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Summary
Background Plasmacytoid dendritic cells (pDCs) sense viral and bacterial products through Toll-like receptor (TLR)-7
and -9 and translate this sensing into Interferon-α (IFN-α) production and T-cell activation. The understanding of the
mechanisms involved in pDCs stimulation may contribute to HIV-cure immunotherapeutic strategies. The objective
of the present study was to characterize the immunomodulatory effects of TLR agonist stimulations in several HIV-1
disease progression phenotypes and in non HIV-1 infected donors.

Methods pDCs, CD4 and CD8 T-cells were isolated from 450 ml of whole blood from non HIV-1 infected donors,
immune responders (IR), immune non responders (INR), viremic (VIR) and elite controller (EC) participants.
pDCs were stimulated overnight with AT-2, CpG-A, CpG-C and GS-9620 or no stimuli. After that, pDCs were co-
cultured with autologous CD4 or CD8 T-cells and with/without HIV-1 (Gag peptide pool) or SEB (Staphylococcal
Enterotoxin B). Cytokine array, gene expression and deep immunophenotyping were assayed.

Findings pDCs showed an increase of activation markers levels, interferon related genes, HIV-1 restriction factors and
cytokines levels after TLR stimulation in the different HIV-disease progression phenotypes. This pDC activation was
prominent with CpG-C and GS-9620 and induced an increase of HIV-specific T-cell response even in VIR and INR
comparable with EC. This HIV-1 specific T-cell response was associated with the upregulation of HIV-1 restriction
factors and IFN-α production by pDC.

Interpretation These results shed light on the mechanisms associated with TLR-specific pDCs stimulation associated
with the induction of a T-cell mediated antiviral response which is essential for HIV-1 eradication strategies.
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Desarrollo Regional, FEDER, “a way to make Europe”) and the Red Temática de Investigación Cooperativa en SIDA
and by the Spanish National Research Council (CSIC).
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Introduction
Antiretroviral therapy (ART) for the treatment of Human
Immunodeficiency Virus (HIV)-1 infection has
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dramatically improved survival.1,2 Although ART is highly
effective at suppressing HIV-1 replication, viral reservoirs
persist despite treatment and lead to rapid viral rebound
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Research in context

Evidence before this study
pDCs are considered a link between innate and adaptive
immunity, inducing and maintaining antigen-specific T-cell
responses and contributing to the control and eventually to
the immune activation and disease progression in HIV-
infection scenario. On the other hand, TLR agonists have been
recently used for immunomodulatory strategies
demonstrating an improvement of pDCs functionality and
antiviral adaptive responses. However, the cellular and
molecular mechanisms by which TLR stimulation can
modulate HIV-1 replication are still largely unclear.

Added value of this study
pDCs, after TLR agonist stimulation, showed an activated
phenotype determined by an increased MFI of HLA-DR, CCR7
and CD86 expression. Interferon related genes; restriction

factors and cytokines levels were also increased. This pDCs
activation induces an increase of HIV-specific T-cell response
that was especially prominent with CpG-C and GS-9620. pDCs
cytokines production and restriction factors were associated
with HIV-specific T-cell response. These results, demonstrate
an increased activation phenotype of pDCs that favor an
effective antigen presentation to CD4 and CD8 T-cell.

Implications of all the available evidence
To elicit an antiviral response is essential for current HIV-1
eradication strategies. The understanding of the mechanisms
involved in pDC stimulation may contribute to
immunotherapeutic strategies aiming to decrease HIV
reservoir. In this sense, the current study provides a better
understanding of how TLR-specific pDCs stimulation induce
antiviral T-cell response.
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when ART is interrupted.3 The latent HIV-1 reservoir is
predominantly found in long-lived memory CD4 T-cells in
which the provirus is transcriptionally silent and undetected
by the host immune system.4 Great efforts have beenmade
to understandhow to harness adaptive immune response to
ultimately eliminate HIV-infected cells; however, less
attention has been placed to the link of innate immune
function to mount an effective adaptive immune response.
The innate immune system constitutes a key part of the
early defence and control of established HIV-1 infection.
Important players of innate immune response are the
plasmacytoid dendritic cells (pDCs). These cells represent
less than 1% of the peripheral blood mononuclear cells
(PBMCs) and are considered a link between innate and
adaptive immunity. pDCs are the main type I Interferon
(IFN-α, -β, -ε, -ω and -κ) producers by Toll-like receptor
(TLR) −7 and −9 stimulation, conferring a high antiviral
capacity.5 These intracellular TLRs recognize viral and mi-
crobial nucleic acids and rapidly induce an immune
response characterized by the production of acute-phase
cytokines and antiviral factors.6 The IFN-I production acti-
vates antiviral host restriction factors7,8 and involves the
activation of other cell types such as natural killer cells (NK)
and myeloid dendritic cells (mDCs).9 pDCs have been
associated with the spontaneous control of HIV-1 infection
through IFN-α production and HIV-infected CD4 T-cell
apoptosis induction.10,11 In addition, we also previously re-
ported that after TLR-7 and -9 stimulation, hepatitis C virus
(HCV) infectivity was reduced through pDCs’ IFN-α pro-
duction.12 TLR-7 and -9 stimulated pDCs exhibited amature
phenotype, increasing the antigen presentation and lymph
node homing-related markers.12 Therefore, a better under-
standing of how TLR-specific pDC stimulation induce and
antiviral T-cell response is essential for current HIV-1
eradication strategies.

TLR-7 and -9 agonists have been recently used for
immunomodulatory strategies demonstrating an
improvement of pDCs functionality and antiviral adap-
tive responses. Buitendijk et al. observed that agonists
for TLR-3, TLR-7, TLR-8 and TLR-9 all inhibited HIV-1
infection and induced IFN-α/interferon-stimulated
genes (ISGs) expression in PBMCs in vitro13. GS-9620 is
a potent, orally active TLR-7 agonist with selectivity for
induction of IFN-α over proinflammatory cytokines.14 It
has been reported that oral administration of an analog
of GS-9620 in simian immunodeficiency virus (SIV)-
infected rhesus macaques under ART induced transient
plasma viremia, reduced the viral DNA content in
lymphoid tissues, and established lower viral set points
after ART cessation.15 Additionally, in the simian-
human immunodeficiency virus (SHIV)-infected rhe-
sus macaques model, the co-administration of GS-9620
and the potent neutralizing antibody PGT121 delayed
viral rebound following discontinuation of ART and
induced durable virus control in 55% of the animals.16

