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Abstract
Human adenoviruses (HAdVs) are nonenveloped proteinaceous particles containing a linear double-stranded DNA genome. HAdVs cause a spectrum of pathologies in all populations regardless of health standards. Following repeat exposure to multiple HAdV types, we
develop robust and long-lived humoral and cellular immune responses that provide life-long
protection from de novo infections and persistent HAdV. How HAdVs, anti-HAdV antibodies
and antigen presenting cells (APCs) interact to influence infection is still incompletely understood. In our study, we used physical, pharmacological, biochemical, fluorescence and
electron microscopy, molecular and cell biology approaches to dissect the impact of
immune-complexed HAdV (IC-HAdV) on human monocyte-derived dendritic cells
(MoDCs). We show that IC-HAdV generate stabilized complexes of ~200 nm that are efficiently internalized by, and aggregate in, MoDCs. By comparing IC-HAdV, IC-empty capsid,
IC-Ad2ts1 (a HAdV-C2 impaired in endosomal escape due to a mutation that impacts protease encapsidation) and IC-AdL40Q (a HAdV-C5 impaired in endosomal escape due to a
mutation in protein VI), we demonstrate that protein VI-dependent endosomal escape is
required for the HAdV genome to engage the DNA pattern recognition receptor AIM2
(absent in melanoma 2). AIM2 engagement induces pyroptotic MoDC death via ASC (apoptosis-associated speck protein containing a caspase activation/recruitment domain)
aggregation, inflammasome formation, caspase 1 activation, and IL-1β and gasdermin D
(GSDMD) cleavage. Our study provides mechanistic insight into how humoral immunity initiates an innate immune response to HAdV-C5 in human professional APCs.
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Author Summary
While numerous studies have addressed the response to primary virus infections, we
know relatively little about the interplay between recurrent and/or persistent infections
and the memory humoral immune response on professional antigen-presenting cells.
Immune complexed-adenoviruses are present in patients suffering from adenoviremia. In
addition to the impact of HAdV infections on healthy and immune suppressed hosts,
humoral immunity hampers the use of human adenovirus vectors during gene transfer.
Our study shows that anti-adenovirus humoral immunity engages an innate immune
response to cause pyroptosis of antigen-presenting cells. The downstream effects of this
cells death is unknown and may impact the stimulation and differentiation of T cells into
an inflammatory phenotype that may be associated with the complications during adenovirus disease and adenovirus vector use. Our study generates insight into how humoral
immunity shapes the response to adenoviruses in healthy and immune-compromised
individuals, during human adenovirus-based vaccine use, and during antibody therapy.

Introduction
Adenoviruses (AdVs) have a 28–42 kilobase pair double-stranded DNA genome encapsidated
in a nonenveloped proteinaceous icosahedral shell. In immune-competent individuals, human
AdVs (HAdVs) (of which there are approximately 70 types) cause self-limiting respiratory,
ocular and gastro-intestinal tract infections. After repeated encounters, we typically develop
multifaceted long-lived memory immune responses [1–3] that efficiently blunt HAdV-induced
disease. In spite of the robust cross-reacting cellular and humoral immune responses, HAdVs
can establish subclinical persistent infections that last for years, if not decades [4,5]. Not surprisingly, HAdV type-specific humoral immunity before hematopoietic stem cell transplantation is predictive of escape of the same type during immune suppression [6].
Given the ubiquitous humoral immunity against HAdV, it is not surprising that immunecomplexed (IC) HAdVs (IC-HAdVs) are detected in some patients with HAdV infections [7–
9]. IC-viruses can form during prolonged viremia, secondary infections, in primary infection
when a cross-reactive humoral response exists, and antibody (Ab)-based antiviral immunotherapies. In B-cell competent/T-cell compromised patients, the loss of control of persistent
HAdV infection might trigger, or exacerbate, graft-versus host disease [10–12]. While IC-antigens are efficient stimulators of dendritic cell (DC) maturation [13], most studies have used
prototype antigens that have little impact on processing of the immune complex. How
IC-HAdVs are processed and affect DC function are unknown.
DCs are equipped with a broad set of pattern recognition receptors (PRR) to detect pathogen-associated molecular patterns (PAMP) at the plasma membrane, in vesicles, or in the cytosol. Foreign DNA is a PAMP that can be detected in endolysosomes by Toll-like receptor 9
(TLR9) and in the cytosol by absent in melanoma 2 (AIM2) [14]. Nucleic acid sensing by TLRs
stimulates a broad set of signaling pathways, notably, the NF-κB, AP-1, interferon-regulating
factors pathway and/or inflammasome formation [15]. The inflammasome is a multiprotein
platform formed in the cytosol consisting of a PRR, ASC (apoptosis-associated speck protein
containing a caspase activation/recruitment domain), and caspases [16]. Upon induction,
inflammasome sensors AIM2 or nucleotide-binding domain and leucine-rich repeat containing protein 3 (NLRP3) initiate aggregation of ASC that in turn prompts recruitment [17] and
proximity-induced caspase 1 auto-activation [18], and pro-1β and gasdermin D (GSDMD)
cleavage [19]. Stimuli that induce inflammasome activation can be as diverse as cytosolic DNA
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[18], extracellular adenosine triphosphate [20], plasma membrane rupture [21], and/or lysosomal rupture releasing cathepsin B into the cytosol [22].
Inflammasome-mediated effects play contrasting roles in vaccination [23,24], during infection in immune-compromised hosts [25], and auto-inflammatory disease [26]. Of note, inflammasome activation can result in pyroptosis [27], an inflammatory form of cell death
characterized by caspase 1 activation and rapid loss of plasma membrane integrity due to
GSDMD cleavage [19]. In PAM3CSK4-primed THP-1 cells, super-infection with HAdV-C5
causes endosomal lysis and cathepsin B release, which is accompanied with mitochondrial
stress, ROS formation, NLRP3 inflammasomes, and IL-1β maturation and secretion [28–30].
Interestingly, IL-1β secretion is higher in primed THP-1 cells when challenged with HAdV-C5
pre-incubated with human serum [30,31], but the underlying mechanism is unknown. In addition, for three decades vectors derived from human and nonhuman AdV types have been
developed as candidates for infectious disease vaccination, and pre-clinical results have often
been impressive. However, use in humans has not been without concerns [32,33]: two proofof-concept HIV vaccine trials (STEP and Phambili) using a HAdV-C5-vectored vaccine, were
interrupted due to lack of efficacy and, unexpectedly, an increased risk of HIV acquisition in
some vaccinees [34,35]. Importantly, early HIV acquisition in vaccinees correlates with preexisting B and T-cell immunity targeting HAdV-C5 [35]. Potential explanations for higher
HIV infection rates are that IC-HAdV are potent driver of DC maturation, which in turn
induces CD4 T-cell activation and proliferation [36], or proliferation of anti-AdV Th17 CD4 T
cells with mucosal homing [37–39], which makes them primed targets for HIV infection.
The ubiquitous HAdV humoral immunity and its impact on omnipresent wild type HAdV
encounters and during HAdV vector use, led us to investigate the molecular and cellular events
following IC-HAdV uptake by human professional antigen-presenting cells (APCs). To
address this, we characterized IC-HAdV composition, internalization, trafficking and processing, the role of protein VI endosomal lysis, and the PRR involved in HAdV-C5 detection. We
show that neutralizing Abs (NAbs) cluster multiple HAdV-C5 particles and render capsid
more stable at acidic pH. In monocyte-derived DCs (MoDCs), IC-HAdV stimulate vesicular
DNA sensor TLR9 inducing TNF production, and then escape into the cytosol in a protein VIdependent manner. There, the HAdV-C5 genomes activate the AIM2 inflammasome formation, which leads to caspase 1 activation, IL-1β processing, GSDMD cleavage, and loss of cell
membrane integrity. Our study provides a molecular basis to understand the source of the
adverse effects that have been observed in multiple clinical scenarios.

