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Abstract
The majority of HIV-1 elite controllers (EC) restrict HIV-1 replication through highly function-

al HIV-1-specific T cell responses, but mechanisms supporting the evolution of effective

HIV-1-specific T cell immunity in these patients remain undefined. Cytosolic immune recog-

nition of HIV-1 in conventional dendritic cells (cDC) can facilitate priming and expansion of

HIV-1-specific T cells; however, HIV-1 seems to be able to avoid intracellular immune rec-

ognition in cDCs in most infected individuals. Here, we show that exposure of cDCs from

EC to HIV-1 leads to a rapid and sustained production of type I interferons and upregulation

of several interferon-stimulated effector genes. Emergence of these cell-intrinsic immune

responses was associated with a reduced induction of SAMHD1 and LEDGF/p75, and an

accumulation of viral reverse transcripts, but inhibited by pharmacological blockade of viral

reverse transcription or siRNA-mediated silencing of the cytosolic DNA sensor cGAS. Im-

portantly, improved cell-intrinsic immune recognition of HIV-1 in cDCs from elite controllers

translated into stronger abilities to stimulate and expand HIV-1-specific CD8 T cell re-

sponses. These data suggest an important role of cell-intrinsic type I interferon secretion in

dendritic cells for the induction of effective HIV-1-specific CD8 T cells, and may be helpful

for eliciting functional T cell immunity against HIV-1 for preventative or therapeutic

clinical purposes.

Author Summary

Elite controllers (EC), a small group of HIV-1-infected individuals that are able to control
viral replication in the absence of antiretroviral therapy, provide living evidence that the
human immune system is able to spontaneously control HIV-1 infection and serve as a
model for inducing a functional cure of HIV-1 infection in broader patient populations.
Prior studies indicated that T cell-mediated immune responses represent the backbone of
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effective antiviral immune defense in EC; however, emerging studies suggest that innate
and cell-intrinsic immune activities may have critical roles for supporting and enhancing
HIV-1-specific T cells. Here, we performed a detailed investigation of conventional den-
dritic cells (cDC) from elite controllers and their responses to HIV-1 infection. These stud-
ies indicate that cDC from EC have improved abilities to sense cytosolic HIV-1 replication
products, and can more effectively mount cell-intrinsic type I interferon (IFN) secretion in
response to HIV-1 infection. Notably, such increased production of type I IFN in response
to viral antigen translated into enhanced abilities to prime and expand HIV-1-specific T
cells. Together, these data suggest that a fine-tuned interplay between innate dendritic cell
responses and adaptive HIV-1-specific CD8 T cells represents a critical component of an-
tiviral immune defense in elite controllers.

Introduction
Elite controllers can maintain undetectable levels of HIV-1 viral replication in the absence of
antiretroviral therapy, at least in part through the generation of highly-efficient HIV-1-specific
T cell responses [1–4]. As such, these patients provide living evidence that in principle, the
human immune system is capable of generating a T cell-mediated immune response that al-
lows to effectively controlling HIV-1 replication. However, it is uncertain why such immune
responses occur only in very few patients, and what mechanisms support the development of
highly-effective T cell immune responses in such a small number of individuals, and not in the
majority of alternative individuals. Dendritic cells (DCs) represent the most effective naturally-
occurring antigen-presenting cells and have critical roles for inducing and maintaining anti-
gen-specific T cell responses [5–10]. However, specific functional characteristics of DCs that
are instrumental in generating protective HIV-1-specific T- cell responses in elite controllers
are unclear, and represent an understudied area of investigation. Understanding the mecha-
nisms that facilitate the induction of effective HIV-1-specific T cells by dendritic cells is of criti-
cal interest for developing improved immunologic approaches for HIV-1 treatment and
prevention, specifically since most HIV-1 vaccine candidates rely on dendritic cells for induc-
ing HIV-1-specific immune responses.

Human cells have the ability to respond to viral infections by cell-intrinsic immune re-
sponses that lead to secretion of type I interferons (IFN-I) and upregulation of a wide panel of
IFN-stimulated genes (ISG) with antiviral effector functions [11,12]. This cell-intrinsic im-
mune response is extremely effective in defending the host against a panel of different viruses
[13], but early reports suggested that human cells are unable to mount such immune responses
against HIV-1 [14,15]. However, recent discoveries have shown that human conventional DCs
(cDC) are generally capable of generating IFN-I responses to HIV-1, but HIV-1 seems to be
able to escape from such cell-intrinsic immunity in most patients [16–18]. A dominant mecha-
nism that may allow HIV-1 to avoid cell-intrinsic immune responses in cDC includes the ex-
pression of SAMHD1, a host protein that can block HIV-1 reverse transcription by
hydrolyzing dNTPs [19–22] or inhibit HIV-1 RNA through direct degradation [23]. In the
presence of experimental SAMHD1 knockdown, viral replication in host cells progresses be-
yond the level of reverse transcription, and viral reverse transcripts or proteins can be sensed
by host molecules that can initiate secretion of type I interferons [16,24–27]. In this way, re-
striction of HIV-1 replication by SAMHD1 may paradoxically benefit the virus more than the
host, which likely explains why SAMHD1 represents the only effective HIV-1 restriction factor
that HIV-1 does not neutralize through the activity of accessory proteins [28]. In addition to
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SAMHD1, cell-intrinsic immune responses in DCs are inhibited by the host protein TREX1, a
host exonuclease that degrades HIV-1 reverse transcripts, which otherwise trigger microbial
DNA sensors, leading to cell-intrinsic secretion of type I interferons [18,29].

In the present study, we demonstrate that unlike chronic progressors, dendritic cells from
elite controllers have the ability to effectively mount cell-intrinsic type I IFN secretion in re-
sponse to HIV-1 infection, likely through an accumulation of viral reverse transcripts that
serve as substrates for the cytosolic DNA sensor cGAS (cyclic guanosine monophosphate-
adenosine monophosphate (GMP-AMP) synthase). Recognition of these early viral replication
products in elite controllers seemed to be facilitated by an enhanced upregulation of cGAS, led
to rapid and sustained secretion of type I IFNs, and was functionally relevant for supporting ef-
fective HIV-1-specific CD8 T cell responses. Together, these results suggest previously unrec-
ognized innate mechanisms of HIV-1 immune recognition that contribute to T cell-mediated
immune control of HIV-1.

Results

Exposure to HIV-1 induces rapid maturation and sustained type I IFN
secretion in conventional DCs from elite controllers
To determine whether human primary cDCs from EC are capable of mounting cell-intrinsic
type I IFN responses against HIV-1, we conducted ex-vivo infection experiments with PBMC
from different study cohorts with a GFP-encoding VSV-G pseudotyped HIV-1 virus causing
single rounds of viral infections [16]; this viral construct infects cells independently of viral cor-
eceptor-mediated entry processes, but can be intracellularly sensed in a similar way as R5-trop-
ic primary HIV-1 isolates [27]. At 24 and 48 hours after infection, cDCs were isolated from
PBMC, and subjected to gene expression analysis. Cells from untreated, chronically HIV-1-in-
fected patients (CP), HIV-1-infected patients receiving suppressive antiretroviral therapy
(HAART) and HIV-1-uninfected persons were used for comparison. These experiments dem-
onstrated that upon exposure to HIV-1, IFNα and IFNβmRNA expression was rapidly and
significantly upregulated at 24 hours post-infection (p.i.) in cDCs from EC; these elevated levels
were sustained at 48h p. i. (Fig 1A). Exposure to control viral preparations (generated by trans-
fection of the viral producer cell line with salmon sperm DNA instead of the HIV-1 plasmid)
failed to induce type I IFN responses. In contrast to cDC from EC, upregulation of IFNα/β ex-
pression in cDC from HIV-1 negative persons was delayed and was not detectable at statistical-
ly significant levels until 48h p.i.. IFNα expression in cDCs from HAART-treated patients after
HIV-1 exposure was only transiently induced at 24 hours p.i. (Fig 1A); IFNβ expression was
barely affected by HIV-1 infection in this cohort. In untreated CP, baseline levels of IFNα/β in
cDCs were slightly elevated in comparison to alternative patients, but did not increase substan-
tially upon HIV-1 exposure, neither at 24 hours nor 48 hours p. i.

We subsequently analyzed the surface expression of costimulatory molecules and activation
markers on cDCs after HIV-1 infection. We observed that the rapid and sustained upregulation
of type I IFN expression in cDCs from EC after HIV-1 infection was associated with a signifi-
cantly increased surface expression of CD86, CD83 and CD40 at 24 hours p.i., which reached lev-
els otherwise observed after stimulation of cDC with the TLR3 ligand Poly(I:C) (Fig 1B and S1
Fig). cDCs from all the alternative study cohorts also upregulated costimulatory molecules and
maturation markers at 48 hours after infection, indicating that they were capable of responding
to the virus, but induction of these molecules was delayed in comparison to cDC from EC (S1B
Fig). Addition of exogenous IFNβ to the media culture induced the expression of costimulatory
molecules in a dose-dependent manner (S1C Fig) and rescued the cDCmaturation defect ob-
served in CP and HAART patients (S1D Fig). In addition, we observed that the expression
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intensity of 28 interferon-stimulated effector genes (ISG) was upregulated in cDC at 48 hours
post-infection; this occurred in all patient cohorts, but was most strongly and consistently notice-
able in cDC from EC, despite some heterogeneity within this group (S1 and S2 Tables and Fig
1C) [30]. Induction of most ISGs in cDCs from ECs occurred in a highly interconnected and co-
ordinated fashion, while expression of individual ISG in CP and HIV-1 negative persons were
more weakly correlated, and exhibited opposing increases and decreases for certain groups of
transcripts (Fig 1D). Together, these findings demonstrate a unique kinetic profile of activation,
maturation and IFN secretion in cDCs from EC after exposure to HIV-1, and suggest that cDCs

Fig 1. Type I IFN secretion and activation in cDCs after ex-vivo exposure to HIV-1. (A): IFNα and IFNβmRNA levels in isolated BDCA1+ cDCs from HIV-
negative persons (Neg), individuals with chronic progressive HIV-1 infection (CP), Elite controllers (EC) and HAART-treated HIV-1 patients (HAART) at 24
and 48 hours after exposure to HIV-1 (HIV) or to media only (Med) as negative control. Horizontal lines represent the median for each specific cohort and
experimental condition. (B): Mean Fluorescence Intensity (MFI) reflecting surface expression of CD86, CD83 and CD40 in cDCs from the different study
cohorts at 24 hours after infection with HIV-1 (HIV) or after exposure to poly(I:C) (PIC). MFI values are expressed as fold-changes in comparison to baseline
levels. Intra-individual differences were tested for statistical significance usingWilcoxon matched-pairs signed rank tests (above each cohort), differences
between cohorts were tested using a Kruskal-Wallis test with post-hoc Dunn’s test; * p<0.05; ** p<0.01; *** p < 0.001; **** p< 0.0001. Horizontal lines
represent the median for each specific cohort and experimental condition. (C): Heatmaps reflecting gene expression patterns of 28 interferon-stimulated
genes (ISG) in cDCs from Neg (n = 6), CP (n = 6) and EC (n = 6) at 48 hours after infection with HIV-1. (D): Heatmaps reflecting correlations among gene
expression intensities of all 28 ISGs in indicated study cohorts. Color-coding reflects Pearson’s correlation coefficient indicating strengths of statistical
association between expression intensities of given gene pairs.

doi:10.1371/journal.ppat.1004930.g001
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from EC differ from those of other patients by their ability to mount rapid and sustained cell-in-
trinsic secretion of IFNα/β in response to HIV-1.