In human, a recent study shows that GS-9620 could
contribute to a modest delay in viral rebound in ART-
treated HIV-1 subjects who undergo ART interruption.17

The cellular and molecular mechanisms by which
TLR stimulation can modulate HIV-1 replication are still
largely unclear. To achieve this goal, we have designed a
co-culture system of pDCs (previously stimulated
through TLR-7 and -9 agonists) with autologous CD4 or
CD8 T-cells from people living with HIV-1 (PLWH) with
diverse HIV-1 disease progression phenotypes. Our aim
was to investigate how TLR-7 and -9 agonists could serve
as a potential booster of pDCs activity and consequently
enhance virus specific T-cell response.
Methods
Study subjects
The study was performed at Clinic Unit of Infectious
Diseases, Microbiology and Parasitology at Virgen del
www.thelancet.com Vol 91 May, 2023
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Rocío University Hospital (Seville, Spain). PLWH were
recruited from the Clinic Unit of Infectious Diseases
HIV-infected patients’ cohort and classified according to
the HIV-1 disease progression phenotype in four
groups: 1) HIV-1 Elite Controllers (EC), were defined as
PLWH with undetectable viral loads (<40 HIV-1 RNA
copies/ml) in the absence of any ART during at least last
year; 2) Viremic patients (VIR), were defined as PLWH
naïve for any ART with high viral loads above 104 HIV-1
RNA copies/ml; 3) Immune Responders (IR), were
defined as PLWH on ART with undetectable viral load
(<40 HIV-1 RNA copies/ml) at least during the last six
months and with CD4 T-cells counts above 350 CD4 T
cell/mm3; 4) Immune Non Responders (INR), were
defined as PLWH on ART with undetectable viral loads
at least during the last six months who fail to achieve
350 CD4 T-cell/mm3 during at least two years on ART.
All the participants recruited were white European
(Table 1). Every PLWH donated 450 ml of peripheral
blood. The same amount of whole blood was obtained
from a control group (Ctrl, n = 21), seronegative for HIV
and HCV, obtained at the Regional Center for Blood
Transfusion and Tissue Bank Sevilla- Huelva (Seville,
Spain).

Laboratory measurements
Absolute CD4 and CD8 T-cell counts were measured by
using Flow-Check™ Fluorospheres (Cat: 6605359),
FC500 flow cytometer (Beckman–Coulter, Brea, CA).
The plasma HIV-1 RNA concentration was measured
using quantitative PCR (Cobas AmpliPrep/Cobas Taq-
Man HIV-1 test; Roche Molecular Systems) (detection
limit: 40 HIV-1 RNA copies/mL). HCV-RNA (hepatitis
C virus) was assayed on sera samples using an available
PCR procedure kit (COBAS Amplicor, Roche Diagnosis)
Ctrl (n = 21) PLWH (n = 23

HIV-1 VIR (n =

Male sex, n (%) 15 (71.42) 7 (100)

Age, (years) 42 [35–51] 36 [32–45]

CD4 Nadir counts, (cells/μl) NA 376 [273–448]

CD4+ T-cell counts, (cells/μl) NA 354 [299–456

CD8+ T-cell counts, (cells/μl) NA 773 [527–1148

CD4+/CD8+ T-cell ratio NA 0.5 [0.33–0.71]

Time since diagnosis, (years) NA 0 [0–0]

Time on ART (years) NA NA

HIV-1 RNA (Log10 copies/ml) NA 4.80 [3.73–4.9

Anti-HCV n (%) NA 0 (0)

HCV RNA (Log10 copies/ml) NA NA

Time from HCV treatment (years)b NA NA

Values are given as No. (%) for categorical variables or median (interquartile ranges [IQR])
virus; IQR, interquartile range; Ctrl, Control group; VIR, Viremic; IR, Immune Responders; I
compare age and sex between PLWH as a whole and Control Group (Ctrl), respectively. b

the present study and the other one spontaneously cleared HCV.

Table 1: Characteristics of the studied participants.
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with detection limit of 10IU/ml. HCV exposure
(measured by testing for the presence of anti-HCV) was
detected using an HCV-specific ELISA (Siemens
Healthcare Diagnosis). All procedures were performed
according to the manufacturer’s protocol.

Assay of soluble biomarkers
Serum and plasma samples were collected in serum
separation tubes and in EDTA tubes and stored
at −20 ◦C until subsequent analysis of the following
biomarkers: high-sensitivity C-reactive protein (hsCRP),
β2-microglobulin (β2-M) and D-dimer. The levels of
hsCRP and β2M were determined by an immuno-
turbidimetric serum assay using a Cobas 701 analyzer
(Roche Diagnostics). D-dimer levels were measured by
an automated latex-enhanced immunoassay (HemosIL
D-dimer HS 500; Instrumentation Laboratory). All the
assays were performed following the manufacturers’
instructions.

Isolation of CD4, CD8 T-Cells and pDCs from blood
In vitro experiments were performed in PBMCs freshly
isolated by ficoll density gradient centrifugation from
450 ml of whole blood samples (Lymphoprep Cat:
07801, StemCell Technologies). Primary CD4, CD8 T-
cells and pDCs were negatively isolated (purity of >90%)
from whole blood using EasySep Human CD4 (Cat:
17952), EasySep Human CD8 T-cell Isolation kits (Cat:
19663) and EasySep Human Plasmacytoid DC enrich-
ment kit (Cat: 19062) (StemCellm, Technologies),
respectively. The minimum amount of required sample
(5 × 107 to 1 × 108 PBMCs) was used to isolate CD4+ and
CD8+ T-cells. All the remaining PBMCs were used to
isolate pDCs, according to the manufacturer’s
instructions.
) p valuea

(Ctrl vs PLWH)
7) HIV-1 IR (n = 6) HIV-1 INR (n = 6) HIV-1 EC (n = 4)

5 (83.3) 6 (100) 3 (75) 0.880

50 [41–62] 56 [49–60] 48 [37–57] 0.697

162 [75–310] 42 [36–86] 615 [459–697] NA

] 724 [536–1022] 277 [157–322] 738 [611–940] NA

] 592 [376–1011] 711 [423–1561] 543 [477–585] NA

1.38 [0.91–1.41] 0.36 [0.18–0.51] 1.3 [1.22–1.73] NA

14.5 [8.5–16.75] 18 [14.25–29.50] 16 [6.25–31] NA

13.5 [8.75–19] 14.5 [10.5–22.75] NA NA

6] 1.60 [1.60–1.60] 1.60 [1.60–1.60] 1.61 [1.60–1.93] NA

0 (0) 3 (50) 2 (50) NA

NA 0 0 NA

NA 11 [9.5–12.5] 20 NA

for continuous variables. Abbreviation: NA, not applicable; HCV, hepatitis C virus; HIV-1, human immunodeficiency
NR, Immune Non Responders and EC, HIV Elite Controllers. aMann Whitney U test and Chi-square test were used to
The three INR were treated with direct antiviral agents for HCV, one of the EC was treated for HCV 20 years before