Materials and Methods
Cells and culture conditions
Human blood samples were obtained from anonymous donors at the regional blood bank
(EFS, Montpellier, France). An internal review board approved the use of human blood samples. MoDCs were generated from freshly isolated CD14+ monocytes in the presence of 50 ng/
ml granulocyte-macrophage colony-stimulating factor (GM-CSF) and of 20 ng/ml interleukin4 (IL-4) (PeproTech, Neuilly sur Seine, France) [40]. MoDC stimulations were performed at 6
d postisolation of monocytes. THP-1-ASC-GFP cells [41] were cultured like MoDC. 911 cells
[42] and 293T cells [43] were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS).

Adenovirus vectors
Adβgal is a ΔE1/E3 HAdV-C5 vector harboring a lacZ expression cassette [44]. AdL40Q is a
HAdV-C5-based vector with a leucine to glutamine mutation of amino acid 40 in protein VI
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that decreases its membrane lytic activity [45]. AdL40Q was used within 3 months post-propagation/purification [46]. Ad2ts1, from the closely related HAdV-C2 type, harbors a mutation
in the protease which prevents encapsidation and this results in several unprocessed capsid
proteins (IIIa, VI, VII, VIII, TP and mu) and a hyperstable capsid [47,48]. Alexa555- and Alexa488-HAdV-C5 (referred to as HAdV-555 and HAdV-488, respectively) were generated from
Adβgal by using a Alexa555 or Alexa488 Protein Labeling Kit (Life Technologies) as previously
described [49]. Vectors were purified to homogeneity by two CsCl density gradients as previously described [44]. Empty HAdV-C5 capsid are generated during vector production. They
are less dense and are easily separated from intact capsids by isopycnic CsCl centrifugation.

Immune complex formation and DC stimulation
MoDCs (4 x 105 in 400 μl of complete medium) were incubated with HAdV-C5 vector, or
IC-AdV (both 2 x 104 physical particles (pp)/cell, unless indicated). We generated IC-HAdVs
by mixing the virus (8 x 109 pp, or 2 x 104 pp/cell) with 2.5 μl of IVIg (human IgG pooled from
between 1,000 and 50,000 donors/batch) (Baxter SAS, Guyancourt, France) for 15 min at room
temperature. IVIg is used in patients with primary or acquired immune deficiencies as well as
autoimmune diseases. A synthetic oligodeoxynucleotide (ODN) containing the immunosuppressive motif TTAGGG that block TLR9 and AIM2 signaling (ODN A151 [50]) was added
2 h before stimulation. ODN A151 was synthesized by IDT. TLR4 agonist lipopolysaccharide
(LPS) (Sigma) and NLRP3 inducer nigericin (Invivogen) was used at 100 ng/ml and 10 μM,
respectively. Z-VAD (InvivoGen), WEHD (Santa Cruz) and YVAD (InvivoGen) were added
1 h before stimulation at 20 and 100 μM. MoDCs (4 x 105 in 400 μl of complete medium) were
incubated with HAdV-C5 vector, or IC-HAdV (both 2 x 104 physical particles (pp)/cell, unless
indicated) for indicated time.

Quantification of virus internalization
Virus internalization was determined by qPCR as previously described [51,52]. Briefly, MoDCs
were incubated on ice with Adβgal, IC-HAdV or IgG for 30 min prior to incubation for up to 6
h at 37°C. To distinguish between extracellular and internalized virus, samples were divided
into two equal aliquots. In one of these, cell surface-associated virus was removed by acid wash
in one sample as previously described [52]. Briefly, cells were washed three times with ice-cold
PBS followed by 0.2 N acetic acid, 0.5 M NaCl, pH 2.5. Residual plasma membrane-associated
virus was removed by incubation with 2.5 mg/ml pronase XIV with 0.025 μg/ml DNase in
RPMI at 4°C for 1 h. DNA from acid-washed and the mock-treated samples were extracted as
previously described [53]. Viral genomes/cell were compared to standard curves and then normalized to GAPDH.

RNA interference
Lentivirus vectors harboring shRNA expression cassettes were purchased from Open BioSystems or designed in house. Targeted genes and shRNA sequence clones are listed in S1 Table.
To prepare lentivirus vectors, nearly confluent 293T cells were cotransfected with pLKOshRNA, pCMV-ΔR8.91 (gag/pol) and pCMV-VSVG using TurboFect (Thermo Scientific).
Helper particles were produced in 293T co-transfected with pSIV3+ and pCMV-VSVG [54].
One day posttransfection medium was replaced by fresh medium. Supernatants were collected
36 h posttransfection and used immediately to transduce freshly isolated monocytes plated at 2
x 106 cells/well of a 6-well plate in 2 ml of complete medium. One milliliter of 0.45 μm-filtered
lentivirus vector supernatant made with 2 shRNAs clones targeting the same gene and 0.5 ml
of supernatant containing helper particles were added to each well. Polybrene (1 μg/ml), IL-4
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(20 ng/ml) and GM-CSF (50 ng/ml) were immediately added. Approximately 80% of DCs
were transduced (as observed by flow cytometry) 6 d postincubation as observed by flow
cytometry when using lentivirus vectors harboring a GFP expression cassette. shRNA knockdown efficacy was checked by western blot. THP-1-ASC-GFP cells were also transduced by
lentiviral particles coding for shRNAs with 1 μg/ml polybrene. Transduced THP-1-ASC-GFP
cells were kept undifferentiated until their use in pyroptosis assays.

Pyroptosis assay
THP-1-ASC-GFP cells were differentiated into DCs over 6 d in complete medium supplemented with IL-4 (20 ng/ml) and GM-CSF (50 ng/ml) (PeproTech). Differentiated THP1-ASC-GFP cells were plated in 24-well plates at 105 cells/well in 200 μl of complete medium.
These cells were pretreated with Z-VAD-FMK (50 μM) for 30 min to prevent cell death, and
then exposed to HAdV-C5 vector, IVIg or IC-HAdV for 1 h. Whole cells were centrifuged
onto glass slides at 650 RPM for 5 min using cytospin, washed once with PBS, fixed with 4%
paraformaldehyde (15 min at room temperature), mounted with DAKO fluorescent mounting
medium containing 10 μg/ml DAPI (Sigma) and observed by fluorescent microscopy [41].
GFP loss (decrease in mean fluorescent index) and extracellular LDH activity were used as a
proxy for cell loss of membrane integrity because of the ease of measuring GFP fluorescent
intensity by flow cytometry and LDH activity in the supernatant.
For quantification of pyroptosome formation in MoDC, MoDC were seeded at 1.2 x 105
cells/well in 500 μl complete medium on poly-L-lysine (Sigma)-coated coverslip in a 24-well
plate. The cells were attached to the coverslip by centrifugation at 1000 RPM and incubated for
several hours at 37°C/5% CO2. MoDC were incubated with 20 μM Z-VAD or 100 μM ODN
A151 where indicated for 2 h and then challenged by DNA transfection or 20,000 pp/cell
IC-HAdV, HAdV-C5 or 1.5 μl of IVIg for 3 h. Cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100 and stained with mouse anti-ASC antibody (dilution
1:100) and corresponding fluorescently-labelled secondary antibody. Cover slips were mounted
with DAKO fluorescent mounting medium containing 10 μg/ml DAPI. For quantification, 70
to 700 MoDC from 2 donors were manually counted using confocal microscopy per condition
to identify puncta or diffuse ASC signals. Ratios between cells and cells containing pyroptosomes were calculated.