Accumulation of HIV-1 RT products in cDCs from EC
To explore the underlying reasons for the ability of cDCs from EC to mount early and strong
cell-intrinsic immune responses upon HIV-1 infection, we subsequently analyzed HIV-1 repli-
cation steps in cDCs from the different patient cohorts. In agreement with previous reports
[16], productively infected cells were hardly detected in primary cDCs during the first 48 hours
after exposure to HIV-1 (Fig 2A and 2B), irrespectively of the patient cohorts. Such resistance
to HIV-1 was also observed in monocyte-derived DC from HIV-1 negative persons (S2A Fig),
as reported previously [16]. However, we noted significant proportions of GFP-expressing,
HIV-1 positive cells in primary cDCs from HIV-negative persons at 96 hours p.i. (Fig 2B and
2C) when MDDC continued to resist productive HIV-1 infection (S2A Fig). Thus, consistent
with previous studies [31–33], our data indicate that primary cDCs from HIV-1 negative sub-
jects are capable of supporting HIV-1 replication, at least after prolonged periods of incuba-
tion. Interestingly, cDCs from both CP and HAART-treated patients displayed substantially
reduced susceptibility to productive infection (Fig 2B and 2C). Remarkably, cDCs from EC
also seemed less susceptible to HIV-1 infection than cDCs from healthy individuals, but a
trend towards higher proportions of infected cells (Fig 2C) and higher per-cell levels of GFP ex-
pression (Fig 2D) were found in cells from these patients compared to CP and HAART individ-
uals. Similar results were obtained using a CCR5-tropic GFP-encoding HIV-1 virus, although
as expected, efficiency of infection was lower than with the VSV-G-pseudotyped HIV-1 virus
(S2B and S2C Fig). Importantly, differential susceptibility of cDCs from each cohort to infec-
tion with HIV-1 was not associated with significant differences in cell viability among the
study groups (S2D Fig). Together, our findings indicate that primary cDCs can be productively
infected with HIV-1 in vitro and paradoxically suggest that cDCs from EC subjects are more
susceptible to de novo infection with HIV-1 than CP and HAART patients.

We next analyzed early steps of viral replication in primary cDCs from our study cohorts at
48 hours p.i.. Notably, despite significantly lower levels of productive HIV-1 infection in cDCs
from EC compared to HIV-1 negative individuals, cDCs from EC contained similar levels of
both early and late reverse transcripts and 2-LTR circles as those from HIV-1 negative individ-
uals; however, in comparison to cDCs from CP and HAART-treated patients, RT products and
2-LTR circles were significantly elevated in cDC from EC (Fig 3A). Importantly, such differ-
ences in HIV-1 RT product concentrations among the different study cohorts were already evi-
dent at 24h p.i. (S3 Fig). In contrast, no significant difference was found in levels of integrated
HIV-1 DNA in cDCs from EC in comparison to other study cohorts (Fig 3B). These data re-
sulted in significantly increased ratios of late RT transcripts and 2-LTR DNA to integrated
HIV-1 DNA in EC compared to CP and HAART-treated cohorts, consistent with a dispropor-
tionate accumulation of RT products in cDCs from EC relative to other study cohorts (Fig 3C).
Therefore, our data suggest that elevated levels of viral RT products present in cDCs from EC
might facilitate cell-intrinsic viral recognition and lead to enhanced production of type I IFNs
in response to HIV-1. To test whether type I IFN responses were in fact dependent on the pres-
ence of HIV-1 RT products, we infected cDCs from EC with HIV-1 in the presence or absence
of antiretroviral drugs inhibiting either early or late steps of HIV-1 reverse transcription or
viral DNA integration. As shown in Fig 3D, pharmacological inhibition of HIV-1 reverse tran-
scription dramatically reduced the expression of type I IFNs in primary cDCs. In contrast, inhi-
bition of HIV-1 integration had only a modest effect on the expression of type I IFNs that did
not reach statistical significance. Overall, these findings indicate distinct viral replication
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patterns in cDCs from EC that lead to a relative accumulation of RT products in cDCs, and are
associated with a more effective induction of cell-intrinsic type I IFN responses.

Weak induction of SAMHD1 and LEDGF/p75 in cDCs from EC
We hypothesized that altered expression patterns of intracellular host proteins might be re-
sponsible for the accumulation of HIV-1 RT products observed in cDCs from EC. To investi-
gate this, we first analyzed the expression of SAMHD1 and TREX1 in cDCs after exposure to
HIV-1; these host factors can affect HIV-1 RT products by reducing the synthesis of HIV-1 RT

Fig 2. Susceptibility of primary cDCs to ex-vivo infection with HIV-1. (A): Flow cytometry gating strategy
for defining cDCs in bulk PBMC cultures. (B): Representative flow cytometry dot plots indicating GFP
expression in gated CD11c+ HLA-DR+ cDCs from Neg, CP, EC and HAART individuals after 24, 48 and 96
hours of ex-vivo infection with GFP-encoding HIV-1. Numbers in dot plots reflect the proportion of GFP-
positive cells within gated cDCs. (C–D): Proportion (C) and GFPMFI (D) of GFP+ cDCs from Neg, CP, EC
and HAART subjects at 96 hours after infection with HIV-1 (n = 20 tested subjects for each cohort). Horizontal
lines represent the median for each specific cohort and experimental condition. Differences among cohorts
were tested using a Kruskal-Wallis test with post-hoc Dunn’s test (* p<0.05; *** p<0.001) or using Mann
Whitney U test (# p<0.05; ## p<0.01).

doi:10.1371/journal.ppat.1004930.g002
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products [19–22] or enhancing their degradation [18,29], respectively. Basal mRNA expression
levels of SAMHD1 and TREX1 were not significantly different in cDCs from the different pa-
tient cohorts, although a tendency for higher expression was detected in cDCs from HIV-1-in-
fected patients (Fig 4A and 4B). However, after 48 hours of exposure to HIV-1, only cDCs
from HIV-1 negative study persons, HAART and CP significantly induced the transcription of
SAMHD1, while cDC from ECs displayed largely similar mRNA levels of SAMHD1 as unin-
fected cDCs (Fig 4A). Importantly, similar patterns of SAMHD1 protein expression were also
observed when cDCs were isolated prior to exposure to HIV-1 (S4A and S4B Fig). Notably,
siRNA-mediated downregulation of SAMHD1 in ex-vivo infected cDCs led to an accumulation

Fig 3. HIV-1 replication patterns in cDCs from EC. (A): Early and late HIV-1 reverse transcripts (RT) and 2-LTR circles in cDCs from indicated study
subjects at 48 hours after ex vivo infection with HIV-1. (B): Analysis of integrated HIV-1 DNA in primary cDCs from the different study cohorts. Basal levels of
integrated HIV-1 DNA are shown in the left panel, right panel shows de novo HIV-1 integration in cDCs after subtraction of baseline levels of integrated HIV-1
DNA. (C): Analysis of late HIV-1 RT products and 2-LTR circles normalized to levels of de novo integrated HIV-1 DNA in cDCs at 48 hours after infection. (A–
C): Differences between different cohorts were tested for statistical significance using a Kruskal-Wallis test with post-hoc Dunn’s test or using MannWhitney
U test (# p<0.05; ## p<0.01). (A,B,C). Horizontal lines represent the median for each specific cohort and experimental condition. (D): Inhibition of IFNα and
IFNβmRNA expression in cDCs from EC cultured in media (Med) or infected with HIV-1 (HIV) in the presence or absence of AZT, Efavirenz (EFV) or
Raltegavir (Ral). Data reflect mean and standard error from qPCR values of IFNα and IFNβmRNA levels after normalization to β-actin endogenous
expression from n = 5 experiments. Numbers above bars represent the mean percentage of inhibition induced by each drug. Differences were tested for
statistical significance using a one-tailed Wilcoxon matched-pairs signed rank test, * p<0.05.

doi:10.1371/journal.ppat.1004930.g003
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Fig 4. Expression of host restriction factors in cDCs from EC. (A) SAMHD1 mRNA expression levels in
cDCs from Neg (n = 11), CP (n = 11), EC (n = 11) and HAART-treated (n = 11) subjects at 48 hours after
exposure to HIV-1 (HIV) or to media only (Med). (B): mRNA levels of TREX1 in cDCs from Neg (n = 11), CP
(n = 11), EC (n = 11) and HAART (n = 11) individuals at 48 hours after exposure to HIV-1 (HIV), or to media
only (Med). (A–B): Horizontal lines represent the median for each specific cohort and experimental condition.
(C): Efficiency of siRNA-mediated SAMHD1 protein knock-down in primary cDCs 24h after treatment with
scramble (SC) or SAMHD1-specific (SAM) siRNAs. Left panel shows a representative western blot analysis
of SAMHD1 and β-actin expression on cDCs, right panel represents cumulative SAMHD1 expression data
after normalization to β -actin in DCs nucleofected with SC (blue; n = 4) or SAM (brown; n = 4) siRNAs. The
number above the bar represents the mean inhibition (%) in SAMHD1 protein expression after treatment with
specific siRNAs. (D): Relative expression of early (left panel) and late (right panel) HIV-1 reverse transcripts
in cDCs after ex vivo infection in the presence or absence of siRNA-mediated SAMHD1 silencing. Statistical
significance was calculated using a Wilcoxon matched-pairs signed rank test. (E-F): mRNA levels of TPNO3
(E) and LEDGF/p75 (F) in cDCs from the indicated study cohorts at 48 hours after exposure to HIV-1 (HIV), or
to media only (Med). Differences within cohorts were calculated using a Wilcoxon matched-pairs signed rank
test * p<0.05; ** p<0.01; *** p<0.001. (D-E-F): Horizontal lines represent the median for each specific
cohort and experimental condition.

doi:10.1371/journal.ppat.1004930.g004
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of late RT products (Fig 4C and 4D). With the exception of HAART-treated patients, expres-
sion levels of TREX1 were significantly increased in cDCs from all other study cohorts after
HIV-1 exposure, although this was less obvious in cDCs from EC (Fig 4B). Together, these
data suggest that a weaker induction of SAMHD1, and possibly of TREX1, might facilitate
HIV-1 replication and contribute to accumulation of HIV-1 RT products in cDCs from EC
after ex vivo infection.