3
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pDC stimulation and co-culture
2 × 105 isolated pDCs were cultured with R10 media
(RPMI 1640 supplemented with 10% fetal bovine serum
and 1% penicillin-streptomycin-L-glutamine) overnight
(ON) at 37 ◦C and 5% CO2 in the presence or absence of
the following agonists: TLR-9 class C CpG-ODN M362
(Cat: tlrl-m362, InvivoGen) (CpG-C, 1 μM), TLR-9 class
A CpG-ODN 2216 (Cat: tlrl-2216, InvivoGen) (CpG-A,
1 μM), TLR-7 inactivated HIV with Aldrithiol-2 (AT-2,
20 ng/ml) and TLR-7 agonist GS-9620 (Cat: 19628,
Cayman Chemical Company) (10 ng/ml). AT-2 virus
preparation was kindly provided by Dr. Jeffrey D. Lifson,
National Cancer Institute, Frederick, MD. pDCs stimu-
lation was performed in duplicate, one duplicate was
used for subsequent co-culture and the other for gene
expression analyses in pellet and cytokine quantification
in supernatants. Isolated CD4 and CD8 T-cells
remained in R10 media ON at 4 ◦C, during the pDCs
stimulations. Afterwards, stimulated and unstimulated
pDCs were co-cultured with autologous CD4 or CD8 T-
cells at a ratio of 1:20, T-cells were added directly to the
pDC culture without replacing the supernatant, there-
fore, all the soluble factors induced after ON TLR in-
cubation were present in the co-culture. The cells were
cultured in the presence of anti-CD107a (BV605), 1 μg/
ml of anti-CD28, 1 μg/ml anti-CD49d (BD Biosciences),
10 μg/ml of brefeldin A (BFA) (Sigma Chemical Com-
pany) and 0.7 μg/ml of monensin (BD Biosciences) and
stimulated in the absence or presence of 2 μg/ml HIV
(Gag)-specific peptide pool stimulation (in the case of
PLWH, NIH AIDS Research and Referenced Reagent
Program https://www.hivreagentprogram.org/) and in
the absence or presence of staphylococcal enterotoxin B
(SEB, in the case of Ctrl) during 6 h at 37 ◦C and 5%
CO2. SEB or HIV-specific T cells were defined as the
frequency of cells expressing intracellular cytokines
and/or degranulation markers after stimulation and the
corresponding background subtraction of the condition
without SEB o Gag stimuli, respectively, as previously
reported.18,19

pDCs gene expression analyses
After ON incubation, pDCs were removed from each
well, pelleted and stored at −80 ◦C. Pellets were thawed
and lysed with Real Time ready Cell Lysis Kit (Cat:
06366821001, Roche). cDNA synthesis was performed
immediately after the lysis with Transcriptor First
Strand cDNA Synthesis Kit (Cat: 04379012001, Roche)
according to the manufacturer’s instructions. Specific
primers for qPCR were designed to measure the
expression of IFN-α, IRF3, IRF7, IFNL3, TLR-7, TLR-9,
TRIM5α, Tumor Necrosis Factor-α (TNF-α), BST2,
HDAC6, APOBEC3G, SAMHD1 and TRAIL genes
(Supplementary Table S1). qPCRs were performed on a
Roche Light Cycler 480. Values were normalized by the
housekeeping gene β-actin and relative quantification
analysis was performed by delta–delta CT method
(2−ΔΔct) taking the unstimulated condition as the
reference.

Cytokines quantification
Supernatants from ON incubation of pDCs were
collected and stored at −80 ◦C. Tumor necrosis factor-α
(TNF-α), Interferon-γ (IFN-γ), Interleukine-6 (IL-6),
Interferon gamma-induced protein 10 (IP-10), Macro-
phage Inflammatory Protein-1α (MIP-1α) and MIP-1β
were measured by MILLIPLEX HCYTA-60 K Human
Cyto-Panel A according to the manufacturer’s in-
structions (Cat: 900020, Merck Millipore). The Inter-
feron-α (IFN-α) levels in the supernatants were assessed
by an IFN-α Multi-Subtype ELISA kit (Cat: 41110, PBL
Interferon Source) according to the manufacturer’s
instructions.

Immunophenotyping and intracellular cytokine
staining
For peripheral dendritic cell (DC) quantification and
characterization, ex vivo PBMCs immediately isolated
from fresh blood were washed with PBS and incubated
with LIVE/DEAD Fixable Aqua Dead Cell Stain (Cat:
L34957, Life Technologies) and extracellular anti-human
lineage cocktail 2 (LIN-2) (CD3, CD14, CD19, CD20,
CD56) FITC, anti-CD86 BV421, anti-CCR7 BV786, anti-
PDL1 PECF594, anti-CD141 PE-Cy7, anti-CD11c
BV650, anti-HLA-DR BV711, anti-CD123 AF700, anti-
CD1c APC-Cy7, anti-β7 integrin (APC), anti-CD4
PerCP-Cy5.5 and anti-CD16 BV605 (Supplementary
Table S2). Cells were then washed and permeabilized
using Fixation/Permeabilization FoxP3 Kit (Cat: 00-
5521-00, eBioscience) according to the manufacturer’s
instructions. Cells were stained intracellularly with anti-
IDO PE and then washed and fixed in PBS containing
4% paraformaldehyde (PFA).

Ex vivo pDCs immediately isolated from PBMCs and
stimulated isolated pDCs were washed with PBS and
incubated with LIVE/DEAD Fixable Aqua Dead Cell
Stain (Cat: L34957Life Technologies) and extracellularly
with anti-CD81 FITC, anti-CCR7 BV786, anti-HLA-DR
BV711, anti-β7 intregrin APC, anti-CD4 BV605, anti-
CD86 BV650, anti-CD5 APC-Cy7, anti-CD2 PeCy5.5
and anti-TIM3 PECF594. pDCs were then washed and
permeabilized and fixed using a Cytofix/Cytoperm Kit
(Cat: 554714, BD Biosciences) according to the manu-
facturer’s instructions. pDCs were stained intracellularly
with anti-IDO PE, anti-TNF-α PE-Cy7, anti-TLR-7 AF700
and anti-TLR-9405 and then washed and fixed in PBS
containing 4% PFA (Supplementary Table S2).