Western blot and antibodies
Total protein extracts were prepared by using RIPA buffer (10 mM Tris-Cl (pH 8.0), 1 mM
EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM
NaCl) plus protease inhibitors (Roche) and phosphatase inhibitor (Roche). Protein lysates
were used for SDS PAGE followed by western blot analyses. Primary antibodies were detected
using HRP-conjugated secondary antibodies against rabbit or mouse (Sigma) at a dilution of
1:10000. Antibodies used in this study for western blot include: mouse anti-β-tubulin (T4026,
Sigma), (dilution 1:15000), rabbit anti-MyD88 (Ab2064, AbCam) (dilution 1:500), rabbit antiAIM2 (Ab76423, AbCam) (dilution 1:1000), rabbit anti-TLR9 (Ab52967, AbCam) (dilution
1:250), mouse anti-AP3B1 (WH0008546M6, Sigma) (dilution 1:500), rabbit anti-IL-1β (#sc7884, Santa Cruz Biotechnology) (dilution 1:500), anti-GSDMD (G7422, Sigma) (1:1000).

Quantification of mRNA
Expression levels of NLRP3 and AIM2 genes were analyzed using qRT-PCR. Total RNA was
isolated from DCs using the High Pure RNA isolation Kit (Roche) with a DNase I treatment
during the purification and eluted in 50 μl of DEPC-treated water. Reverse transcription was
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performed with the Superscript First-Strand Synthesis System (Invitrogen) using 8 μl of total
RNA and random hexamers. The cDNA samples were diluted 1:6 in water and analyzed in
triplicate using a LightCycler 480 detection system (Roche). SYBR green PCR conditions were
95°C for 5 min and 45 cycles of 95°C for 15 s, 65°C or 70°C for 15 s, and 72°C for 15 s using
GAPDH sequences as standard. Primer sequences were as follows for NLRP3 (5’-CCTCTC
TGATGAGGCCCAAG-3’ (NLRP3 forward) and 5’-GCAGCAAACTGGAAAGGAAG-3’
(NLRP3 reverse)) at 65°C, AIM2 (5’-GCTGCACCAAAAGTCTCTCC-3’ (AIM2 forward) and
5’-TCAAACGTGAAGGGCTTCTT-3’ (AIM2 reverse)) at 65°C, IL-1β (5’-AAACAGATG
AAGTGCTCCTTCC-3’ (IL-1β forward) and 5’-AAGATGAAGGGAAAGAAGGT GC-3’
(IL-1β reverse) at 65°C, GAPDH (5’-ACAGTCCATGCCATC ACTGCC-3’ (GAPDH forward)
and 5’-GCCTGCTTCACCACCTTCTTG-3’ (GAPDH reverse) at 70°C. Relative gene expression levels of each respective gene were calculated using the threshold cycle (2-ΔΔCT) method
and normalized to GAPDH [55].

IC-HAdV size
The size of HAdV-C5 and IC-HAdV complexes was determined using a light scattering device
(NanoSight NS500, NanoSight, Amesbury, UK). After the incubation of HAdV-C5 with NAb,
samples were diluted with Dulbecco’s PBS to reach a concentration of approximately 1 x 107
particles/ml). NanoSight LM10 recorded 60 s sample videos, which were then analyzed in the
Nanoparticle Tracking Analysis (NTA) 2.0 Analytical software release version build 0125
(NanoSight). The NTA software technology uses the properties of both light scattering and
Brownian motion to obtain the size distribution and concentration measurement of particles
in liquid suspension [56]. All samples were run twice and analyzed separately.

Flow cytometry
Surface levels of CD40 and CD86 were assessed by flow cytometry as previously described [40].
Cell membrane integrity was assessed by collecting cells by centrifugation 800 x g, the cell pellets were resuspended in PBS, 10% FBS, propidium iodide (Sigma) or 7-aminoactinomycin D
(Becton-Dickinson) and analyzed on a FacsCalibur flow cytometer (Becton-Dickinson).
IC-HAdV mean diameter was assessed using an LSR Fortessa flow cytometer (Becton-Dickinson) for microparticle analysis as previously described [57]. HAdV-555 alone, IgG or
IC-HAdV-555 were identified by side scatter and fluorescence. Size was determined with
TransFluoSpheres 1.0 μm (Life Technology) and SpheroCalibration Particles 3 μm (BectonDickinson).

Caspase 1 assay
Caspase 1 activation was determined using the FLICA Apoptosis Detection Kit for Caspase-1
(Immunochemistry Technologies) according to the manufacturer’s guidelines with slight modifications. In brief, MoDC were preincubated with 2.5 μM FAM-YVAD-FMK FLICA for 30
min and incubated to 20,000 pp/cell HAdV-C5, IVIg, IC-HAdV, LPS or LPS/nigericin as
described in the section “Immune complex formation and DC stimulations” for 3 h. Subsequently, cells were collected by centrifugation and washed twice with the apoptosis buffer.
Fluorescence of the cells was assessed using flow cytometry.

LDH assay
LDH release was determined using the LDH cytotoxicity kit (Pierce) according to the manufacturer’s guidelines. Briefly, 50,000 MoDC were plated in 100 μl in 96-well plates and exposed to
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20,000 pp/cell HAdV-C5, IVIg, IC-HAdV or LPS/nigericin in triplicates as described in the
section “Immune complex formation and DC stimulations” for 6 h. LDH activity in cell culture
supernatants was detected using the kit reagents and calculated according to the 100% LDH
release control from lysed cells.

Electron and fluorescence microscopy
MoDCs were incubated for 3 h with HAdV-C5, IVIg or IC-HAdV and subsequently prepared
for thin section transmission electron microscopy (TEM) to visualize internalized immunevirus complexes as previously described [58]. For confocal immunofluorescence microscopy,
MoDCs were seeded on poly-L-lysine coated cover slips for 60 min at 37°C followed by incubation with HAdV-C5 or IC-HAdVs. Postincubation, cells were fixed, permeabilized and stained
with indicated primary antibodies and fluorophore labeled secondary antibodies. Confocal
microscopy analysis was carried out using a Leica SP5 (Leica). Primary antibodies for immunofluorescence included rabbit anti-AIM2 (HPA031365, Sigma) (dilution 1:100); mouse antiASC (D086-3, MBL) (dilution 1:100) mouse anti-p62/sqstm1 (Ab56416, AbCam) (dilution
1:100) mouse anti-galectin-3 (B2C10, Becton-Dickinson Pharmingen) (dilution 1:100). Blue,
green, red, and far-red fluorescence were acquired sequentially.

Cytokines secretion
Supernatants were collected and secretion of TNF and IL-1β was quantified by ELISA using
OptEIA human TNF ELISA Kit (Becton Dickinson) and human IL-1β/IL-1F2 DuoSet ELISA
(R&D systems) following the manufacturer’s instructions.