Since the efficiency of HIV-1 DNA integration may also affect the described accumulation
of HIV-1 RT products in cDCs from EC, we subsequently analyzed transcriptional levels of
host proteins supporting HIV-1 integration, such as [34–36] TPNO3 [37,38] and LEDGF/p75
[39,40]. As shown in Fig 4E, a significant increase in the amounts of TPNO3 transcripts was
observed in cDCs from all patient cohorts after exposure to HIV-1. In contrast, LEDGF/p75
mRNA expression remained essentially unchanged in cDCs from EC, as opposed to cDCs
from the other three patient cohorts in which upregulation of LEDGF/p75 occurred; this sug-
gests that ineffective LEDGF/p75-dependent HIV-1 DNA integration in cDCs from EC may
also contribute to an accumulation of RT transcripts that cannot effectively integrate into chro-
mosomal DNA (Fig 4F). Thus, these data indicate that cDCs from EC have unique expression
profiles of host factors relevant for shaping and structuring the HIV-1 replication cycle, and
suggest that a weak induction of the host restriction factor SAMHD1, and possibly TREX1 and
LEDGF/p75, in cDCs from EC may play an important role for a relative accumulation of viral
reverse transcripts in cDCs from such patients.

Cell-intrinsic type I IFN secretion in primary cDCs depends on cGAS
We next investigated specific sensors of microbial DNA that may be involved in enhanced cell-
intrinsic type I IFN secretion in response to HIV-1 infection in primary cDCs from EC. For
this purpose, expression of cytosolic DNA sensors was analyzed at 24 and 48 hours after infec-
tion of cDCs from different patient cohorts with HIV-1. Interestingly, we observed that the ex-
pression of cGAS, a recognized sensor for HIV-1 DNA in monocyte-derived DC [27,41,42],
was more efficiently upregulated in cDCs from EC shortly after infection, but expression levels
in alternative patients approached those of EC after 48 hours p.i. (Fig 5A). Interestingly, the ex-
pression of STING, a downstream effector of the DNA sensor cGAS [43], was also significantly
induced in cDCs from EC at 24 hours p.i. (Fig 5A). Expression of IFI16, a DNA sensor impor-
tant for the cell-intrinsic recognition of HIV-1 DNA in CD4 T cells [44–46], was similarly in-
duced in cDCs from all cohorts at 24 hours p. i. (Fig 5A). Interestingly, expression of STING
continued to increase at 48 hours in EC, but remained largely stable in the other study patient
cohorts (Fig 5A). Since STING expression is sensitive to type I interferons, its continuous in-
duction in cDCs from EC may result from stronger cell-intrinsic secretion of IFNα/β described
above. Importantly, induction of STING and cGAS appeared to be positively correlated with
upregulation of IFNβ at 48 hours p.i. on cDCs (S5A Fig), suggesting an important role of these
molecules in cytoplasmic HIV-1 immune recognition. To better define the role of cGAS for the
induction of type I IFN responses in cDCs from EC, we analyzed changes of type I IFN expres-
sion in HIV-1-infected primary cDCs after siRNA-mediated downregulation of cGAS expres-
sion. As shown in Fig 5B, silencing of cGAS (S5B and S5C Fig) drastically impaired the
induction of both IFNα and IFNβ secretion in response to HIV-1 infection. These effects were
not associated with changes in cell viability (S5B Fig) or an inability to respond to other stimuli
such as Poly I:C (S5D Fig) in cDCs. Overall, these data suggest that the HIV-1 DNA sensor
cGAS is preferentially upregulated in cDCs from EC, and facilitates a more rapid and efficient
recognition of cytoplasmic HIV-1 DNA, leading to more potent cell-intrinsic IFN secretion in
these cells.
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Cell-intrinsic immune responses in cDCs from EC support HIV-1-specific
T cells
We sought to determine whether more efficient cell-intrinsic immune responses against HIV-1
in cDCs from EC can result in improved abilities to stimulate antigen-specific T cells. For this
purpose, we first tested the ability of uninfected and HIV-1-infected cDCs from the different
study cohorts to induce proliferation of CFSE-labeled allogeneic CD4+ and CD8+ T cells. As
shown in Fig 6A, 6B and 6C, HIV-1-infected cDCs from EC had significantly elevated abilities
to induce proliferation of allogeneic CD4+ and CD8+ T cells after 6 days in culture, compared

Fig 5. Induction of cytosolic DNA sensors in cDCs from EC. (A): Fold change in cGAS, STING and IFI16
mRNA expression levels in indicated study cohorts at 24 (upper panels) and 48 (lower panels) hours after ex-
vivo infection with HIV-1. Induction of mRNA expression in comparison to baseline levels was tested for
statistical significance using Wilcoxon matched-pairs signed-rank test tests. Significant differences between
distinct cohorts were calculated using a MannWhitney test. No correction for multiple comparisons was
applied (B): IFNα and IFNβ expression in primary cDCs nucleofected with scrambled (SC) or cGAS-specific
siRNAs, followed by infection with HIV-1. Data from n = 4 experiments are shown. Data were normalized to
results from experiments with scrambled siRNA sequences. Differences in type I IFN responses between
untreated or SC- or cGAS-nucleofected cDCs were tested for statistical significance using a Kruskal-Wallis
test with post-hoc Dunn’s test * p<0.05; ** p<0.01.

doi:10.1371/journal.ppat.1004930.g005
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Fig 6. Antigen-presenting properties of cDCs after exposure to HIV-1. (A): Representative flow
cytometry plots reflecting proliferation of CD4+ T cells after stimulation with allogeneic uninfected (Med) or
HIV-1 infected (HIV) cDCs from Neg, CP, EC and HAART patients. Numbers in flow cytometry plots
represent the proportion of proliferating CFSElow T cells. (B–C): Induction of allogeneic CD4 (B; n = 8) and
CD8 T (C; n = 7) cell proliferation after exposure to HIV-1 infected cDC from indicated study cohorts.
Horizontal lines represent the median for each specific cohort and experimental condition. (D):
Representative flow cytometry dot plots reflecting IFN-γ secretion in an HLA-A2-SL9 (SLYNTVATL)-specific
CTL cell line after 16 hours of co-culture with uninfected or HIV-1-infected cDCs from Neg, CP, EC and
HAART individuals. (E): Proportion of IFNγ+ cells in the SL9 CTL cell line after exposure to HIV-1-infected
cDCs from indicated study groups. Cumulative data from n = 8 experiments are shown. (B,C,E): Differences
within and among study groups were tested for statistical significance using a Wilcoxon matched-pairs
signed-rank test rank test or a MannWhitney test corrected for multiple comparisons using Bonferroni
method, respectively. * p<0.05; ** p<0.01. (F): Induction of allogeneic CD4 (left; n = 7) and CD8 (right; n = 7)
T cell proliferation after exposure to cDC from EC cultured in the presence of media (Med) or infected with
HIV-1 in the presence or absence of AZT or RAL. Statistical significance of differences was tested using a
Wilcoxon matched-pairs signed rank test. Bonferroni correction was applied for multiple comparisons.*
p<0.05. (E-F): Horizontal lines represent the median for each specific cohort and experimental condition.

doi:10.1371/journal.ppat.1004930.g006
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to HIV-1-infected cDCs from alternative study subjects. To confirm these findings with CD8+

T cells specific for HIV-1, we cultured a cytotoxic T cell (CTL) clone that recognizes the immu-
nodominant HIV-1 Gag peptide SLYNTVATL restricted by HLA�02:01 [47] in the presence of
unstimulated or HIV-1-infected cDCs from HLA-matched study subjects. As shown in Fig 6D
and 6E, HIV-1-infected cDCs from EC were able to elicit significantly more IFNγ secretion in
HIV-1-specific CD8+ T cells, in contrast to cDCs from chronic progressors or HAART-treated
individuals which promoted significantly less efficient IFNγ secretion. Therefore, our results
indicate that upon HIV-1 infection, cDCs from EC acquire improved antigen-presenting prop-
erties and have increased abilities to stimulate HIV-1-specific T cells. Importantly, improved
antigen-presenting properties of cDCs from EC after infection with HIV-1 were abrogated by
pharmacological inhibition of HIV-1 reverse transcription, but not by inhibition of HIV-1 inte-
gration, consistent with our previous identification of viral reserve transcripts as the main viral
substrate required for inducing cell-intrinsic immune responses (Fig 6F). Together, these data
suggest an important contribution of innate, cell-intrinsic immune recognition of HIV-1 in
cDCs to the generation of potent antiviral T cell immune responses in elite controllers.

Discussion
Cell-intrinsic secretion of type I IFN represents an efficient antimicrobial immune defense
strategy, but the clinical significance of these types of immune responses against HIV-1 re-
mains uncertain. Recent studies show that in principle, human cells have the ability to respond
to HIV-1 infection with increased secretion of type I interferons; however, several negative reg-
ulators of IFN secretion seem to actively prevent these immune responses in most patients
[48–50]. In this study, we have conducted a detailed analysis of cell-intrinsic immune responses
to HIV-1 in primary dendritic cells from elite controllers, a small subgroup of patients who
control HIV-1 replication in the absence of treatment and arguably represent the best patients
for detecting effective immune defense mechanisms against HIV-1 disease progression. Our
data indicate that cDCs from EC differed from those of other patients by cell-intrinsic type I
IFN secretion that occurred rapidly and sustainably after HIV-1 infection, was associated with
increased cell activation, and resulted in improved abilities to stimulate HIV-1-specific CD8 T
cells. As such, our data demonstrate that type I IFN responses to HIV-1 in cDCs may play an
important role in the network of immune defense mechanisms in elite controllers, and delin-
eate specific connections between innate HIV-1 immune recognition and the generation of
adaptive immune responses in this specific patient population.