Ex vivo CD4, CD8 T-cells immediately isolated from
PBMCs and co-culture pDCs-CD4 and pDCs-CD8 T-
cells were washed with PBS and incubated with LIVE/
DEAD Fixable Aqua Dead Cell Stain (Cat: L34957, Life
Technologies) and extracellularly with antibodies anti-
CD45RA FITC, anti-TIGIT PerCP-Cy5.5, anti-β7 integ-
rin BV711, anti-LAG3 BV605, anti-CD123 BV510, anti-
www.thelancet.com Vol 91 May, 2023

https://www.hivreagentprogram.org/
www.thelancet.com/digital-health


Articles
PD1 BV786, anti-CD27 APC-Cy7 and anti-TIM3
PeCF594. Cells were then washed and permeabilized
and fixed using a Cytofix/Cytoperm Kit (Cat: 554714, BD
Biosciences) according to the manufacturer’s in-
structions. Cells were then stained intracellularly with
anti-IL-2 BV421, anti-TNF-α AF700, anti–IFN–γ PCy7
and anti- IL-17a PE (only for CD4 T-cells)/anti-perforin
PE (only for CD8 T cells) and then washed and fixed in
PBS containing 4% PFA (Supplementary Table S2).

Flow cytometry was performed on an LSR-II Fortessa
Cytometer (BD Immunocytometry Systems) and anal-
ysis was performed using FlowJo, version 9.2.

Statistical analysis
Continuous variables were expressed as medians and
interquartile ranges (IQRs), and categorical variables
were expressed as numbers and percentages. Non-
parametric tests were performed after Kolmogorov–
Smirnov test for assessing non-normal distribution.
Friedman and Kruskal–Wallis tests including Dunn’s
multiple comparisons test correction were applied.
Correlations between variables were assessed using
Spearman’s rank test. All p values < 0.05 were consid-
ered significant. Statistical analysis was performed us-
ing Statistical Package for the Social Sciences software
(SPSS 22.0; SPSS, Chicago, IL, USA). Cytokine and
immune check point molecule combinations were
constructed using Pestle version 1.6.2 and Spice version
6 (provided by M. Roederer, NIH, Bethesda, MD) and
quantified with the polyfunctionality index algorithm
(Pindex) employing the 0.1.2 beta version of “Funky-
Cells Boolean Dataminer” software, provided by Martin
Larson (INSERM U1135, Paris, France).

Ethics statement
All participants gave written informed consent prior to
blood sampling. The study was approved by the Ethics
Committee of the Virgen del Rocio University Hospital
(Internal Code: 0628-M1-21, Study Code: PI19/01127).

Role of funders
The funders of the study had no role in the study design,
data collection, data analysis, data interpretation, of
writing of the report.
Results
Characteristics of the studied subjects and
experimental conditions
Twenty-three PLWH (seven VIR, six INR, six IR and
four EC), and twenty-one Ctrl as reference group were
enrolled in the study. Clinical, demographic and
immunovirological participants’ characteristics are
summarized in Table 1 pDCs, CD8 and CD4 T-cells
were freshly isolated from these subjects (gating strategy
is shown in Supplementary Fig. S1). pDCs were stim-
ulated ON with AT-2, CpG-A, CpG-C, GS-9620 or leaved
www.thelancet.com Vol 91 May, 2023
unstimulated. Afterwards, pDCs were co-cultured for
6 h with autologous CD4 or CD8 T-cells and with/
without HIV-specific peptides (Gag peptide pool) or
staphylococcal enterotoxin B (SEB) (see study design in
Fig. 1).

Increased soluble inflammatory biomarkers and T-
cell exhaustion levels in PLWH are associated with
pDC activation
Firstly, we characterized by multiparametric flow
cytometry the surface phenotype of freshly isolated DCs
(pDCs and mDCs). INR’s and VIR’s DCs presented
increased CCR7 levels with respect to Ctrl (Fig. 2a).
Inflammatory soluble markers such as the coagulation
biomarker D-dimer and B2-M also presented higher
concentration in PLWH than Ctrl (Fig. 2b). A positive
correlation between pDCs activation phenotype and in-
flammatory soluble markers were observed (Fig. 2c). It
is of note that the pDCs CCR7+ levels were positively
correlated with the levels of D-Dimer, B2-M and hsCRP
(rho = 0.399, p = 0.035; rho = 0.467, p = 0.012 and
rho = 0.415, p = 0.028; respectively).

We also quantified the levels of the exhaustion
markers LAG3, PD1, TIGIT and TIM3 in freshly iso-
lated memory CD4 and CD8 T-cells (Fig. 2 d-e). PLWH
presented more elevated individual levels of these
markers in both CD4 and CD8 T-cells compared with
Ctrl. Moreover, INR and VIR stand out as the groups
with the most elevated exhaustion markers compared to
Ctrl. The “multiple exhausted phenotype” (simulta-
neous expressions of three or more of the analyzed
exhaustion markers) was also calculated and repre-
sented by pie charts. EC and IR exhibited a lower
multiple exhausted phenotype especially in CD4 T-cells
with respect to Ctrl (Supplementary Fig. S2). Addi-
tionally, the combination of exhaustion markers
LAG3+PD1+TIGIT + TIM3-in memory CD4 and CD8
T-cells was significantly increased in PLWH (Fig. 2f).
Furthermore, LAG3+PD1+TIGIT + TIM3-memory CD4
T-cell levels and CD8 T-cells expressing all the analyzed
exhaustion markers simultaneously, calculated with the
polyfunctional index, correlated with pDCs CCR7+
levels (rho = 0.400, p = 0.043 and rho = 0.560, p = 0.002
respectively) (Fig. 2g). Overall, these results show that
pDC activation phenotype was associated to a higher T-
cell exhaustion phenotype.