Serum depletion
Antibodies against HAdV-C5 capsid proteins were depleted from IVIg using Pure proteome
NHS FlexiBind Magnetic Beads (Millipore). One hundred microliters of 20% beads were incubated overnight with 30 μg of recombinant capsid proteins on a rotary shaker at 4°C. Beads
were collected with a magnetic rack (Millipore) and washed 7 times with 1 ml PBS to remove
unbound proteins. After a final wash, the beads were resuspended in 200 μl of NAbs diluted 1:4
in PBS and incubated on a rotary shaker overnight at 4°C. Beads were then removed from
depleted serum with a magnetic rack. Antibodies bound on protein-bead complexes were
eluted by incubation of beads in 165 μl of 0.1 M glycine (pH 2.7) for 2 min at room temperature
and beads were removed from suspension with a magnetic rack. Thirty-five microliters of 1 M
Tris-Cl, pH 8 was added to neutralize the pH of the solution. Mock controls were the same
beads incubated in PBS instead of HAdV-C5 capsid proteins.

Capsid stability assay
HAdV-C5 vector alone (6 x 109 pp), IVIg (10 μg) or IC-HAdV were exposed to pH 5 (sodium
acetate), pH 6 (MES), pH 7 (HEPES) or pH 9 (carbonate buffer) buffers (15 μl final volume)
and capsid disassembly was assessed by DNA detection using Picogreen fluorescent dye (Invitrogen). The ABI prism 7900HT PCR machine (Applied Biosystems) was programmed to measure fluorescence (λex = 488 nm and λem = 520 nm) every 2.5°C from 30 to 70°C.

Statistical analysis
All experiments were performed a minimum of three independent times and expressed as
mean values ± SD unless otherwise stated. Comparisons of groups for statistical difference
were performed using Student’s t-test. A p value of <0.05 is denoted as significant.

PLOS Pathogens | DOI:10.1371/journal.ppat.1005871 September 16, 2016

7 / 29

IC-HAdV Induced Pyroptosis in DCs

Results
Anti-hexon antibodies crosslink and stabilize HAdV-C5, and induce DC
maturation
We previously showed that when HAdV-C5 is pre-incubated with human serum containing
HAdV-C5 NAbs, the mix efficiently induce Fcγ-receptor (FcγR)-dependent MoDC maturation
[36]. Previous reports also demonstrate that human sera or an adaptor made up of the extracellular fragment of the coxsackievirus and adenovirus receptor (CAR [59,60]) and the Fc portion
of a human IgG increase HAdV-C5 internalization by FcγR-expressing cells [31,61]. Here, we
compared the uptake of internalized capsids following incubation of HAdV-C5 or IC-HAdVs
in MoDCs and found >10-fold more genomes internalized/cell at 6 h when using IC-HAdV
(S1 Fig). These data are consistent with our previous studies using fluorescently labelled
HAdV-C5 [62]. While MoDC maturation correlates with NAb titers, we could not formally
exclude that other serum proteins influence MoDC maturation. To determine if IgG alone
could induce MoDC maturation, we used pooled human IgGs (IVIg) to generate IC-HAdVs.
In the presence of a fixed concentration of HAdV-C5 and increasing concentration of IVIg,
MoDCs secrete increasing levels of TNF (Fig 1A). Neither HAdV-C5 nor IVIg induces significant levels of TNF after 6 h of incubation. Like our previous results using sera [36], IC-HAdVs
made with IVIg induce higher levels of cell surface expression of co-stimulatory molecules
CD40 and CD86 (S2A Fig). In addition, IC-HAdVs made with sera or IVIg induce a notable
change in the size and granularity in ~40% of the cells (S2B Fig).
IC-HAdVs can be found in the systemic circulation during HAdV-C5 infection, and postmortem in tissues following fatal viremia [8,9]. Because the composition of IC-HAdVs could
vary, we analyzed the size of IC-HAdV by flow cytometry and by nanoparticle tracking based
on Brownian motion (NanoSight). Flow cytometry has a lower limit of ~1 μm, while NanoSight
has an upper limit of ~1 μm in diameter. Using these complementary approaches, we found
that most IC-HAdVs generated at 37°C for 2 h in PBS have a mean diameter of 200 nm prior
to incubation with the cells (Fig 1B and 1C). Because an HAdV-C5 capsid is ~90 nm in diameter, these data suggest that in these conditions the majority of IC-HAdV have ~4 HAdV-C5
particles/complex.
Following engagement of receptor(s) on epithelial-like cells, HAdV-C5 is endocytosed in
clathrin-coated pits. Then, HAdV-C5 escape from endocytic vesicles into the cytoplasm is concomitant with an acidification of the vesicles and prior to fusion with lysosomes [63]. The
escape mechanism is thought to prevent HAdV-C5 from being degraded when the endocytic
vesicles fuses with lysosome-like structures. By contrast, DCs delay acidification of some endocytic vesicles, which promotes more efficient antigen degradation for cross-presentation
[64,65]. This is particularly efficient for IC antigens that are taken up by FcγRs [66–68].
Because HAdV-C5 alone poorly induce the maturation of MoDCs, it is likely that the NAb
influence IC-HAdV trafficking. NAbs function differently depending on the targeted capsid
protein. Anti-fiber NAb and anti-penton NAb likely impair cell surface receptor engagement
[69], while hexon-NAb prevent extracellular recruitment of bridging molecules, intracellular
capsid disassembly and/or recruitment of microtubule-associated motor proteins following
endosome escape [70,71]. We therefore asked whether HAdV-C5 capsid stability changed following incubation with IVIg. To address capsid stability, we used accessibility of viral DNA to
intercalating fluorescent dyes as a proxy to quantify capsid integrity/stability. Increased fluorescent intensity (decreased capsid integrity) was measured at pH 7 and 6 and at increasing temperature. At pH 7, we found similar kinetics for capsid disassembly for HAdV-C5 and
IC-HAdV (Fig 1D, left panel). At pH 6, the fluorescence is higher for HAdV-C5 than for
IC-HAdV throughout the temperature change below 55°C, indicating increased capsid stability
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Fig 1. Immune-complexed HAdV-C5: role of IgGs, physical characteristics, and anti-hexon Abs. The effect of IgG-opsonization
on HAdV-C5 particle size, stability, and aggregation, and how it affects MoDC maturation was assessed. A) TNF secretion by MoDCs
incubated with LPS, HAdV-C5, IVIg and IC-HAdV formed using a fixed dose of 20,000 pp/cell HAdV-C5 and increasing volume of
pooled human IgGs (IVIg). B) Size of HAdV-C5, IC-HAdV and IVIg was assayed by nanoparticle tracking. IC-HAdV were formed in
PBS for 2 h at 37°C. C) Size of IC-HAdV-555 by flow cytometry. Fluorescent beads of 1 and 3 μm were used to determine the
diameter of IC-HAdV based on side scatter (SSC). D) Fluorescent intensity used as a surrogate for capsid stability: the stability of
HAdV-C5 or IC-HAdV was assessed at pH 6 and 7 at increasing temperatures by monitoring HAdV-C5 genome accessibility to
Picogreen. E) Immune complexes were generated using either IVIg, mock-depleted IVIg (NAbs ΔCtrl), IgG recovered from mockdepleted IVIg (NAbs from ΔCtrl), from IVIg depleted for hexon-antibodies (NAbs Δα-hexon), or purified anti-hexon Abs (NAbs from Δαhexon). MoDCs were incubated with HAdV-C5, IC-HAdV, IVIg for 3 or 6 h. TNF secretion was quantified by ELISA. All assays were
repeated at least three times with similar results.
doi:10.1371/journal.ppat.1005871.g001

in presence of NAbs (Fig 1D, right panel). Using chimeric HAdV capsids we previously showed
that anti-hexon were responsible for the induction of DC maturation [72]. To address the role
of anti-hexon Abs using another approach, we depleted them from IVIg and found that this
decreases TNF secretion at 3 and 6 h postincubation (Fig 1E). Consistent with this, forming
IC-HAdV with anti-hexon-Ab-depleted serum plus the respective eluate partly restored phenotype in a dose-dependent manner.
Together, these data demonstrate that MoDC maturation depends on IgG-HAdV-C5 complexes that contain ~4 HAdV-C5 capsids, increase uptake in MoDC, and the stabilizing antihexon Abs play a notable role in DC maturation.