Dendritic cells represent a relatively hostile environment for HIV-1 and do not effectively
support HIV-1 replication steps, likely due to specific myeloid host proteins that effectively
block HIV-1 replication steps. SAMHD1 is one of the most prominent myeloid restriction fac-
tors, and can effectively inhibit HIV-1 reverse transcription by hydrolyzing dNTPs, which are
typically only available in limited amounts in resting myeloid cells. Despite evidence that
SAMHD1 sequences have been under positive selection pressure [51], it is interesting that
HIV-1 has not developed effective measures to counteract the antiviral activity of this host fac-
tor, suggesting that this protein may not significantly impair the ability of HIV-1 to establish a
long-lasting, progressive infection of the host. Our study demonstrates the paradoxical finding
that cDCs from EC are more permissive to early steps of HIV-1 replication while cDCs from
patients with progressive infection are more resistant to HIV-1 infection. This corresponded to
our observation that upregulation of SAMHD1 in response to HIV-1 was lower in EC, leading
to more efficient reverse transcription in cDCs from these patients. Whether this reduced in-
duction of SAMHD1 in cDC from EC represents a constitutive, cell-intrinsic aspect of cDC
from these patients, or occurs as a result of specific interactions with other cell types [52] is
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uncertain at present and requires further investigation. Overall, these data suggest that the
SAMHD1-dependent restriction of HIV-1 replication in cDCs benefits the virus more than the
host, and that a higher susceptibility of cDCs to HIV-1 paradoxically allows for more effective
systemic immune defense against HIV-1. Notably, ISG expression and levels of IFNα/β expres-
sion prior to ex-vivo infection with HIV-1 tended to be elevated in cDC from CP, consistent
with higher levels of immune activation in this cohort; it is possible that this increased baseline
immune activation may make cDC from these patients refractory to HIV-1-induced cell-in-
trinsic immune responses.

Cell-intrinsic immune responses in cDCs from EC in our study appeared to be facilitated by
an accumulation of reverse transcripts. These viral products seem to represent the main viral
substrate that is responsible for the induction of cellular type I IFN responses, as pharmacologi-
cal inhibition of viral reverse transcripts almost completely inhibited cell-intrinsic IFN-I secre-
tion, while inhibition of HIV-1 integration did not. These observations support previous data
suggesting that single-stranded HIV-1 DNA transcripts represent the predominant HIV-1 rep-
lication product that cell-intrinsic microbial sensors recognize [27,53]. The exact reasons re-
sponsible for the accumulation of reverse transcripts in EC are not entirely clear; however,
relative to the levels of reverse transcripts, HIV-1 integration in cDCs from EC was dispropor-
tionately reduced, and the ratio of reverse transcripts to integrated HIV-1 DNA was exceeding-
ly higher in cDCs from EC compared to all other patient cohorts. Together these data suggest
that cDCs from EC preferentially support a form of abortive HIV-1 infection that progresses
effectively through reverse transcription, but is restricted at the level of viral integration, possi-
bly through as of yet undefined host factors. Notably, prior studies found evidence for restric-
tion of HIV-1 integration in resting CD4+ T cells from EC [54], although the underlying
reason remained uncertain. The weak induction of host factors required for HIV-1 integration
in cDCs from EC, such as LEDGF/p75, may represent one important aspect contributing to the
accumulation of RT products in cDCs from EC, but a closer analysis of molecular mechanisms
regulating and possibly restricting HIV-1 integration in cDCs from EC will likely be highly in-
formative. In addition, it is interesting that higher levels of integrated HIV-1 DNA in CP and
HAART-treated patients did not translate in higher levels of HIV-1 mRNA transcription, as
determined by GFP expression; this suggests that additional restriction at the level of viral gene
transcription may be operational in these patients.

An important aspect of this work is the identification of cGAS as a critical factor for the gen-
eration of cell-intrinsic type I IFN responses in primary cDCs. cGAS can act as a cytosolic mi-
crobial DNA sensor that induces interferon secretion by production of the second messenger
cGAMP [43,55,56] and can play an important role for innate recognition of HIV-1 DNA in
myeloid cells [42]. However, in prior studies, cGAS-dependent immune recognition of HIV-1
was mostly analyzed in monocyte-derived DCs, which are highly resistant to HIV-1 unless co-
transfected with viral inhibitors of SAMHD1 [27]. Our experiments in more physiologic pri-
mary cDCs from EC demonstrated that HIV-1 infection led to a rapid induction of cGAS ex-
pression, and cGAS silencing in primary cDCs effectively inhibited type I IFN secretion. As
such, our work strongly suggests that cGAS can sense HIV-1 DNA under physiologically rele-
vant conditions, and that a more rapid induction of cGAS expression facilitates the generation
of cell-intrinsic type I IFN secretion in cDCs from EC. Notably, STING, an adaptor molecule
that acts downstream of cGAS-dependent immune recognition [43,57], also tended to be more
effectively induced in cDCs from EC, suggesting combined activity of the cGAS/STING path-
way for HIV-1 immune recognition in these patients. Interestingly, IFI16, which can act as a
cellular sensor for HIV-1 DNA in lymphoid CD4+ T cells and induces pyroptosis after abortive
infection with HIV-1 [45], was similarly induced in cDCs from all cohorts early after infection,
and therefore unlikely to be responsible for the early type I IFN responses observed in EC.
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While the role of highly-functional HIV-1-specific CD8 T cells for HIV-1 immune defense
in elite controllers is supported by a large number of studies [58–61], the ontogeny of these ef-
fective immune responses still remains largely obscure. Our data suggest that more efficient
cell-intrinsic responses against HIV-1 in cDCs from EC translate into an enhanced ability to
stimulate HIV-1-specific T cell responses. This may correspond to prior description to specific
expression patterns of immunoregulatory receptors on cDC from EC [62]. As such, more effec-
tive cell-intrinsic IFN secretion in cDCs may represent a distinguishing feature of elite control-
lers, and a key mechanism supporting the evolution of effective adaptive cellular immune
responses. Yet, growing evidence suggests that the ability of elite controllers to maintain unde-
tectable levels of viral replication is associated with increased levels of immune activation
[63,64], which may put patients at risk for higher frequencies of cardiovascular events and ac-
celerated immune aging. Therefore, it is tempting to speculate that improved abilities for cyto-
solic microbial immune recognition may represent a constitutive characteristic of ECs that
predisposes them for more potent immune activity against HIV-1, at the expense of elevated
generalized levels of immune activation. An improved understanding of interactions between
innate immune recognition in cDCs, immune activation and the evolution of adaptive CD8 T
cell responses in elite controllers will therefore be necessary for designing clinical strategies
aiming at inducing an elite controller-like phenotype in broader populations of HIV-1
patients.

Materials and Methods

Study participants
HIV-1 elite controllers who had maintained undetectable levels of HIV-1 replication for a me-
dian of 5 years (range 2–14) in the absence of antiretroviral therapy (EC, n = 26, median VL:
<49 copies/ml, median CD4 T cell counts: 835 cells/μl, range 444–2459 cells/μl), untreated
chronic progressors (CP, n = 26, median VL: 9010 copies/ml, range 1360–111000; median
CD4 T cell counts: 471 cells/μl, range 149–1098 cells/μl), HAART-treated chronically HIV-
1-infected patients with suppressed HIV-1 viremia (HAART, n = 23, median VL:<49 copies/
ml; median CD4 T cell counts: 710 cells/μl, range 109–1325 cells/μl) and HIV-1 seronegative
healthy persons (Neg, n = 26), were recruited for this study.

Ethics statement
All subjects gave written informed consent and the study was approved by the Institutional Re-
view Board of Massachusetts General Hospital/Partners Healthcare.

Viruses and constructs
GFP-encoding R5-tropic Ba-L HIV-1 viruses and GFP-encoding Δenv NL4-3 HIV-1 viruses
pseudotyped with vesicular stomatitis virus G envelope protein (VSV-G) [27,65,66], were
kindly provided by Dr. Dan Littman (New York University, New York, New York, USA).
Viral particles were produced by transfecting 293T cells with the respective HIV-1 plasmids
and, if applicable, with pCG-VSV-G, using TransIT-293 (Mirus) in OptiMEM per the manu-
facturer’s instructions. For control purposes, 293T cells were also transfected with Salmon
Sperm DNA solution (Invitrogen). Supernatants were harvested 48 hours after transfection,
centrifuged, filtered and treated with DNase I (20 U/ml) at room temperature for 1 hour, and
stored at −80°C.
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Isolation and purification of DC
BDCA1+ cDCs were purified from total PBMC suspensions by MACS using anti-human
BDCA-1 Kit and MS and LD columns (Miltenyi Biotec) (purity> 90%) for subsequent
analysis.

Ex-vivo infection assays and cell culture
PBMC or isolated cDC, without prior in vitro culture with activating agents, were infected with
GFP-encoding VSV-G peudotyped HIV-1 virus (MOI = 2.4) or R5-tropic HIV-1 (Ba-L,
MOI = 0.4) for 2 or 4 hours, respectively, at 37°C in the presence of 5μg/ml Polybrene (Sigma).
Cells cultured with media only or with 2μg/ml TLR3 ligand Poly (I:C) were used as negative or
positive control, respectively. Where indicated, PBMCs were cultured in the presence of 30ng/
ml IFNβ (PeproTech). After two washes, cells were plated at 5×105 cells per well in a 24-well
plate. Where indicated, the infection assays were performed in the presence of 50nM AZT or
100nM Efavirenz or 30μMRaltegavir to specifically block generation of either early or late
HIV-1 RT-products or integration, respectively. All antiretroviral agents were obtained from
the NIH AIDS Reagent Program (https://www.aidsreagent.org/program_info.cfm). In addi-
tion, monocyte derived dendritic cells were generated as previously described [62,67] and ana-
lyzed similarly after infection with HIV-1 for control purposes.