TLR agonist stimulation induces a pDCs activated
phenotype
In order to characterize the pDCs modulation through
TLR agonists (AT-2, CpG-A, CpG-C and GS-9620) we
characterize the surface phenotype measuring by mul-
tiparametric flow cytometry the percentage of cell
expressing of different markers denoting: antigen pre-
sentation (CD81, CD86), activation (TIM3 and HLA-DR)
and tolerance (IDO), homing (CCR7 and β7 integrin),
innate intracellular sensing markers (TLR7 and TLR9)
5
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Fig. 1: Experimental workflow. pDCs, CD4 and CD8 T-cells were freshly isolated from 450 ml of peripheral blood. pDCs were stimulated with
AT-2, CpG-A, CpG-C, GS-9620 or leaved unstimulated overnight (US). A cytokine array and gene expression was assayed in the supernatant and
cells respectively. Afterwards, pDCs were co-cultured for 6 h with autologous CD4 or CD8 T-cells and with/without HIV-specific peptides (Gag
peptide pool) or SEB in the case of control group. PBMCs and isolated pDCs, CD4 and CD8 T-cells were deep immunophenotyped before pDCs
stimulations and co-culture. Figure created with Biorender.com.
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and intracellular cytokine production (TNF-α) (Fig. 3a
and Supplementary Figs. S3 and S4). Before stimula-
tion, participants with detectable viremia, VIR, we
observed positive correlations between viral load and the
percentage of pDCs expressing β7 integrin, CCR7 and
CD86 (Supplementary Fig. S3d). After stimulation, TLR
agonists increased the percentage of pDCs alive in cul-
ture; without differences between groups (Fig. 3b).
Median fluorescence intensity (MFI) of HLA-DR levels
increased with the different stimuli. This increase was
especially striking with CpG-C and GS-9620 agonists in
INR and EC groups (Fig. 3c). The main statistical dif-
ferences between groups were observed in INR with
respect to Ctrl (Supplementary Fig. S4). Regarding the
homing marker CCR7, the activation marker CD86, the
tolerogenic marker IDO and the immune checkpoint
molecule TIM3, were also increased in all study groups
after TLR stimulation with CpG-A and specially with
CpG-C and GS-9620 (Fig. 3d, e, f and g). Finally, TNF-α
production, after stimulation with TLR agonist, in
PLWH increased to a greater extent than the Ctrl
(Fig. 3h). In general, all markers reached their highest
levels with CpG-C and GS-9620 stimuli and the majority
of the differences between studies groups were with
Ctrl.

TLR agonist stimulation increase IFN-α, interferon
regulatory genes and restriction factors levels on
pDCs
The gene expression profiles of in vitro activated pDCs
were also determined (Fig. 4a). The expression of IFN-α,
interferon related genes (IRF3, IRF7 and IFNL3), TLR-
7, TLR-9, TNF-α, restriction factors (TRIM5α, BST2,
HDAC6, APOBEC3G and SAMHD1) and TNF-related
apoptosis-inducing ligand (TRAIL) genes were assayed
by qPCR (Fig. 4 and Supplementary Figs. S5 and S6).
There was generally an increase of transcription of
IFNα, IRF3, IRF7, IFNL3 and TNF-α genes with the
different stimulus (Fig. 4b–f). Maximum levels of
expression were observed with GS-9620 stimuli. Sur-
prisingly, no statistical differences were obtained in
IFN-α, IFNL3 and TNFα expression genes between the
study groups (Supplementary Fig. S6). Even VIR and
INR reached levels of IFN-α, IFNL3 and TNFα expres-
sion similar to those found in EC. Interestingly, positive
correlations were observed between the transcription
www.thelancet.com Vol 91 May, 2023
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levels of TLR9, IFN-α, IRF7 and IRF3 and the restriction
factor BST2 with the different stimuli (Supplementary
Fig. S7).

Cytokine production by pDCs is higher after GS-
9620 stimulation
We next analyzed the production of cytokines by pDCs
in culture supernatants (Fig. 5a). We observed a sig-
nificant increase of IFN-α production on pDCs after TLR
stimulation (Fig. 5b). The main differences between
groups were observed after CpG-C and GS-9620 stim-
ulation (Supplementary Fig. S8). We observed lower
levels of IFN-α production in Ctrl after CpG-C stimu-
lation in relation with EC, IR and INR subjects (Fig. 5b
and Supplementary Fig. S8). These differences consis-
tently appear in EC and IR also after GS-9620 stimula-
tion (Supplementary Fig. S8). The main increase was
observed in EC after pDCs stimulation with GS-9620
molecule (Fig. 5b). There were no differences of IFN-α
production between Ctrl and VIR after CpG-A, CpG-C
and GS-9620 stimulation (Supplementary Fig. S8). On
the other hand, significant increases of IFN-γ produc-
tion were only observed on IR, and also differences with
Ctrl were observed only with IR after CpG-C stimulation
(Fig. 5c). IL-6 and TNF-α are needed for the properly
pDCs maturation.20 After TLR agonist stimulation an
increase of their production were observed in all study
groups (Fig. 5d and e). MIP-1α and MIP-1β production
were also increased after TLR agonist stimulation, the
main production was observed after GS-9620 stimula-
tion (Fig. 5f and g). Finally, interferon gamma-induced
protein 10 (IP-10) production, which is secreted by
pDCs in order to recruit T-cells,21 was also increased
after TLR agonist stimulation. Interestingly, INR pDCs
secreted the highest levels of IP-10 after CpG-C stimu-
lation (Fig. 5h).

The increase of the pDCs activation markers as CD2,
CCR7, TIM3, CD86 and CD81 after CpG-A, CpG-C and
GS-9620 stimulation positive correlated with the cyto-
kine and chemokine production in all studied groups
(Fig. 5i). Overall, these results suggest that TLR agonists
could act as a potent booster of the natural pDCs anti-
microbial profile.

pDCs stimulated with TLR agonists induce an
increase in HIV-specific T-cell response
In order to investigate how TLR-7 and -9 agonists could
serve as a booster of pDCs activity enabling antiviral
expression within memory CD4 and CD8 T-cells. (g) Positive correlation b
CD8 T-cell exhaustion polyfunctionality index, and the percentage of i
exhaustion markers were constructed using Pestle version 1.6.2 and Spice
algorithm (Pindex) employing the “FunkyCells Boolean Dataminer” softwa
correction were used to compare the parameters between groups (VIR, IN
correlations. Statistical significant values are shown as: *p < 0.05, **p <
Immune Responders; EC, HIV Elite Controllers and Ctrl, Control group.
T-cell function, we analyzed the memory CD4 and CD8
T-cell HIV-specific responses, defined as the frequency
of cells with detectable intracellular cytokine production
(IL-2, TNF-α and IFN-γ) together with the degranulation
marker CD107a. In the case of memory CD4 T-cells, IL-
17a was also included and the cytotoxic marker perforin
in the case of memory CD8 T-cells. Previously stimu-
lated pDCs (AT-2, CpG-A, CpG-C and GS-9620) were co-
cultured with CD4 or CD8 T-cells and with or without
Gag peptides pool (Figs. 6 and 7 and Supplementary
Figs. S9–S11). Ctrl cocultures were stimulated with
SEB also showing an increase in the intracellular cyto-
kine production (Supplementary Fig. S9a). In all the
cases the Gag-specific response is the result of the
background subtraction of the condition without Gag
stimulation (Supplementary Fig. S9b and c) to the one
with stimulus. In the absence of Gag stimulus, no in-
crease in individual or combined cytokine production
was observed for CD4+ or CD8+ T-cells (Supplementary
Fig. S9b and c).