IC-HAdVs induce TNF production via TLR9 engagement
During FcγR-mediated uptake of immune-complexed cargo, TLR9 is also processed and delivered to lysosome-like compartments [73]. We reasoned that if NAb stabilize the HAdV-C5
capsid this should favor fusion of IC-HAdV-containing vesicles with TLR9+ vesicles and the
induction of transcription of pro-inflammatory cytokines. Of note, using a TLR9 antagonist
(IRS 869) we previously showed that IC-HAdV engage TLR9 [36]. Because pharmacological
approaches can have off-target effects, we addressed the role of TLR9, its signaling adapter
MyD88, and AP3B1, which is involved in TLR9 targeting to lysosome-related vesicles [74], by
lentivirus-mediated shRNA knockdown. To circumvent SAMHD1 (sterile alpha-motif domain
and His-Asp domain-containing protein 1)-mediated restriction of lentivirus infection of
human monocytes, we generated lentivirus particles containing Vpx [54,75]. We also transduced freshly isolated monocytes prior to differentiation into DCs. Using this approach, ~90%
of the monocytes are routinely transduced with the lentivirus vectors without inducing or preventing MoDC maturation. Although shRNA-mediated knockdown of TLR9, MyD88 and
AP3B1 were partial (Fig 2A), TNF secretion is reduced in TLR9-pathway impaired cells (Fig
2B). We previously showed that IC-HAdV induce accumulation of IL1B mRNA in unprimed
THP-1-derived DC [62]. We therefore asked whether IC-HAdV induce IL1B transcription in
MoDC. We quantified IL1B mRNA levels by qRT-PCR at 3 and 6 h postincubation (Fig 2C).
We found that MoDCs contain relatively low levels of IL1B mRNA with this classic differentiation protocol, while both LPS and IC-HAdV induce IL1B transcription and pro-IL-1β production (Fig 2D).
These data are consistent with our previous results [36] demonstrating that the HAdV
genome is detected by the vesicular PRR TLR9, and induce production of pro-inflammatory
cytokines.

IC-HAdVs reach the cytoplasm
The above data point towards a process where HAdV-C5 capsids are disassembled in TLR9+
compartments, which should lead to protein VI release and disruption of the membrane [76].
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Fig 2. IC-HAdV induce MoDC maturation through DNA sensors TLR9. TNF secretion in response to IC-HAdV was measured in
MoDCs after lentivirus-mediated shRNA knockdown of TLR9, MyD88 and AP3B1. A) Immunoblotting demonstrating lentivirus-mediated
shRNA knockdown of the TLR9 pathway in MoDC. MoDCs were exposed to LPS, HAdV-C5, IC-HAdV or IVIg for 3 and/or 6 h and B)
TNF secretion was measured by ELISA. C) IL1B mRNA levels were assessed by qRT-PCR . D) Immunoblots of pro-IL-1β levels in
MoDCs after incubation with HAdV-C5, IC-HAdV, IVIg or LPS at 6 h. β-tubulin levels were used as loading controls. The experiments
were carried out in 2–3 donors with similar results.
doi:10.1371/journal.ppat.1005871.g002

We therefore used confocal microscopy to determine whether IC-HAdV induce membrane
rupture. We focused on colocalization of Alexa488-labeled HAdV-C5 (HAdV-488) and
IC-HAdV-488 with p62/sqstm1 and galectin-3. p62/sqstm1 is recruited to membrane remnants as part of the intracellular damage response and targets these remnants via binding to
galectin-3 [77]. We found that p62/sqstm1 (Fig 3A) and galectin-3 (Fig 3B) colocalize with
large IC-HAdV aggregates at 3 h postincubation, demonstrating disrupted membranes. We
then used transmission electron microscopy (TEM) to visualize IC-HAdV at 30 min postincubation. In contrast to the ~200 nm aggregates detected in solution, we detect larger aggregates
being internalized, and inside MoDCs (Fig 3C). Consistent with previous reports [61], the
internalized of IC-HAdVs are not enclosed by membranes (Fig 3C). Together, these data demonstrate that IC-HAdVs begin to disassemble in TLR9+ endocytic vesicles, rupture their membranes, and escape into the cytoplasm.

IC-HAdV-induced loss of cell membrane integrity
To further understand the IC-HAdV-induced change in MoDCs size and granularity we
assayed membrane homeostasis. Of note, PMA-differentiated THP-1 cells primed with
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Fig 3. IC-HAdV induce membrane damage and gain access to the cytosol. MoDCs were exposed to Alexa488-HAdV-C5, IC-HAd-488 or IVIg
for 3 h and processed for confocal immunofluorescence analysis and stained with anti-p62 (n = 3) A) and galectin-3 (n = 3) B). Scale bar = 5 μm. C)
Transmission electron microscopy of IC-HAdV in MoDCs at indicated times. HAdV-C5 can be seen due to their high electron density. White lines
depict circumference of IC-HAdVs. White asterisks indicate artifacts.
doi:10.1371/journal.ppat.1005871.g003

PAM3CSK4, a TLR1/2 agonist, and then exposed to 200,000 HAdV-C5 pp/cell lose plasma
membrane integrity [28,78]. To determine if IC-HAdVs induce the loss of plasma membrane
integrity we compared the effect of HAdV-C5 and IC-HAdV on MoDC. As markers for loss of
membrane integrity we quantified propidium iodide (PI)+ entry into cells by flow cytometry
and loss of intracellular proteins. Using a dose-dependent assay, we found that IC-HAdV
made with as little as 5,000 HAdV pp/cell start to induce an increase in the number of PI+ cells
at 6 h, which reached ~40% of the cells when using 20,000 HAdV pp/cell in this donor (Fig
4A). IC-HAdV-induced loss of plasma membrane integrity could be due to intrinsic or extrinsic factors. HAdV-C5 super-infection may induce loss of membrane integrity via intracellular
ROS production and cathepsin release into the cytosol [28,78]. In addition, infection of mouse
cells with HAdV-C5 leads to the release of cellular components (e.g. ATP), which are associated with the death of bystander cells [79,80]. To determine if IC-HAdV-mediated MoDC
death is associated with direct interaction with IC-HAdV or a paracrine effect, we assayed
MoDC interaction with IC-HAdV-555, an immune complex made using HAdV-555 (an Alexa555-labeled HAdV-C5). We found that all PI+ MoDCs are associated with IC-HAdV-555