Gene expression analysis
cDNA was synthesized from total RNA obtained from purified BDCA1+ cDCs using themir-
Vana Isolation Kit (Life Technologies). Subsequently, expression of selected gene transcripts
(IFNα/β, SAMHD1, TREX1, TPNO3 and LEDGF/p75) was analyzed by semiquantitative PCR
using the Taqman gene expression assay (Life Technologies) with standardized primers/
probes, and normalized to the expression of the housekeeping gene ACTB (encoding β-actin).
In addition, expression of 28 interferon-stimulated genes (ISG) and 3 intracellular DNA sen-
sors (cGAS, STING, IFI16) was analyzed using customized 96-well plate TaqMan gene expres-
sion assays (Life Technologies) using a ViiA 7 instrument (Life Technologies).

Flow cytometry
At 24, 48 and 96 hours post-infection, PBMC were stained with LIVE/DEAD cell blue viability
dye (Invitrogen, Carlsbad, CA) and monoclonal antibodies directed against CD11c (Biole-
gend), CD14 (BD), CD40, CD83, CD86, HLA-DR (Biolegend), and BDCA-1 (Miltenyi Biotec)
and subsequently analyzed on a Fortessa cytometer (BD Biosciences, San Jose, CA). For intra-
cellular cytokine staining, cells were treated with a commercial fixation/permeabilization kit
(BioLegend) according to the manufacturer’s protocol. Data were analyzed with FlowJo soft-
ware (Tree Star). cDCs were identified from bulk PBMCs as a population of viable CD14- lym-
phocytes expressing high levels of CD11c and HLA-DR and the cDC specific marker BDCA-1.

Analysis of HIV-1 replication products
Early and late HIV-1 reverse transcripts and 2-LTR circles were amplified from cell lysates as
previously described [68]. Integrated HIV-1 DNA was determined using nested PCR with Alu-
LTR primers as previously described [54,65,69]. Copy numbers of reverse transcripts and inte-
grated HIV-1 DNA were obtained after extrapolation to specific standard curves generated
from HIV-1-infected 293T cells (kindly provided by Dr. Bushman, University of Pennsylva-
nia). qPCR data were normalized to relative CCR5 gene copy number. To determine the
amounts of de novo integrated HIV-1 DNA and 2-LTR circles in our ex vivo infection assays,
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raw qPCR data were corrected to the basal levels present in cDCs from each corresponding
subject. Determination of 2-LTR circle copy numbers were calculated by extrapolating qPCR
values to a standard curve generated using a plasmid harboring the sequence of 2-LTR junction
and the CCR5 gene (kindly provided by Dr. Mario Stevenson, University of Miami, FL) [54].

Western blot
Isolated cDCs from indicated study cohorts were lysed in RIPA buffer (Thermo Scientific) sup-
plemented with Halt Protease and Phosphatase inhibitors (Thermo Scientific). Lysates were
normalized for protein concentration using a Bradford assay (Bio-Rad), separated by
SDS-PAGE in 4–12% Tris-Glycine gels (Novex, Life Technologies) and transferred to a PVDF
membrane using the iBlot Gel Transfer system (Novex, Life Technologies). Membranes were
then blocked for 30min at room temperature using Odyssey Blocking buffer (LI-COR Biosci-
ences) and incubated with 1:1000 dilutions of anti-mouse β-Actin (Abcam) and either mouse
anti-SAMHD1 (Clone 1F6, Origene) or rabbit anti-cGAS antibodies (clone MB21D1, Sigma),
followed by secondary hybridization with goat anti-mouse (clone IRDye 800cW) and goat
anti-rabbit (clone IRDye 680RD) antibodies (Odyssey). The blots were visualized using an Od-
yssey imaging system (LI-COR) and the bands were quantified and normalized to β-Actin lev-
els using Image Studio 3.1 software (LI-COR).

siRNA-mediated gene knockdown
Knockdown of the DNA sensor cGAS and the restriction factor SAMHD1 were performed by
nucleofection of primary cDC (program FF137, Amaxa 4D-Nucleofector, Lonza) with specific
or scramble siRNAs (Thermo scientific) according to the manufacturer’s instructions. Nucleo-
fected cDC were infected with VSV-G-pseudotyped HIV-1 after 16 hours, type I IFN responses
and HIV-1 reverse transcripts were subsequently analyzed at 24 hours p.i. by qPCR. Efficiency
of siRNA-mediated knockdown was confirmed at the mRNA and protein levels by qPCR and
Western blot, respectively (Fig 4 and S5 Fig).

Mixed leukocyte reaction assays
PBMC were cultured in the presence of media or VSV-G-pseudotyped HIV-1 in the absence or
presence of described concentrations of AZT or EFV or Raltegavir for 24 hours. Afterwards,
BDCA1+ cDCs were purified by immunomagnetic enrichment and mixed with allogeneic total
peripheral blood T lymphocytes previously stained with 5μM carboxyfluorescein succinimidyl
ester (CFSE; Invitrogen) at a T:DC ratio of 4:1. As a control, T cells were also cultured in the
presence of media only or 2.5μg/ml PHA and 50IU/ml IL-2. After incubation for 6 days, cells
were washed, stained with viability dye and anti-CD4 and anti-CD8 antibodies (Biolegend, San
Diego, CA), and CFSE dilution on CD4 and CD8 T cell subpopulations was analyzed by flow
cytometry using a Fortessa flow cytometer.

In vitro stimulation of HIV-1 specific T cell responses
PBMC from HLA�02:01+ individuals were cultured in the presence of media or VSV-G-HIV-1
for 48 hours. Subsequently, BDCA1+ cDCs were isolated as previously described and co-cul-
tured with a CD8+ T cell clone specific for the HLA�02:01 restricted gag peptide SL9 (SLYNT-
VATL) at a T:DC ratio of 4:1. After 1 hour of initial incubation, cells were cultured for
additional 16 hours in the presence of Brefeldin A (BioLegend) and Monensin (Golgi Stop; BD
Biosciences). Subsequently, intracellular expression of IFNγ (BioLegend, San Diego, CA) in
the CD8 T cell clone was analyzed by flow cytometry after intracellular cytokine staining.
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Statistical analysis
Significance of phenotypic differences between the different patient cohorts were assessed
using MannWhitney U tests or Wilcoxon matched-pairs signed-rank test. When appropriate,
statistical analysis was corrected for multiple comparisons using a Kruskal-Wallis test with
post-hoc Dunn’s test or the Bonferroni correction. To investigate expression patterns of ISGs,
we used unsupervised complete linkage hierarchical cluster analysis, which groups samples to-
gether by the expression similarity, and gene coexpression network analysis, which identifies
the co-expression relationships among genes from different patient cohorts, by Pearson’s cor-
relation coefficients [70].

Supporting Information
S1 Fig. Expression of costimulatory molecules in cDCs from EC after ex-vivo infection with
HIV-1. (A): Representative flow cytometry histograms reflecting CD86 (upper panel), CD83
(middle panel) and CD40 surface expression (lower panel) of cDCs from HIV-negative persons
(Neg), individuals with chronic progressive HIV-1 infection (CP), Elite controllers (EC) and
HAART-treated HIV-1 patients (HAART) 24h after exposure to media (full grey histograms),
HIV-1 (blue histograms) or Poly I:C (purple histograms). Black histograms represent back-
ground levels for each marker defined by FMO controls. (B): Mean Fluorescence Intensity
(MFI) values of surface expression of CD86, CD83 and CD40 on cDCs from the different study
cohorts 24h (upper panels) or 48h (lower panels) after exposure to media only (Med), HIV-1
(HIV) or to the TLR3 ligand poly(I:C) (PIC). Data on plots represent raw MFI values. Differ-
ences within and between study cohorts were tested for statistical significance using Wilcoxon
matched-pairs signed rank test and MannWhitney test, respectively. Horizontal lines represent
the median for each specific cohort and experimental condition. Bonferroni correction was
used for multiple comparisons; � p<0.05; �� p<0.01. (C): MFI values of surface expression of
CD86, CD83 and CD40 on HIV negative cDCs after 24h in culture of media (Med) or the indi-
cated concentrations of IFNβ. The plots correspond to a single experiment. (D): MFI values of
surface expression of CD86, CD83 and CD40 on cDCs from the different study cohorts after
24h of culture in media only (Med) or supplemented with 30ng/ml of IFNβ. Plots represent the
summary of n = 3 independent experiments. Horizontal lines represent mean values.
(EPS)

S2 Fig. Susceptibility of MDDCs and primary cDCs to ex vivo infection with VSV-G-pseu-
dotyped or R5-tropic HIV-1. (A): Flow cytometry plots showing proportions of GFP+ MDDC
at 24, 48 and 96 hours after exposure to GFP-encoding VSV-G-pseudotyped HIV-1. Numbers
in plots indicate the percentage of GFP+ cells. One representative experiment out of four is
shown. (B–C): Proportions (B) and GFP MFI (C) of GFP+ primary cDCs from indicated study
cohorts 96 hours after exposure to R5-tropic HIV-1 virus. Horizontal lines represent the medi-
an for each specific cohort and experimental condition. Differences were tested for statistical
significance using a Kruskal Wallis test with post-hoc Dunn’s test (�� p<0.01; ��� p<0.001) or
using MannWhitney U test (# p<0.05; ## p<0.01). (D): Proportions of cDCs contained in
CD14- lymphocytes from Neg, CP, EC and HAART after 96h of infection with a VSV-G-pseu-
dotyped GFP-enconding HIV-1 virus.
(EPS)

S3 Fig. Rapid accumulation of HIV-1 RT products in cDC from EC.Detection of early and
late HIV-1 reverse transcripts (RT) in cDCs from healthy individuals (Neg, blue), HIV-1+

chronically infected persons (CP, orange), elite controllers (EC, green) and patients undergoing
anti-retroviral therapy (HAART, purple) at 24 hours after ex vivo infection with HIV-1.
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Horizontal lines represent the median for each specific cohort and experimental condition. Dif-
ferences were tested for statistical significance using a Kruskal Wallis test with post-hoc
Dunn’s test (� p<0.05; �� p<0.01) or using MannWhitney U test (# p<0.05).
(EPS)

S4 Fig. SAMHD1 protein levels in primary cDCs from different study cohorts.Western blot
analysis of SAMHD1 (upper panel) and β-Actin (lower panel) protein levels in isolated
BDCA1+ cDCs from HIV-negative persons (Neg), individuals with chronic progressive HIV-1
infection (CP), Elite controllers (EC) 48h after exposure to medium (Med), HIV-1 (HIV-1) or
Poly I:C (P.I:C). (A) shows results from representative patients from different experiments, (B)
summarizes cumulative data from n = 5 study subjects from each cohort.
(EPS)

S5 Fig. cGAS is required to induce type I IFN responses in primary cDCs. (A): Spearman
correlations between induction of IFNβ expression and induction of cGAS (left) and STING
(right) expression levels in cDCs 48 hours after exposure to HIV-1. (B): Flow cytometry analy-
sis of viability on primary cDCs 24h after nucleofection with scramble- (SC) or cGAS-specific
(cGAS) siRNA. Numbers of dot plots represent the percentage of viable CD11c-positive viabili-
ty dye-negative DCs. (C): Efficacy of siRNA-mediated knockdown of cGAS expression in pri-
mary cDC. Data indicate mRNA (left panel) and protein (right panel) expression levels of
cGAS in cDCs nucleofected with scramble- (SC) or cGAS-specific siRNAs. Relative inhibition
of cGAS mRNA expression after knockdown is indicated. (� p<0.05, Wilcoxon matched-pairs
signed rank test). (D): IFNβmRNA levels present on cDCs nucleofected with SC- or cGAS-spe-
cific siRNAs and cultured in the presence of media (Med) or Poly I:C (PIC). Horizontal lines
represent the median for each specific cohort and experimental condition.
(EPS)

S1 Table. Fold change in expression of 28 ISGs in cDCs after HIV-1 infection.
(DOCX)

S2 Table. Basal levels of 28 ISGs in cDCs from EC and CP.
(DOC)

Author Contributions
Conceived and designed the experiments: EMGML XGY. Performed the experiments: EMG
TH JC DP. Analyzed the data: EMG ZOMJB. Contributed reagents/materials/analysis tools:
BDW. Wrote the paper: EMGML XGY.