Gag-specific CD4 T-cell response
TLR stimulation of pDCs induced HIV-specific CD4 T-
cell response through intracellular CD4 T-cell produc-
tion of IL-2, TNF-α and IFN-γ. The highest levels of
response were observed in IR and EC with previously
GS-9620 stimulated pDCs (Fig. 6a–d). A cumulative
HIV-1 specific T-cell measurement was calculated as the
sum of IL-2, TNF-α, IFN-γ, IL17-a and CD107a pro-
duction. Although the increase in this cumulative
measurement was particularly strong in IR and EC, even
in INR, responses were increased after co-cultured with
previously GS-9620 stimulated pDCs (Fig. 6a and d).
Interestingly, this increase in HIV-specific memory
CD4 T-cells was positively associated with pDCs IP10,
TNF-α, IFN-γ and IFN-α production after CpG-C and
GS-9620 stimulation (Figura 6e). In addition, the
memory CD4 T-cell intracellular production of IFN-γ
and TNF-α were also correlated with the increase of
pDCs restriction factors transcription BST2, SAMHD1,
APOBEC3G and TRIM5α (Fig. 6f).

Gag-specific CD8 T-cell response
An increase in HIV-1 specific memory CD8 T-cell
response mediated by pDCs was observed in all PLWH
groups after TLR stimulation, especially with GS-9620.
This was true for individual cytokine production and
for the sum of the cytokines, the degranulation marker
etween combination of exhaustion markers within memory CD4 and
solated pDCs CCR7 expression before stimulation. Combinations of
version 6 and quantified with the exhaustion polyfunctionality index
re. The Kruskal–Wallis test including Dunn’s multiple comparisons test
R, IR, EC and Ctrl). Spearman p correlation coefficient test was use for
0.01, ***p < 0.001. VIR, Viremic; INR, Immune Non Responders; IR,
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Fig. 3: pDCs activated phenotype after TLR agonist stimulation. (a) Experimental workflow: Deep immunophenotyping of stimulated pDCs.
(b–h) pDCs surface phenotype after AT-2, CpG-A, CpG-C and GS-9620 stimulation. Friedman test including Dunn’s multiple comparisons test
correction was applied. Statistical significant values are shown as: *p < 0.05, **p < 0.01, ***p < 0.001 and ns. VIR, Viremic; INR, Immune Non
Responders; IR, Immune Responders; EC, HIV Elite Controllers; Ctrl, Control group and ns, non-significant.
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CD107a and the production of perforin (Fig. 7a–d).
We also analyzed the characterization of simultaneous
multiple cytokine expression, also termed poly-
functionality (Fig. 7e). EC showed higher poly-
functionality distribution than INR and VIR after
co-cultured with GS-9620 previously stimulated pDCs.
www.thelancet.com Vol 91 May, 2023
There were no differences between EC and IR (Fig. 7e,
top panel). Indeed, EC memory CD8 T-cells showed the
highest polyfunctional distribution after co-cultured
with CpG-C and GS-9620 previously stimulated pDCs
(Fig. 7e, bottom panel). Interestingly, the HIV-specific
memory CD8 T-cell response cumulative
9
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Fig. 4: pDCs gene expression profile after TLR stimulations. (a) Experimental workflow: pDCs gene expression analyses of previously
stimulated pDCs. (b–f) Fold change expression of IFNα, IRF3, IRF7, IFNL3 and TNFα of the different stimuli related to the unstimulated condition.
Friedman test including Dunn’s multiple comparisons test correction was applied. Statistical significant values are shown as: *p < 0.05,
**p < 0.01, ***p < 0.001. VIR, Viremic; INR, Immune Non Responders; IR, Immune Responders; EC, HIV Elite Controllers; Ctrl, Control group and
FC, Fold Change.
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measurement (IL-2+TNF-α+IFN-γ+PRF + CD107a+)
was positively associated with the increase of TNF-α,
IFN-α, IRF3 and IRF7 pDCs expression after GS-9620
stimulation (Fig. 7f).

The sum of three, four and five cytokines produced
by memory CD4 and CD8 T-cells after the co-culture
with CpG-C previously stimulated pDCs were posi-
tively associated, showing EC and IR the highest levels
of response (Supplementary Fig. S11a). Interestingly,
memory CD8 IL-2+TNF-α+IFN-γ+ production was
inversely associated with the expression of the exhaus-
tion markers PD1 and TIM3 after co-cultured with GS-
9620 (Supplementary Fig. S11b). Indeed, after the co-
culture, we observed normalization in memory CD4
PD1% in IR and EC compared with Ctrl
(Supplementary Fig. S11c).
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Fig. 5: TLR agonists upregulate cytokines production by pDCs. (a) Experimental workflow: pDCs cytokine production of previously stimulated
pDCs. (b–h) Cytokine levels of IFNα, IFNγ, IL6, TNFα, MIP-1α, MIP-1β and IP-10. (i) Correlation matrix representing negative (purple shading)
and positive (green shading) association between the percentage of pDCs activation markers expression and cytokine production in all the
studied groups. Friedman test including Dunn’s multiple comparisons test correction was applied. Spearman p correlation coefficient test was
used. Statistical significant values are shown as: *p < 0.05, **p < 0.01, ***p < 0.001. VIR, Viremic; INR, Immune Non Responders; IR, Immune
Responders; EC, HIV Elite Controllers and Ctrl, Control group.
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Fig. 6: TLR agonist induces an increase in HIV-specific memory CD4+ T-cell response. (a) Sum of IL2, TNFα, IFNγ, IL17a and CD107a
intracellular memory CD4 T-cell production in response to HIV (Gag)-specific peptide pool minus the condition without Gag-stimulation. (b–d)
Single cytokine intracellular memory CD4 T-cell production in response to HIV (Gag)-specific peptide pool minus the condition without Gag-
stimulation. (e) Correlations between cytokine production of previously stimulated pDCs with GS9620 and single cytokine intracellular memory
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Discussion
The results presented herein showed that pDCs stimu-
lation through different TLR agonists increases pDCs
activation marker levels, interferon related genes, re-
striction factor transcription and upregulated cytokines
levels. All markers reached their highest levels with
CpG-C and GS-9620 stimuli. Even PLWH with uncon-
trolled and detectable viremia and with immuno-
discordant response on ART reached similar pDCs
activation levels to those found in EC. Moreover, we
observed an increase in the HIV specific memory CD4
and CD8 T-cell response mediated by pDCs in all
PLWH groups after TLR stimulation, even in those on
ART.