Fig 4. IC-HAdV induce loss of plasma membrane integrity and release of cytosolic proteins from MoDC. MoDCs were challenged with
IC-HAdV and plasma membrane integrity, LDH and GFP release was quantified. A) MoDCs were incubated with IVIg, HAdV-C5 and IC prepared
with an escalating dose (100, 1,000, 2,000 5,000, 10,000 15,000, 20,000 pp/cell) of HAdV-C5 and cell membrane integrity was assessed by
intercalation of propidium iodide (PI) into cellular DNA at 6 h. B) MoDCs were incubated with Alexa555-HAdV-C5, IC-HAdV-555 or IVIg and
assayed by flow cytometry at 6 h. The quadrants were set for PI- HAdV-C5 - (white), PI- HAdV-C5 + (light grey), PI+ HAdV-C5 + (dark grey) and PI+
HAdV-C5 - (black). The percentage of each subpopulation at each condition is depicted in the histogram. These assays were performed in 3 donors
with similar results. C) Loss of cytosolic content by MoDC exposed to IC-HAdV, IVIg, HAdV-C5 and LPS/nigericin was assessed by measuring
LDH activity in the supernatant. D) Loss of cytosolic content by GFP-lentivirus transduced MoDC exposed to IC-HAdV, IVIg, HAdV-C5 and LPS/
nigericin was assessed by flow cytometry measuring GFP fluorescent and plasma membrane integrity with PI.
doi:10.1371/journal.ppat.1005871.g004
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(Fig 4B), suggesting that a direct interaction is responsible for the loss of plasma membrane
integrity. These data demonstrate that PI, a small membrane impermeable DNA intercalator
can enter IC-HAdV-challenged MoDCs.
To determine if the MoDC also lose intracellular proteins, we assayed extracellular levels of
L-lactate dehydrogenase (LDH) activity and the loss of intracellular GFP in MoDC. We compared the maximum LDH activity in the supernatant of control and IC-HAdV-challenged
MoDCs and found that IC-HAdV induce a level similar to LPS/nigericin (Fig 4C). To address
this using another approach we transduced monocytes with a lentivirus vector expressing GFP,
differentiated them into MoDCs, and challenged them with IC-HAdVs. We found that neither
IVIg or HAdV-C5 significantly decreased the percentage of GFP+ MoDCs, while incubation
with IC-HAdVs reduced the GFP population by ~40% (Fig 4D). Together, these data demonstrate that IC-HAdV-induced loss of cell membrane integrity.

Protein VI and the HAdV genome are involved in loss of cell membrane
integrity
To address the cause of IC-HAdV-mediated membrane permeabilization, we initially focused
on the capsid components that likely influence IC-HAdV-mediated MoDC death. Endosomal
escape of HAdV-C5 and induction of the NLRP3-inflammasome are linked in THP-1 cells
[28,78] and therefore a similar mechanism might occur in primary human APCs. To address
this possibility, we used Ad2ts1, which harbors a mutation in protease and results in a hyperstable capsid [47,48]. In contrast to IC-HAdV, IC-empty capsids do not induce loss of membrane integrity, while IC-Ad2ts1 induce ~4-fold less (Fig 5A), suggesting that internal capsid
components are linked to loss of membrane integrity.
We then focused on the role of the internal capsid protein VI. HAdV-C5 endosomal escape
in epithelial cells depends on the membrane lytic capacity of protein VI [81]. Using AdL40Q, a
HAdV-C5 vector containing a L40Q mutation in protein VI that causes attenuation in protein
VI membrane lytic activity [45,46,82] we compared plasma membrane integrity in presence of

Fig 5. Protein VI is indirectly linked to loss of plasma membrane integrity. MoDCs were challenged with IC prepared from
HAdV-C5 and HAdV-C5 harboring mutations in protein VI or protease. A) Effect on cell membrane integrity was determined by
incubating MoDCs with HAdV-C5, Ad2ts1 and HAdV-C5 empty capsid or IC of each virus, respectively (n = 3) for 6 h, then with PI
followed by flow cytometry. B) Dose-dependent loss of cell membrane integrity was assessed for IC-HAdV and IC-AdL40Q at 6 h (n = 5)
as in B. Statistical significance (p values) were derived from two-way ANOVA with Bonferonni post test: * and ** correspond to p < 0.05
and p < 0.01, respectively.
doi:10.1371/journal.ppat.1005871.g005
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IC-AdL40Q versus IC-HAdV in a dose-dependent assay. We found that IC-AdL40Q induces
less plasma membrane disruption (Fig 5B) compared to IC-HAdVs. These data demonstrate
that the membrane lytic activity of protein VI and the viral genome influence plasma membrane homeostasis.

IC-HAdVs induce and colocalize with AIM2 inflammasomes
Our data indicate that IC-HAdV traffic through endosomal compartments until they fuse with
a TLR9+ vesicle. DNA and protein VI are likely release from the capsid here, leading to TLR9
signaling and escape into the cytosol to induce viral genome-dependent loss of membrane
integrity. Pioneering work by Wiethoff and colleagues showed that HAdV-C5 can activate the
NLRP3 inflammasome in super-infected THP-1 cells, and in human monocyte-derived macrophages [78]. We therefore asked whether the NLRP3 pathway is being activated in IC-HAdVchallenged MoDCs. Although the mechanism is poorly understood, the NLRP3-mediated
inflammasome activation is critically dependent on K+ efflux. We therefore increased the extracellular concentration of K+ to block the NLRP3 pathway and found that this had no effect on
the loss of MoDC membrane integrity upon challenge with IC-HAdV (S3A and S3B Fig). Similarly, MCC950, an inhibitor of canonical and noncanonical NLRP3 activation did not prevent
the loss of membrane integrity (S3C Fig). From these data we concluded that the NLRP3
inflammasome was not activated in unprimed human MoDCs.
In addition to the NLRP3, inflammasome formation can be induced by AIM2, IFI16,
NLRP1, NLRC4 pathways [83]. Because AIM2 detects foreign dsDNA, its potential role in
IC-HAdV-challenged MoDCs was investigated. Monocytes are classically differentiated into
MoDCs in presence of GM-CSF and IL-4. Of note, IL-4 can inhibit IL-1β secretion and NLRP3
inflammasome induction in a non-transcriptional manner [84,85]. Moreover, compared to
monocytes, MoDCs secret notably less IL-1β in response to TLR2/4 agonists and heat-killed
bacteria [86]. By contrast, IL-4 does not affect the AIM2 inflammasome components [85], and
cytosolic DNA stimulates upregulation of AIM2 mRNA levels and AIM2 inflammasome activation in MoDCs [87]. We therefore quantified NLRP3 and AIM2 mRNA levels in freshly purified monocytes, immature MoDCs, and in MoDCs incubated with IC-HAdV or LPS. We
found that in MoDCs, NLRP3 mRNA levels are approximately 10-fold lower than in monocytes and, in contrast to LPS and IC-HAdV, do not increase NLRP3 mRNA levels (S4A Fig).
By contrast, AIM2 mRNA levels are modestly increased during monocytes differentiation into
MoDC, and are upregulated in response to LPS and IC-HAdVs (S4B Fig). We therefore used
the lentivirus shRNA approach to reduce AIM2 levels in MoDCs (S4C Fig). Following AIM2
reduction and IC-HAdV challenge, we found that TNF levels increase compared to controls
(Fig 6A). These data suggest an impaired AIM2 inflammasome formation, prolonged survival
of MoDC, and a continued production and secretion of TNF stimulated by upstream TLR9
engagement.
The assembly of the AIM2 inflammasome is a two-step process. First, several AIM2 molecules bind to DNA via the C-terminal HIN200-domain and oligomerize through protein-protein of the respective pyrin domains [88]. The ability to oligomerize is critical for dsDNA
binding and the length of DNA regulates the assembly of the AIM2 polymers. Second, AIM2
oligomerization leads to the recruitment of ASC, caspase 1, pro-IL-1β, and GSDMD. To determine if IC-HAdVs induce inflammasome formation, we used THP-1-derived DC expressing
an ASC-GFP fusion protein (THP-1-ASC-GFP [41]) to visualize inflammasome formation.
Under mock-treated conditions, ASC-GFP is dispersed throughout the cytoplasm (Fig 6B, top
left panel). After inflammasome assembly a GFP foci/cell can be detected [41]. We therefore
incubated THP-1-ASC-GFP DC with IC-HAdVs and quantified pyroptosome formation. We
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Fig 6. IC-HAdVs induce AIM2-associated pyroptosomes. Involvement of AIM2 and/or TLR9 in IC-HAdVinduced inflammatory cell death was assessed by RT-qPCR, RNAi, pharmacological inhibitors, flow
cytometry, fluorescence microscopy and ELISA. A) Lentiviral-mediated shRNA knockdown of AIM2 in MoDC.
MoDCs were exposed to HAdV-C5, IC-HAdV or IVIg for 6 h and TNF secretion was quantified by ELISA. B)
Fluorescent microscopy of THP-1 ASC-GFP-derived dendritic cells incubated with HAdV-C5, IC-HAdV or
IVIg. White arrows indicate ASC pyroptosomes (green). Nuclei were counter stained with DAPI (blue). Scale
bar = 20 μm. C) Percentage of pyroptosome formation in THP-1 ASC-GFP-derived dendritic cells 1 h
poststimulation. D) Percentage of pyroptosome formation in THP-1 ASC-GFP-derived dendritic cells after 1 h
exposure to IC-HAdV after shRNA knockdown of MyD88, TLR9 and AIM2. E) Percentage of pyroptosomes
(immune-labeled with anti-ASC) in MoDC ± AIM2-inhibitor ODN A151 for 2 h and exposure to transfected
DNA, IVIg, HAdV-C5 and IC-HAdV for 3 h. F) MoDCs were exposed to Alexa555-HAdV-C5, IC-HAdV-555 or
IVIg for 3 h and processed for confocal immunofluorescence analysis and stained with anti-AIM2 and antiASC. Nuclei were counter stained with DAPI (blue) (n = 3). Scale bar = 5 μm. G) Loss of plasma membrane
integrity was assessed by PI/flow cytometry in ODN A151-pretreated MoDCs challenged with IC-HAdVs.
MoDCs were exposed to 20,000 pp/cell HAdV-C5, IC-HAdV or IVIg after 2 h pre-incubation with 10 or 100 μM
ODN A151 H) Conditions as in G, IL-1β secretion was quantified by ELISA at 6 h (n = 3).
doi:10.1371/journal.ppat.1005871.g006