References
1. Blankson JN (2010) Effector mechanisms in HIV-1 infected elite controllers: highly active immune re-

sponses? Antiviral Res 85: 295–302. doi: 10.1016/j.antiviral.2009.08.007 PMID: 19733595

2. Ferre AL, Hunt PW, Critchfield JW, Young DH, Morris MM, et al. (2009) Mucosal immune responses to
HIV-1 in elite controllers: a potential correlate of immune control. Blood 113: 3978–3989. doi: 10.1182/
blood-2008-10-182709 PMID: 19109229

3. Hersperger AR, Martin JN, Shin LY, Sheth PM, Kovacs CM, et al. (2011) Increased HIV-specific CD8+
T-cell cytotoxic potential in HIV elite controllers is associated with T-bet expression. Blood 117: 3799–
3808. doi: 10.1182/blood-2010-12-322727 PMID: 21289310

4. Saez-Cirion A, Lacabaratz C, Lambotte O, Versmisse P, Urrutia A, et al. (2007) HIV controllers exhibit
potent CD8 T cell capacity to suppress HIV infection ex vivo and peculiar cytotoxic T lymphocyte activa-
tion phenotype. Proc Natl Acad Sci U S A 104: 6776–6781. PMID: 17428922

5. Hugues S, Fetler L, Bonifaz L, Helft J, Amblard F, et al. (2004) Distinct T cell dynamics in lymph nodes
during the induction of tolerance and immunity. Nat Immunol 5: 1235–1242. PMID: 15516925

Cell-Intrinsic Immunity to HIV in Dendritic Cells

PLOS Pathogens | DOI:10.1371/journal.ppat.1004930 June 11, 2015 18 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1004930.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1004930.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1004930.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1004930.s007
http://dx.doi.org/10.1016/j.antiviral.2009.08.007
http://www.ncbi.nlm.nih.gov/pubmed/19733595
http://dx.doi.org/10.1182/blood-2008-10-182709
http://dx.doi.org/10.1182/blood-2008-10-182709
http://www.ncbi.nlm.nih.gov/pubmed/19109229
http://dx.doi.org/10.1182/blood-2010-12-322727
http://www.ncbi.nlm.nih.gov/pubmed/21289310
http://www.ncbi.nlm.nih.gov/pubmed/17428922
http://www.ncbi.nlm.nih.gov/pubmed/15516925


6. Joffre O, Nolte MA, Sporri R, Reis e Sousa C (2009) Inflammatory signals in dendritic cell activation
and the induction of adaptive immunity. Immunol Rev 227: 234–247. doi: 10.1111/j.1600-065X.2008.
00718.x PMID: 19120488

7. Lindquist RL, Shakhar G, Dudziak D, Wardemann H, Eisenreich T, et al. (2004) Visualizing dendritic
cell networks in vivo. Nat Immunol 5: 1243–1250. PMID: 15543150

8. Palucka K, Ueno H, Fay J, Banchereau J (2011) Dendritic cells and immunity against cancer. J Intern
Med 269: 64–73. doi: 10.1111/j.1365-2796.2010.02317.x PMID: 21158979

9. Steinman RM, Idoyaga J (2010) Features of the dendritic cell lineage. Immunol Rev 234: 5–17. doi: 10.
1111/j.0105-2896.2009.00888.x PMID: 20193008

10. Banchereau J, Steinman RM (1998) Dendritic cells and the control of immunity. Nature 392: 245–252.
PMID: 9521319

11. Akira S (2009) Innate immunity to pathogens: diversity in receptors for microbial recognition. Immunol
Rev 227: 5–8. doi: 10.1111/j.1600-065X.2008.00739.x PMID: 19120470

12. Pichlmair A, Reis e Sousa C (2007) Innate recognition of viruses. Immunity 27: 370–383. PMID:
17892846

13. Longhi MP, Trumpfheller C, Idoyaga J, Caskey M, Matos I, et al. (2009) Dendritic cells require a sys-
temic type I interferon response to mature and induce CD4+ Th1 immunity with poly IC as adjuvant. J
Exp Med 206: 1589–1602. doi: 10.1084/jem.20090247 PMID: 19564349

14. Goldfeld AE, Birch-Limberger K, Schooley RT, Walker BD (1991) HIV-1 infection does not induce
tumor necrosis factor-alpha or interferon-beta gene transcription. J Acquir Immune Defic Syndr 4: 41–
47. PMID: 1845771

15. Negre D, Mangeot PE, Duisit G, Blanchard S, Vidalain PO, et al. (2000) Characterization of novel safe
lentiviral vectors derived from simian immunodeficiency virus (SIVmac251) that efficiently transduce
mature human dendritic cells. Gene Ther 7: 1613–1623. PMID: 11083469

16. Manel N, Hogstad B, Wang Y, Levy DE, Unutmaz D, et al. (2010) A cryptic sensor for HIV-1 activates
antiviral innate immunity in dendritic cells. Nature 467: 214–217. doi: 10.1038/nature09337 PMID:
20829794

17. Manel N, Littman DR (2011) Hiding in plain sight: how HIV evades innate immune responses. Cell 147:
271–274. doi: 10.1016/j.cell.2011.09.010 PMID: 22000008

18. Yan N, Regalado-Magdos AD, Stiggelbout B, Lee-Kirsch MA, Lieberman J (2010) The cytosolic exonu-
clease TREX1 inhibits the innate immune response to human immunodeficiency virus type 1. Nat
Immunol 11: 1005–1013. doi: 10.1038/ni.1941 PMID: 20871604

19. Goldstone DC, Ennis-Adeniran V, Hedden JJ, Groom HC, Rice GI, et al. (2011) HIV-1 restriction factor
SAMHD1 is a deoxynucleoside triphosphate triphosphohydrolase. Nature 480: 379–382. doi: 10.1038/
nature10623 PMID: 22056990

20. Hrecka K, Hao C, Gierszewska M, Swanson SK, Kesik-Brodacka M, et al. (2011) Vpx relieves inhibition
of HIV-1 infection of macrophages mediated by the SAMHD1 protein. Nature 474: 658–661. doi: 10.
1038/nature10195 PMID: 21720370

21. Laguette N, Sobhian B, Casartelli N, Ringeard M, Chable-Bessia C, et al. (2011) SAMHD1 is the den-
dritic- and myeloid-cell-specific HIV-1 restriction factor counteracted by Vpx. Nature 474: 654–657. doi:
10.1038/nature10117 PMID: 21613998

22. Sunseri N, O'Brien M, Bhardwaj N, Landau NR (2011) Human immunodeficiency virus type 1 modified
to package Simian immunodeficiency virus Vpx efficiently infects macrophages and dendritic cells. J
Virol 85: 6263–6274. doi: 10.1128/JVI.00346-11 PMID: 21507971

23. Ryoo J, Choi J, Oh C, Kim S, Seo M, et al. (2014) The ribonuclease activity of SAMHD1 is required for
HIV-1 restriction. Nat Med 20: 936–941. doi: 10.1038/nm.3626 PMID: 25038827

24. Bhat N, Fitzgerald KA (2014) Recognition of cytosolic DNA by cGAS and other STING-dependent sen-
sors. Eur J Immunol 44: 634–640. doi: 10.1002/eji.201344127 PMID: 24356864

25. Lam E, Stein S, Falck-Pedersen E (2014) Adenovirus detection by the cGAS/STING/TBK1 DNA sens-
ing cascade. J Virol 88: 974–981. doi: 10.1128/JVI.02702-13 PMID: 24198409

26. Jakobsen MR, Bak RO, Andersen A, Berg RK, Jensen SB, et al. (2013) IFI16 senses DNA forms of the
lentiviral replication cycle and controls HIV-1 replication. Proc Natl Acad Sci U S A 110: E4571–4580.
doi: 10.1073/pnas.1311669110 PMID: 24154727

27. Lahaye X, Satoh T, Gentili M, Cerboni S, Conrad C, et al. (2013) The capsids of HIV-1 and HIV-2 deter-
mine immune detection of the viral cDNA by the innate sensor cGAS in dendritic cells. Immunity 39:
1132–1142. doi: 10.1016/j.immuni.2013.11.002 PMID: 24269171

28. Laguette N, Benkirane M (2012) How SAMHD1 changes our view of viral restriction. Trends Immunol
33: 26–33. doi: 10.1016/j.it.2011.11.002 PMID: 22177690