HIV infection is characterized by high levels of in-
flammatory biomarkers and T-cell exhaustion even on
people on ART.22,23 It is known that soluble markers of
inflammation and coagulation are associated with a
higher risk of non-AIDS-related morbidity and mortal-
ity, especially in INR.24–26 It is crucial to find immune
correlates associated with this heightened immune
activation. pDCs have been associated with HIV control
but also with HIV-disease progression.11,27,28 In this
study, we found association of the comprehensive pDCs
phenotype ex vivo with biomarkers of inflammation and
T-cell exhaustion. First, we observed that elevated D-
Dimer, B2-M, and hsCRP levels in PLWH were associ-
ated with the ex vivo levels of CCR7, CD2, CD86, CD81
and HLA-DR (MFI) on pDCs, showing INR the highest
levels and EC the lower within PLWH. Ex vivo INR and
VIR shared a more activated and exhausted phenotype.
Regarding T-cell exhaustion, we found a direct correla-
tion of CCR7+ pDC levels with the combined expression
of T-cell exhaustion markers in CD4 and CD8 T-cell. T-
cell exhaustion is due to constant antigen stimulation
resulting in chronic cellular dysfunction and finally
leading to a dysfunctional state that can include:
impaired proliferation of T-cells, reduced cytokine
secretion, in addition, and importantly, exhaustion
phenotype seems to contribute to HIV reservoir in CD4
T-cells.29–33 The expression of the exhaustion markers
PD1, LAG3 and TIM3 on CD4 and CD8 T-cells prior to
ART was previously identified as a preferential niche for
the establishment reservoir for HIV-1.29 The co-
expressing phenotypes of these exhaustion markers
have been shown to exhibit stronger correlations with
HIV viral load and lower expression of cytokines against
HIV-1.23 Indeed, these immune checkpoint molecules
CD4 T-cell production in response to HIV (Gag)-specific peptide pool aft
relations between fold change expression of BST2, SAMHD1, APOBEC3
unstimulated condition and single cytokine intracellular CD4 memory T-ce
culture minus the condition without Gag-stimulation. Friedman test in
Spearman p correlation coefficient test was used. Statistically significant v
INR, Immune Non Responders; IR, Immune Responders and EC, HIV Elite

www.thelancet.com Vol 91 May, 2023
were identified as a strong predictor of time to viral
rebound after treatment interruption in the SPARTAC
study.31 TIM3 CD4 and CD8 T-cells have been shown to
be elevated in subjects with acute HIV-1 infection but
not in PLWH with viral control, as compared with non-
infected individuals, TIM3 could be effectively reduced
by ART.33,34 Indeed, in our cohort we only observed
differences in TIM3 CD8 T-cell levels between INR and
Ctrl. In this study, the simultaneous expression of
LAG3, PD1 and TIGIT, but not TIM3, were positively
associated with the levels of homing marker CCR7 on
pDCs ex vivo. These results suggest the involvement of
pDCs activation phenotype in T-cell exhaustion: HIV-1
can directly induce partial maturation of pDCs and
CCR7 up-regulation inducing their migration to sec-
ondary lymphoid organs,35 hence the immunomodula-
tion of pDCs through TLR agonists may have influence
in T-cell exhaustion and reservoir establishment. In this
sense, importantly, after co-culture we observed the
normalization of PD1 levels in CD4 T-cell after TLRs
stimulation in the different HIV-disease progression
phenotypes, especially in IR and EC.

Emerging preclinical and clinical studies strongly
indicate that TLR agonists have great potential as im-
mune boosting and priming agents in HIV-1 cure
research. The primary obstacle to curing HIV-1 is the
presence of a latent viral reservoir in immune cells.
TLR agonists are demonstrated to be very interesting in
this context because of their potential effects as latency
reverting agents.36 Some of these TLR agonists are
already being used in clinical trials on PLWH such as
the TLR-7, GS-9620 and the TLR-9, agonist
MGN1703.17,37–39 Previously, it has also been observed
that administrating the potent neutralizing antibody
PGT121 together with GS-9620 during early ART
delayed viral rebound following discontinuation of
ART in simian-human immunodeficiency virus
(SHIV)-infected rhesus macaques. These combinations
induced complete elimination of the viral reservoir in
some animals and durable virus control in others.16