found that IC-HAdVs induce >5-fold more (p < 0.05) inflammasomes than in mock-,
HAdV-C5-, or IVIg-challenged THP-1 cells (Fig 6C and 6D). We then repeated the shRNAmediated knockdown of AIM2 in THP-1-ASC-GFP cells. Knockdown of AIM2 reduces
inflammasome formation in response to IC-HAdVs (Fig 6D). Interestingly, knockdown of
TLR9 also reduces AIM2-associated inflammasome formation also (Fig 6D) in THP-1 cells.
These data suggest that the trafficking of the IC-HAdV through a TLR9+ vesicle may increase
the expression of AIM2 inflammasome components and/or formation.
Because in our hands in THP-1-ASC-GFP cells responded poorly to IC-HAdV challenge,
we also assayed pyroptosome formation in MoDCs. Here we found that IC-HAdVs induced at
least ~15-fold more pyroptosome+ MoDCs than controls (Fig 6E). Of note, these results likely
underestimate the percentage of MoDCs with pyroptosomes: there were consistently fewer
intact cells bound to the poly-L-lysine-coated coverslips capable to be analyzed by immunofluorescence staining for ASC aggregates.
We then asked if pyroptosome formation is directly associated with the IC-HAdVs in
MoDCs. To address this question, we incubated MoDCs with IC-HAdV-555 and screened for
AIM2 and ASC subcellular location by epifluorescence and immunofluorescence. Consistent
with our previous results, IVIg and Alexa555-HAdV-C5 alone do not induce inflammasome
formation (Fig 6F). By contrast, as early as 30 min postincubation AIM2 and ASC colocalized
with IC-HAdV-555 in large fluorescent aggregates (Fig 6F). To address AIM2 inflammasome
formation using another approach we pre-incubated cells with ODN A151, a competitive
inhibitor for DNA recognition by AIM2. ODN A151 can prevent AIM2-induced inflammasome assembly, caspase 1 induction, and IL-1β maturation in APCs [50]. Following pre-incubation of MoDCs with ODN A151 we found a dose-dependent inhibition of IC-HAdVinduced loss of cell membrane integrity (Fig 6G). Importantly, pre-incubation with ODN A151
also rescued MoDCs from loss of cell membrane integrity when cells are transfected with plasmid DNA (S5 Fig). Unexpectedly, ODN A151 did not efficiently prevent IC-HAdV IL-1β
secretion (Fig 6H). These data indicate that inhibition of cytosolic DNA sensing by AIM2 prevents IC-HAdV-induced loss of cell membrane integrity, but not the release of IL-1β. Together,
these data demonstrate that IC-HAdV induce AIM2/ASC aggregates in human MoDCs.

IC-HAdVs induce pyroptotic MoDC death via the AIM2 inflammasome
Pyroptosis is a highly inflammatory form of cell death. The key determinants for pyroptosis are
pyroptosome formation (Fig 6), caspase 1 activation, IL-1β secretion, and loss of cell membrane integrity (Figs 4 and 5) due to cleavage of GSDMD. Canonically, IL-1β is cleaved by
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auto-activated human caspases 1 upon inflammasome formation. To address whether IL-1β is
secreted we incubated MoDCs with IC-HAdV and quantified IL-1β levels in the supernatant.
We found that IC-HAdV induce a dose-dependent increase in secreted IL-1β levels (Fig 7A).
Due to our results demonstrating that IC-AdL40Q induces less plasma membrane disruption,
we also quantified the level of secreted IL-1β from IC-HAdV- and IC-AdL40Q-challenged
MoDCs. In these assays, we found less secreted IL-1β-induced by IC-AdL40Q at lower doses
(Fig 7A). These data suggest that endosomal escape is needed for the secretion of IL-1β.
The reports describing the involvement of caspase 1 in HAdV-C5-induced cell death vary.
While both HAdV-C5 and IC-HAdV induce caspase 1 activation and IL-1β processing in
THP-1 cells [30], the caspase 1 inhibitor YVAD does not inhibit the loss of membrane integrity
[78]. We therefore addressed the role of caspases in IC-HAdV-challenged MoDC. We incubated cells with a pan-caspase inhibitor (Z-VAD) and an inhibitor for caspase 1 (YVAD) prior
to a challenge with IC-HAdVs. We found that both inhibitors significantly reduced the levels
of secreted IL-1β (Fig 7B), demonstrating that IC-HAdV induce caspase 1 activation. Of note,
Z-VAD did not prevent PI from entering cells (Fig 7C), suggesting that a caspase-independent
factor may be causing small holes in the plasma membrane. To address caspase 1 activation
using another approach, we incubated cells with the fluorescent probe FAM-YVAD-FMK
FLICA, which enters each cell and irreversibly and covalently binds to activated caspase 1. We
quantified the fluorescent cells by flow cytometry and found that ~40% of the cells contain activated caspase 1 (Fig 7D). Together, these data demonstrate that IC-HAdVs induce caspase 1
activation and IL-1β release.
Like caspase 1, GSDMD is recruited with similar kinetics and in similar amounts to pyroptosomes [17]. To determine if IC-HAdV-challenge induces GSDMD cleavage we assayed
GSDMD cleavage by immunoblotting. We found that GSDMD is efficiently cleaved in
IC-HAdV-challenged MoDCs, and cleavage could be prevented by caspase 1-specific inhibitors
(YVAD and WEHD) as well as Z-VAD (Fig 7E). In addition, ODN A151, which inhibits AIM2
engagement of dsDNA, also reduced GSDMD processing (Fig 7F). Together, these data demonstrate that IC-HAdVs induce the key determinants of pyroptosis in MoDCs.

