increase in sCD40L and GRO were seen in the untreated donor plasma compared with
cART (data not shown). The effects of these are unlikely to be responsible for the DC
suppression observed. It remains possible that subtle differences amongst plasma factors
were not found to be significant given the relatively small sample size.

Due to the disruption of immunity that occurs in the gut during HIV infection, much
attention has been focused upon the potential immunomodulatory effects that elevated
circulating products of microbial translocation, including LPS, may have on pathogenesis
and disease progression51–54. In a tumor model, we have previously shown that TLR4
engagement on moDC can lead to decreases in cytokine secretion upon TLR3 stimulation37.
However, we did not find LPS to be responsible for the suppression of cytokine secretion by
moDC as we were unable to reverse the suppressive effect of HIV plasma with the addition
of the LPS inhibitor, polymyxin B (Supplemental Digital Content, Figure 4C).

Taking into account our findings with the existing data, it is likely that mDC dysregulation
during chronic HIV infection is multi-factorial, with a contribution from as yet unindentified
factor(s). Several disturbances in plasma composition that exist during the course of HIV
infection could potentially play a role including circulating immune complexes, acute phase
reactants including activated complement, or upregulation of other inhibitory
cytokines 55, 56. It also remains possible that HIV infection may result in the relative
depletion of certain plasma factors that are necessary for mDC function. Future exploratory
studies utilizing plasma fractionation systems may be useful in identifying the factor(s) that
are involved in mDC suppression. Though our efforts continue to more clearly define these
circulating factor(s), on a transcriptional level, we have identified that lower expression of
IKKβ, a central molecule in the TLR/NF-kappaB signaling pathway that regulates secretion
of inflammatory cytokines57, 58, corresponds with lower cytokine secretion by mDC. Based
on these findings, further investigation of the role of IKKβ on mDC dysregulation during
HIV infection and characterization of the circulating factor(s) leading to its suppression is
warranted as targeted therapeutic strategies may be of use. Future efforts should be placed
on the identification of adjuvants that are able to overcome the suppression of IL-12
secretion in mDC during HIV infection, as this will likely be a central issue for the success
of therapeutic vaccination endeavors. Further elucidation of the mechanisms that underlie
this suppression will aid in the rational development of these agents.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Suppression of moDC cytokine secretion is partially mitigated by suppressive cART
Measurement of cytokine secretion by moDC from uninfected donors was performed
following exposure to plasma from either control or HIV-infected subjects and subsequent
stimulation with the TLR3 agonist, Poly I:C. Each experiment was repeated on a total of 3
moDC donors and p values were generated using a mixed effects model (MEM) for repeat
measures. Raw cytokine data from a single representative moDC donor following plasma
exposure and stimulation is displayed for IL-12p70 (A), TNFα (C) and IL-6 (E). Each dot
represents an individual plasma donor (mean of 2 replicates per donor). (p values generated
from MEM: control vs untreated p<0.0001 for all cytokines; control vs cART p=0.007 for
IL-12p70, p=0.11 for TNFα, and p=0.0004 for IL-6). The effect of cART on cytokine
secretion is displayed by combining all data points from each moDC experiment following
normalization of values from HIV-infected donor plasma to the mean of control plasma
donors for IL-12p70 (B), TNFα (D), and IL-6 (F)(p values generated from MEM: p= 0.0013
for IL-12p70, p=0.0042 for TNFα, p= 0.073 for IL-6). Different dot shadings represent
values from different moDC donors.
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Figure 2. Plasma from untreated HIV-infected individuals suppresses moDC Th1-skewing
capacity
To measure T cell proliferation and IFNγ secretion, moDC from a single donor were
exposed to plasma from HIV-infected subjects versus control plasma donors, stimulated
with Poly I:C, and then cocultured with CFSE-labeled allogeneic naïve CD4+T cells. Each
experiment was repeated on a total of 3 moDC donors and p values were generated using a
mixed effects model (MEM) for repeat measures. (A + B) IFNγ secretion (top) and T cell
proliferation (bottom) from a single representative experiment. (p values generated from
MEM: control vs untreated p=0.007 for CFSE, p=0.005 for IFNγ, control vs cART p=0.27
for CFSE, p=0.49 for IFNγ) (C + D) The effect of cART on IFNγ secretion (top) and T cell
proliferation (bottom) is graphically displayed by combining data points from each
experiment following normalization of values from HIV-infected donor plasma to controls
(p values generated from MEM: p=0.0595 for CFSE, p=0.002 for IFNγ). Different dot
shadings represent values from different moDC donors
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Figure 3. No evidence for direct viral-mediated suppression of moDC function
(A) MoDC from a single donor were exposed to laboratory strains of HIV (HIV-1MN (X4-
tropic) and HIV-1ADA (R5-tropic)(100pg/ml) in 10% control donor plasma prior to
stimulation with Poly I:C. (B) MoDC from a single donor were exposed to patient-derived
strains of HIV (100pg/ml) from 4 untreated donors in 10% control donor plasma prior to
stimulation. Data displayed in A and B are representative of experiments performed on 3–4
separate moDC donors. (C) HIV was removed from the plasma of 4 untreated HIV-infected
donors via ultracentrifugation, and moDC from a single donor (left) were exposed to whole
plasma versus the virus-free supernatant fraction from each plasma donor prior to
stimulation (only stimulated conditions are shown). The asterisks indicate p values: *p < .05.
This was repeated on 3 separate moDC donors and pooled data are displayed as fold change
(FC) of IL-12p70 secretion of supernatant compared with whole plasma (right). (D)
Correlation of IL-12p70 secretion from HIV plasma-exposed DC following Poly I:C
stimulation (values displayed in Figure 1b) with viral load and CD4+ T cell count was
evaluated via linear regression.
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Figure 4. Decreased IKKβ expression in moDC exposed to plasma from untreated donors
(A) TLR pathway-specific qRT-PCR array analysis of moDC exposed to control versus
cART versus untreated plasma groups (N=3 per group) revealed that expression of IKKβ
was significantly decreased in the untreated group, but not in cART group, compared with
controls. (B+C) Western blot analysis of moDC exposed to control versus cART versus
untreated plasma groups (N=3 per group) revealed that levels of IKKβ were significantly
decreased in the untreated group compared with control and cART groups using analysis of
variance followed by pairwise comparisons with two-tailed t-tests. The asterisks indicate p
values: **p < .01, *p < .05.
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