However, the molecular mechanisms behind the
immunomodulatory effect of these compounds in
relation to pDCs are mostly unknown. The results
presented herein shed light on the underling mecha-
nisms of pDCs activation through different TLR ago-
nists. Indeed, we have previously described that after
TLR stimulation, pDCs showed upregulation of some
key molecules such as HLA-DR, CCR7, CD40 and
er co-culture minus the condition without Gag-stimulation. (f) Cor-
G and TRIM5α of previously stimulated pDCs with respect to the
ll production in response to HIV (Gag)-specific peptide pool after co-
cluding Dunn’s multiple comparisons test correction was applied.
alues are shown as: *p < 0.05, **p < 0.01, ***p < 0.001. VIR, Viremic;
Controllers.
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Fig. 7: TLR agonist induces an increase in HIV-specific CD8 memory response. (a) Sum of IL2, TNFα, IFNγ, Perforin and CD107a production in
response to HIV (Gag)-specific peptide pool minus the condition without Gag-stimulation. (b–d) Single cytokine intracellular memory CD8 T-cell
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CD86 associated to HCV infection control.12,40 The
cellular and molecular mechanisms of the synergistic
effect of TLR agonists and broadly neutralizing anti-
bodies combination needs further investigation. In the
present study, PLWH pDCs reached highest levels of
activation markers, and higher TNF-α and IFN-α pro-
duction than Ctrl after TLRs agonist stimulation.
Importantly this was independent of the HIV infection
phenotype, most of the markers in people on ART,
including INR, and even VIR, reached the same levels
of activation as in EC. This result highlights that har-
nessing pDCs function through TLR stimulation in
non-controllers help to reach a similar pDC phenotype
of HIV-1 spontaneous control. These increases were
especially remarkable with CpG-C and GS-9620. Be-
sides the expected increment in IFN-α production, it
was important to note the production of TNF-α. TNF-α
secreted in an autocrine and paracrine manner is able
to activate HIV-1 latently infected cells with the po-
tential of reducing the reservoir.41 We also observed an
increase of interferon related genes transcription. This
is important because this activation seems to revert the
HIV-1 induced deficits in IFN-α production through
the IRF7 pathway in pDCs.42 In addition, the upregu-
lation of interferon related genes is positively corre-
lated with the restriction factor BST2. It is known that
BST2/Tetherine strongly inhibit the release of HIV
impeding cell-to-cell HIV-1 transmission.43–45 Secreting
type I IFN allows pDCs to activate both innate and
adaptive immune responses through induction of NK
cell migration, macrophage and dendritic cell matura-
tion, T-cell response, antigen presentation and differ-
entiation of antibody-producing plasma cells.46,47 In
addition, the upregulation of MHC and T-cell cos-
timulatory molecules (e.g., HLA-DR and CD86) en-
ables mature pDCs to play a direct role in antigen
presentation and T-cell activation.48 However, it is
known that prolonged type I IFN exposure will damage
haematopoiesis, leading to lymphopenia49 and
increased risk of autoimmunity.50 Indeed, Baenzinger
S. et al. showed that sustained TLR7 stimulation in
mice may results in immune activation and disruption
of the lymphoid system.51 In this context, BST2 may
also contribute to a negative feedback mechanism
controlling IFN-I overproduction by pDCs after viral
infection and/or sustained inflammatory response.52,53

Our results showed that TLR agonists achieve effec-
tive pDCs activation and activate a negative feedback
production in response to HIV (Gag)-specific peptide pool minus the c
functionality pie charts. Permutation test, following the Spice version 6 so
correlations between the pDCs fold change of TNFα, IFNα, IRF3 and IRF7 e
condition and the HIV-specific memory CD8 T-cell response. Friedman tes
Spearman p correlation coefficient test was used. Statistically significant v
INR, Immune Non Responders; IR, Immune Responders and EC, HIV Elite
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loop mechanism of control by increasing BST2 tran-
scription with the additional antiviral activity.

Classically known for their IFN-α producing abilities,
pDCs act also as antigen-presenting cells (APC).54,55

pDCs can process and present endogenous and exoge-
nous antigens on MHC I and II molecules and induce
antigen-specific activation of both CD8 and CD4 T
cells.56–60 It was previously published that the adminis-
tration of the TLR-9 agonist MGN1703 to PLWH on
ART enhances pDCs activation markers and T cell
activation38 and in vitro the use of this agonist enhanced
innate immune activation.61 We extended our analysis to
explore the impact of pDCs stimulated through AT-2,
CpGA, CpGC and GS9620 on HIV-specific T-cell
response. Our results showed that pDCs stimulated
with TLR agonists induce an increase in HIV-specific
T-cell response. No increase in cytokine production by
T-cells after co-culture was observed without Gag stim-
ulation with different TLR agonist compared to unsti-
mulated condition, confirming the antigen-specific
nature of this response. Our findings, in combination
with other studies62,63 showed the important role of hu-
man pDCs as professional APCs able to effectively
induce the T-cell response, because of their capacity to
efficiently present antigens.64 In contrast, Ram et al.
previously showed a lack of enhancement of T cell-
specific responses by GS9620 in vivo.17,64 Although, the
highest levels of T-cell response were observed in IR and
EC, even INR and VIR (with probably the largest
reservoir) responses were increased after co-cultures
with GS9620 previously stimulated pDCs. Interest-
ingly, BST2, SAMHD1, APOBEC3G and TRIM5α pDCs
transcription induced by CpG-C and GS-9620 were
positive correlated with IFN-γ and TNF-α memory CD4
T-cell intracellular production. BST2, APOBEC3G and
Trim5α attack HIV-1 directly exerting an antiviral
activity.65–67 Furthermore, SAMHD1 interferes with
HIV-1 reverse transcription by reducing the intracellular
desoxyribonucleoside triphosphate (dNTP) pool.68

Nevertheless, despite it is known that the HIV is able
to elude all the restriction factor of human cells, the
expression profile of host restriction factors can play an
important role in determining HIV-1 reservoir size.69

Indeed, it was previously observed a significant
decrease in the frequency of cells harbouring intact HIV
virus in PLWH on ART treated with Vesatolimod
(Gilead GS-9620 molecule) that was associated with a
modest delayed viral rebound during analytic treatment
ondition without Gag-stimulation. (e) HIV-specific CD8 T-cell poly-
ftware was used to assess differences between pie charts. (f) Positive
xpression after GS9620 stimulation with respect to the unstimulated
t including Dunn’s multiple comparisons test correction was applied.
alues are shown as: *p < 0.05, **p < 0.01, ***p < 0.001. VIR, Viremic;
Controllers.
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interruption.17 Our results show an increase in HIV-
specific CD8 T-cell response in PLWH that was posi-
tively associated with the increase with the increase of
TNF-α, IFN-α, IRF3 and IRF7 pDCs transcription after
GS-9620 stimulation.

Even showing some limitations, our study may
represent the basis of molecular mechanisms for the
present and future implementation of these immuno-
modulatory therapies in humans. First, the study design
does not include other dendritic cell populations.
Although the major targets of HIV-1 infection are CD4
T-cells, pDCs represent a crucial dendritic cell subset in
HIV-1 infection as the main IFN-α producer, the
expression of restriction factors and its role as APC.70 A
second limitation is the low number of participants
included in each study group. The complexity of the
experiments and the low representation of pDCs in
peripheral blood (<1%) that involves the extraction of
450 ml of blood sample has limited the number of
participants included. This fact, has also contributed to
the recruitment of all the PLWH from a single center.
Nevertheless, all participants have been carefully
selected including a variety of clinical phenotypes of
HIV-1 disease progression and significant results have
been obtained.

This study provides extensive new phenotypic and
functional data by which TLR agonists act to boost pDCs
and induce HIV-specific T-cell responses. Collectively,
these findings suggest that TLR agonists might have an
important role to play in HIV-1 cure strategies. This
study and recent findings support that to further
enhance the anti-HIV-1 effect of CpG-C and GS-9620, a
combination of immune therapeutic strategies with
potent LRAs and/or additional immune-based in-
terventions should be developed.
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