Cell-Intrinsic Immunity to HIV in Dendritic Cells

PLOS Pathogens | DOI:10.1371/journal.ppat.1004930 June 11, 2015 19 / 22

http://dx.doi.org/10.1111/j.1600-065X.2008.00718.x
http://dx.doi.org/10.1111/j.1600-065X.2008.00718.x
http://www.ncbi.nlm.nih.gov/pubmed/19120488
http://www.ncbi.nlm.nih.gov/pubmed/15543150
http://dx.doi.org/10.1111/j.1365-2796.2010.02317.x
http://www.ncbi.nlm.nih.gov/pubmed/21158979
http://dx.doi.org/10.1111/j.0105-2896.2009.00888.x
http://dx.doi.org/10.1111/j.0105-2896.2009.00888.x
http://www.ncbi.nlm.nih.gov/pubmed/20193008
http://www.ncbi.nlm.nih.gov/pubmed/9521319
http://dx.doi.org/10.1111/j.1600-065X.2008.00739.x
http://www.ncbi.nlm.nih.gov/pubmed/19120470
http://www.ncbi.nlm.nih.gov/pubmed/17892846
http://dx.doi.org/10.1084/jem.20090247
http://www.ncbi.nlm.nih.gov/pubmed/19564349
http://www.ncbi.nlm.nih.gov/pubmed/1845771
http://www.ncbi.nlm.nih.gov/pubmed/11083469
http://dx.doi.org/10.1038/nature09337
http://www.ncbi.nlm.nih.gov/pubmed/20829794
http://dx.doi.org/10.1016/j.cell.2011.09.010
http://www.ncbi.nlm.nih.gov/pubmed/22000008
http://dx.doi.org/10.1038/ni.1941
http://www.ncbi.nlm.nih.gov/pubmed/20871604
http://dx.doi.org/10.1038/nature10623
http://dx.doi.org/10.1038/nature10623
http://www.ncbi.nlm.nih.gov/pubmed/22056990
http://dx.doi.org/10.1038/nature10195
http://dx.doi.org/10.1038/nature10195
http://www.ncbi.nlm.nih.gov/pubmed/21720370
http://dx.doi.org/10.1038/nature10117
http://www.ncbi.nlm.nih.gov/pubmed/21613998
http://dx.doi.org/10.1128/JVI.00346-11
http://www.ncbi.nlm.nih.gov/pubmed/21507971
http://dx.doi.org/10.1038/nm.3626
http://www.ncbi.nlm.nih.gov/pubmed/25038827
http://dx.doi.org/10.1002/eji.201344127
http://www.ncbi.nlm.nih.gov/pubmed/24356864
http://dx.doi.org/10.1128/JVI.02702-13
http://www.ncbi.nlm.nih.gov/pubmed/24198409
http://dx.doi.org/10.1073/pnas.1311669110
http://www.ncbi.nlm.nih.gov/pubmed/24154727
http://dx.doi.org/10.1016/j.immuni.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24269171
http://dx.doi.org/10.1016/j.it.2011.11.002
http://www.ncbi.nlm.nih.gov/pubmed/22177690


29. Stetson DB, Ko JS, Heidmann T, Medzhitov R (2008) Trex1 prevents cell-intrinsic initiation of autoim-
munity. Cell 134: 587–598. doi: 10.1016/j.cell.2008.06.032 PMID: 18724932

30. Vigneault F, Woods M, Buzon MJ, Li C, Pereyra F, et al. (2011) Transcriptional profiling of CD4 T cells
identifies distinct subgroups of HIV-1 elite controllers. J Virol 85: 3015–3019. doi: 10.1128/JVI.01846-
10 PMID: 21177805

31. Cameron PU, Handley AJ, Baylis DC, Solomon AE, Bernard N, et al. (2007) Preferential infection of
dendritic cells during human immunodeficiency virus type 1 infection of blood leukocytes. J Virol 81:
2297–2306. PMID: 17166903

32. Granelli-Piperno A, Shimeliovich I, Pack M, Trumpfheller C, Steinman RM (2006) HIV-1 selectively in-
fects a subset of nonmaturing BDCA1-positive dendritic cells in human blood. J Immunol 176: 991–
998. PMID: 16393985

33. Smed-Sorensen A, Lore K, Vasudevan J, Louder MK, Andersson J, et al. (2005) Differential susceptibil-
ity to human immunodeficiency virus type 1 infection of myeloid and plasmacytoid dendritic cells. J Virol
79: 8861–8869. PMID: 15994779

34. Engelman A, Cherepanov P (2008) The lentiviral integrase binding protein LEDGF/p75 and HIV-1 repli-
cation. PLoS Pathog 4: e1000046. doi: 10.1371/journal.ppat.1000046 PMID: 18369482

35. Levin A, Hayouka Z, Friedler A, Loyter A (2010) Transportin 3 and importin alpha are required for effec-
tive nuclear import of HIV-1 integrase in virus-infected cells. Nucleus 1: 422–431. doi: 10.4161/nucl.1.
5.12903 PMID: 21326825

36. Levin A, Rosenbluh J, Hayouka Z, Friedler A, Loyter A (2010) Integration of HIV-1 DNA is regulated by
interplay between viral rev and cellular LEDGF/p75 proteins. Mol Med 16: 34–44. doi: 10.2119/
molmed.2009.00133 PMID: 19855849

37. Brass AL, Dykxhoorn DM, Benita Y, Yan N, Engelman A, et al. (2008) Identification of host proteins re-
quired for HIV infection through a functional genomic screen. Science 319: 921–926. doi: 10.1126/
science.1152725 PMID: 18187620

38. Konig R, Zhou Y, Elleder D, Diamond TL, Bonamy GM, et al. (2008) Global analysis of host-pathogen
interactions that regulate early-stage HIV-1 replication. Cell 135: 49–60. doi: 10.1016/j.cell.2008.07.
032 PMID: 18854154

39. Ciuffi A, Llano M, Poeschla E, Hoffmann C, Leipzig J, et al. (2005) A role for LEDGF/p75 in targeting
HIV DNA integration. Nat Med 11: 1287–1289. PMID: 16311605

40. Llano M, Saenz DT, Meehan A, Wongthida P, Peretz M, et al. (2006) An essential role for LEDGF/p75
in HIV integration. Science 314: 461–464. PMID: 16959972

41. Diner EJ, Burdette DL, Wilson SC, Monroe KM, Kellenberger CA, et al. (2013) The innate immune DNA
sensor cGAS produces a noncanonical cyclic dinucleotide that activates human STING. Cell Rep 3:
1355–1361. doi: 10.1016/j.celrep.2013.05.009 PMID: 23707065

42. Gao D, Wu J, Wu YT, Du F, Aroh C, et al. (2013) Cyclic GMP-AMP synthase is an innate immune sen-
sor of HIV and other retroviruses. Science 341: 903–906. doi: 10.1126/science.1240933 PMID:
23929945

43. Ablasser A, Goldeck M, Cavlar T, Deimling T, Witte G, et al. (2013) cGAS produces a 2'-5'-linked cyclic
dinucleotide second messenger that activates STING. Nature 498: 380–384. doi: 10.1038/
nature12306 PMID: 23722158

44. Duan X, Ponomareva L, Veeranki S, Panchanathan R, Dickerson E, et al. (2011) Differential roles for
the interferon-inducible IFI16 and AIM2 innate immune sensors for cytosolic DNA in cellular senes-
cence of human fibroblasts. Mol Cancer Res 9: 589–602. doi: 10.1158/1541-7786.MCR-10-0565
PMID: 21471287

45. Monroe KM, Yang Z, Johnson JR, Geng X, Doitsh G, et al. (2014) IFI16 DNA sensor is required for
death of lymphoid CD4 T cells abortively infected with HIV. Science 343: 428–432. doi: 10.1126/
science.1243640 PMID: 24356113

46. Veeranki S, Choubey D (2012) Interferon-inducible p200-family protein IFI16, an innate immune sensor
for cytosolic and nuclear double-stranded DNA: regulation of subcellular localization. Mol Immunol 49:
567–571. doi: 10.1016/j.molimm.2011.11.004 PMID: 22137500

47. Joseph A, Zheng JH, Follenzi A, Dilorenzo T, Sango K, et al. (2008) Lentiviral vectors encoding human
immunodeficiency virus type 1 (HIV-1)-specific T-cell receptor genes efficiently convert peripheral
blood CD8 T lymphocytes into cytotoxic T lymphocytes with potent in vitro and in vivo HIV-1-specific in-
hibitory activity. J Virol 82: 3078–3089. doi: 10.1128/JVI.01812-07 PMID: 18184707

48. Harman AN, Lai J, Turville S, Samarajiwa S, Gray L, et al. (2011) HIV infection of dendritic cells sub-
verts the IFN induction pathway via IRF-1 and inhibits type 1 IFN production. Blood 118: 298–308. doi:
10.1182/blood-2010-07-297721 PMID: 21411754

Cell-Intrinsic Immunity to HIV in Dendritic Cells

PLOS Pathogens | DOI:10.1371/journal.ppat.1004930 June 11, 2015 20 / 22

http://dx.doi.org/10.1016/j.cell.2008.06.032
http://www.ncbi.nlm.nih.gov/pubmed/18724932
http://dx.doi.org/10.1128/JVI.01846-10
http://dx.doi.org/10.1128/JVI.01846-10
http://www.ncbi.nlm.nih.gov/pubmed/21177805
http://www.ncbi.nlm.nih.gov/pubmed/17166903
http://www.ncbi.nlm.nih.gov/pubmed/16393985
http://www.ncbi.nlm.nih.gov/pubmed/15994779
http://dx.doi.org/10.1371/journal.ppat.1000046
http://www.ncbi.nlm.nih.gov/pubmed/18369482
http://dx.doi.org/10.4161/nucl.1.5.12903
http://dx.doi.org/10.4161/nucl.1.5.12903
http://www.ncbi.nlm.nih.gov/pubmed/21326825
http://dx.doi.org/10.2119/molmed.2009.00133
http://dx.doi.org/10.2119/molmed.2009.00133
http://www.ncbi.nlm.nih.gov/pubmed/19855849
http://dx.doi.org/10.1126/science.1152725
http://dx.doi.org/10.1126/science.1152725
http://www.ncbi.nlm.nih.gov/pubmed/18187620
http://dx.doi.org/10.1016/j.cell.2008.07.032
http://dx.doi.org/10.1016/j.cell.2008.07.032
http://www.ncbi.nlm.nih.gov/pubmed/18854154
http://www.ncbi.nlm.nih.gov/pubmed/16311605
http://www.ncbi.nlm.nih.gov/pubmed/16959972
http://dx.doi.org/10.1016/j.celrep.2013.05.009
http://www.ncbi.nlm.nih.gov/pubmed/23707065
http://dx.doi.org/10.1126/science.1240933
http://www.ncbi.nlm.nih.gov/pubmed/23929945
http://dx.doi.org/10.1038/nature12306
http://dx.doi.org/10.1038/nature12306
http://www.ncbi.nlm.nih.gov/pubmed/23722158
http://dx.doi.org/10.1158/1541-7786.MCR-10-0565
http://www.ncbi.nlm.nih.gov/pubmed/21471287
http://dx.doi.org/10.1126/science.1243640
http://dx.doi.org/10.1126/science.1243640
http://www.ncbi.nlm.nih.gov/pubmed/24356113
http://dx.doi.org/10.1016/j.molimm.2011.11.004
http://www.ncbi.nlm.nih.gov/pubmed/22137500
http://dx.doi.org/10.1128/JVI.01812-07
http://www.ncbi.nlm.nih.gov/pubmed/18184707
http://dx.doi.org/10.1182/blood-2010-07-297721
http://www.ncbi.nlm.nih.gov/pubmed/21411754


49. Rasaiyaah J, Tan CP, Fletcher AJ, Price AJ, Blondeau C, et al. (2013) HIV-1 evades innate immune
recognition through specific cofactor recruitment. Nature 503: 402–405. doi: 10.1038/nature12769
PMID: 24196705

50. Doehle BP, Chang K, Rustagi A, McNevin J, McElrath MJ, et al. (2012) Vpu mediates depletion of inter-
feron regulatory factor 3 during HIV infection by a lysosome-dependent mechanism. J Virol 86: 8367–
8374. doi: 10.1128/JVI.00423-12 PMID: 22593165

51. Laguette N, Rahm N, Sobhian B, Chable-Bessia C, Munch J, et al. (2012) Evolutionary and functional
analyses of the interaction between the myeloid restriction factor SAMHD1 and the lentiviral Vpx pro-
tein. Cell Host Microbe 11: 205–217. doi: 10.1016/j.chom.2012.01.007 PMID: 22305291

52. Su B, BiedmaME, Lederle A, Peressin M, Lambotin M, et al. (2014) Dendritic cell-lymphocyte cross
talk downregulates host restriction factor SAMHD1 and stimulates HIV-1 replication in dendritic cells. J
Virol 88: 5109–5121. doi: 10.1128/JVI.03057-13 PMID: 24574390

53. Holtz CM, Sadler HA, Mansky LM (2013) APOBEC3G cytosine deamination hotspots are defined by
both sequence context and single-stranded DNA secondary structure. Nucleic Acids Res 41: 6139–
6148. doi: 10.1093/nar/gkt246 PMID: 23620282

54. Buzon MJ, Seiss K, Weiss R, Brass AL, Rosenberg ES, et al. (2011) Inhibition of HIV-1 integration in ex
vivo-infected CD4 T cells from elite controllers. J Virol 85: 9646–9650. doi: 10.1128/JVI.05327-11
PMID: 21734042

55. Ablasser A, Schmid-Burgk JL, Hemmerling I, Horvath GL, Schmidt T, et al. (2013) Cell intrinsic immuni-
ty spreads to bystander cells via the intercellular transfer of cGAMP. Nature 503: 530–534. doi: 10.
1038/nature12640 PMID: 24077100

56. Civril F, Deimling T, de Oliveira Mann CC, Ablasser A, Moldt M, et al. (2013) Structural mechanism of
cytosolic DNA sensing by cGAS. Nature 498: 332–337. doi: 10.1038/nature12305 PMID: 23722159

57. Gao P, Ascano M, Zillinger T, WangW, Dai P, et al. (2013) Structure-function analysis of STING activa-
tion by c[G(2',5')pA(3',5')p] and targeting by antiviral DMXAA. Cell 154: 748–762. doi: 10.1016/j.cell.
2013.07.023 PMID: 23910378

58. Pereyra F, Addo MM, Kaufmann DE, Liu Y, Miura T, et al. (2008) Genetic and immunologic heterogene-
ity among persons who control HIV infection in the absence of therapy. J Infect Dis 197: 563–571. doi:
10.1086/526786 PMID: 18275276

59. Carriere M, Lacabaratz C, Kok A, Benne C, Jenabian MA, et al. (2014) HIV "elite controllers" are char-
acterized by a high frequency of memory CD8+ CD73+ T cells involved in the antigen-specific CD8+ T-
cell response. J Infect Dis 209: 1321–1330. doi: 10.1093/infdis/jit643 PMID: 24357632

60. Brennan CA, Ibarrondo FJ, Sugar CA, Hausner MA, Shih R, et al. (2012) Early HLA-B*57-restricted
CD8+ T lymphocyte responses predict HIV-1 disease progression. J Virol 86: 10505–10516. doi: 10.
1128/JVI.00102-12 PMID: 22811521

61. Ndhlovu ZM, Chibnik LB, Proudfoot J, Vine S, McMullen A, et al. (2013) High-dimensional immunomo-
nitoring models of HIV-1-specific CD8 T-cell responses accurately identify subjects achieving sponta-
neous viral control. Blood 121: 801–811. doi: 10.1182/blood-2012-06-436295 PMID: 23233659

62. Huang J, Burke PS, Cung TD, Pereyra F, Toth I, et al. (2010) Leukocyte immunoglobulin-like receptors
maintain unique antigen-presenting properties of circulating myeloid dendritic cells in HIV-1-infected
elite controllers. J Virol 84: 9463–9471. doi: 10.1128/JVI.01009-10 PMID: 20631139

63. Bello G, Velasco-de-Castro CA, Bongertz V, Rodrigues CA, Giacoia-Gripp CB, et al. (2009) Immune
activation and antibody responses in non-progressing elite controller individuals infected with HIV-1. J
Med Virol 81: 1681–1690. doi: 10.1002/jmv.21565 PMID: 19697415

64. Pereyra F, Lo J, Triant VA, Wei J, Buzon MJ, et al. (2012) Increased coronary atherosclerosis and im-
mune activation in HIV-1 elite controllers. AIDS 26: 2409–2412. doi: 10.1097/QAD.
0b013e32835a9950 PMID: 23032411

65. Chen H, Li C, Huang J, Cung T, Seiss K, et al. (2011) CD4+ T cells from elite controllers resist HIV-1 in-
fection by selective upregulation of p21. J Clin Invest 121: 1549–1560. doi: 10.1172/JCI44539 PMID:
21403397

66. Unutmaz D, KewalRamani VN, Marmon S, Littman DR (1999) Cytokine signals are sufficient for HIV-1
infection of resting human T lymphocytes. J Exp Med 189: 1735–1746. PMID: 10359577

67. Bashirova AA, Martin-Gayo E, Jones DC, Qi Y, Apps R, et al. (2014) LILRB2 interaction with HLA class
I correlates with control of HIV-1 infection. PLoS Genet 10: e1004196. doi: 10.1371/journal.pgen.
1004196 PMID: 24603468

68. Buzon MJ, Sun H, Li C, Shaw A, Seiss K, et al. (2014) HIV-1 persistence in CD4 T cells with stem cell-
like properties. Nat Med.

Cell-Intrinsic Immunity to HIV in Dendritic Cells

PLOS Pathogens | DOI:10.1371/journal.ppat.1004930 June 11, 2015 21 / 22

http://dx.doi.org/10.1038/nature12769
http://www.ncbi.nlm.nih.gov/pubmed/24196705
http://dx.doi.org/10.1128/JVI.00423-12
http://www.ncbi.nlm.nih.gov/pubmed/22593165
http://dx.doi.org/10.1016/j.chom.2012.01.007
http://www.ncbi.nlm.nih.gov/pubmed/22305291
http://dx.doi.org/10.1128/JVI.03057-13
http://www.ncbi.nlm.nih.gov/pubmed/24574390
http://dx.doi.org/10.1093/nar/gkt246
http://www.ncbi.nlm.nih.gov/pubmed/23620282
http://dx.doi.org/10.1128/JVI.05327-11
http://www.ncbi.nlm.nih.gov/pubmed/21734042
http://dx.doi.org/10.1038/nature12640
http://dx.doi.org/10.1038/nature12640
http://www.ncbi.nlm.nih.gov/pubmed/24077100
http://dx.doi.org/10.1038/nature12305
http://www.ncbi.nlm.nih.gov/pubmed/23722159
http://dx.doi.org/10.1016/j.cell.2013.07.023
http://dx.doi.org/10.1016/j.cell.2013.07.023
http://www.ncbi.nlm.nih.gov/pubmed/23910378
http://dx.doi.org/10.1086/526786
http://www.ncbi.nlm.nih.gov/pubmed/18275276
http://dx.doi.org/10.1093/infdis/jit643
http://www.ncbi.nlm.nih.gov/pubmed/24357632
http://dx.doi.org/10.1128/JVI.00102-12
http://dx.doi.org/10.1128/JVI.00102-12
http://www.ncbi.nlm.nih.gov/pubmed/22811521
http://dx.doi.org/10.1182/blood-2012-06-436295
http://www.ncbi.nlm.nih.gov/pubmed/23233659
http://dx.doi.org/10.1128/JVI.01009-10
http://www.ncbi.nlm.nih.gov/pubmed/20631139
http://dx.doi.org/10.1002/jmv.21565
http://www.ncbi.nlm.nih.gov/pubmed/19697415
http://dx.doi.org/10.1097/QAD.0b013e32835a9950
http://dx.doi.org/10.1097/QAD.0b013e32835a9950
http://www.ncbi.nlm.nih.gov/pubmed/23032411
http://dx.doi.org/10.1172/JCI44539
http://www.ncbi.nlm.nih.gov/pubmed/21403397
http://www.ncbi.nlm.nih.gov/pubmed/10359577
http://dx.doi.org/10.1371/journal.pgen.1004196
http://dx.doi.org/10.1371/journal.pgen.1004196
http://www.ncbi.nlm.nih.gov/pubmed/24603468


69. Brussel A, Sonigo P (2003) Analysis of early human immunodeficiency virus type 1 DNA synthesis by
use of a new sensitive assay for quantifying integrated provirus. J Virol 77: 10119–10124. PMID:
12941923

70. Langfelder P, Horvath S (2008) WGCNA: an R package for weighted correlation network analysis.
BMC Bioinformatics 9: 559. doi: 10.1186/1471-2105-9-559 PMID: 19114008

Cell-Intrinsic Immunity to HIV in Dendritic Cells

PLOS Pathogens | DOI:10.1371/journal.ppat.1004930 June 11, 2015 22 / 22

http://www.ncbi.nlm.nih.gov/pubmed/12941923
http://dx.doi.org/10.1186/1471-2105-9-559
http://www.ncbi.nlm.nih.gov/pubmed/19114008