Discussion
The aim of our study was to understand the impact of immune-complexed HAdV-C5 on
human APCs. We show that anti-HAdV-C5 hexon Abs aggregate and stabilized the capsid at
mildly acidic pH. The anti-hexon antibodies also perturb the intracellular trafficking of
HAdV-C5: instead of release from early endocytic vesicles, the IC-HAdV +-vesicles fuse with
TLR9+ vesicles. Here, the capsid must be partially disassembled to allow detection of the
genome by TLR9. TLR9 engagement induces the transcriptional activation of pro-inflammatory cytokines and inflammasomes components via the MyD88-NF-κB signaling pathways.
Concomitant with genome release from the capsid, the membrane lytic activity of protein VI
impacts IC processing by permitting endocytic vesicle cargo escape into the cytoplasm. Here,
the 36 kb dsDNA HAdV genome is detected by AIM2, which initiates the nucleation of an
inflammasome. Recruitment and cleavage of caspase 1, pro-IL-1β and GSDMD culminate in
pyroptotic MoDC death (Fig 8).

The ex vivo human APC model
Monocytes are an evolutionarily conserved subset of highly phagocytic mononuclear cells that
originate from myeloid progenitors in the bone marrow. They represent 10% of the white
blood cells, including reservoirs in the spleen and lungs. Monocytes are rapidly recruited to tissues during infection and inflammation. Here, after exposure to pro-inflammatory cytokines
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Fig 7. IC-HAdV induced IL-1β expression, caspase-dependent IL-1β secretion and AIM2 inflammasome-dependent GSDMD
cleavage in MoDCs. The involvement of the AIM2 inflammasome and caspases in the inflammatory response in IC-HAdV challenged
MoDCs ± inhibitors was assessed by quantifying intra- and extracellular levels of IL-1β plasma membrane integrity and GSDMD
cleavage. A) Effect of protein VI-mediated membrane lytic activity on IL-1β secretion was assessed by incubation of MoDCs with
escalating doses of IC-HAdV or IC-AdL40Q. IL-1β secretion was quantified by ELISA (n = 5). P values were derived from two-way
ANOVA with Bonferroni posttest. * and ** correspond to p < 0.05 and p < 0.01, respectively. B) IL-1β secretion in MoDCs pre-incubated
with 20 μM YVAD and Z-VAD and stimulated as indicated. This experiment was performed in triplicate using 3 donors with similar
results. C) Loss of cell membrane integrity was assessed by PI/flow cytometry for MoDCs pre-incubated with Z-VAD and exposure to
HAdV-C5, IC-HAdV and IVIg at 6 h (n = 3). D) Caspase 1 activation was measured with FAM-YVAD- FMK FLICA by flow cytometry.
MoDC were preincubated with YVAD-FLICA for 1 h and exposed to LPS, LPS/nigericin, IVIg HAdV-C5 and IC-HAdV for 3 h. Nigericin
was added to MoDC at 2 h. This assay was performed in 3 donors with similar results E) GSDMD cleavage in IC-HAdV-challenged
MoDC in presence of caspase inhibitors was monitored by western blot. MoDC were preincubated for 1 h with 20 or 100 μM Z-VAD,
YVAD, WEHD or an equal volume of DMSO followed by exposure to LPS/nigericin (added at 4 h), IVIg, HAdV-C5 and IC-HAdV for 6 h.
This assay was performed in 3 donors with similar results. F) GSDMD cleavage in IC-HAdV-challenged MoDC in presence of AIM2
inhibitors was monitored by immunoblotting. MoDC were pre-incubated for 2 h with 100 μM ODN A151 followed by exposure to IVIg,
HAdV-C5 and IC-HAdV for 6 h This assay was performed in 3 donors with similar results.
doi:10.1371/journal.ppat.1005871.g007
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Fig 8. IC-HAdV trafficking and cellular events leading to pyroptotic dendritic cell death. IC-HAdV are taken up via FcγR-mediated endocytosis
and fuse with TLR9+ endolysosomal vesicles because of NAb-dependent capsid stabilization at endosomal pH. At the more acidic pH in lysosome-like
vesicles, IC-HAdV begin to disassemble and to release viral DNA, membrane lytic protein VI, and cellular components. TLR9 engagement induces
MyD88-NF-κB-dependent de novo expression of TNF and pro-IL1β. During vesicular DNA sensing, protein VI release from the capsid leads to
endolysosomal membrane lysis and IC-HAdV gain access to the cytosol. The cytosolic inflammasome sensor AIM2 interacts with the HAdV-C5
genome and induces inflammasome assembly and activation of caspase 1, and downstream cleavage of pro-IL-1β and GSDMD. Together this leads to
pyroptosis of MoDCs.
doi:10.1371/journal.ppat.1005871.g008

and microbial compounds they differentiate into macrophages or DCs, and then initiate antimicrobial activity or promote T-cell responses. These characteristics make MoDCs a powerful
and clinically relevant ex vivo system to address the effect of human pathogens. An advantage
when using primary cultures of monocytes is the real-life variations associated with donors,
while a challenge is the generation of mutant cells that are defective in a specific pathway–without perturbing their capacity to be influenced by the stimuli. We addressed these challenges by
repeating the assays in cells from multiple donors and by using lentivirus vector shRNA-mediated knockdown in freshly isolated monocytes prior to differentiation, respectively.
Previous studies addressing HAdV vector infection of THP-1 cells and murine macrophages
reported the activation of the NLRP3 inflammasome [28,30,78]. Barlan et al. reported that
HAdV-C5 can prime THP-1 cells for expression of pro-IL-1β and NLRP3 via TLR9 signaling.
HAdV-C5 also induces the NLRP3 inflammasome in both PAM3CSK4-primed and unprimed
THP-1 cells [78]. Notably, NLRP3 mRNA levels are downregulated during the differentiation
from monocytes into MoDC, while AIM2 mRNA levels are not affected. In addition, IC-HAdV
challenge increased AIM2 mRNA, but not NLRP3 mRNA levels in MoDC. In spite of the prevailing dogma that HAdV-C5 is highly immunogenic, we routinely find that compared to
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murine cells and human cell lines, HAdV-C5 internalization poorly induces human DC maturation [36]. Of note though, transfection of HAdV-C5 DNA into primary cultures of human
keratinocytes induces an NLRP3 response [89]. Yet, our data argue against the involvement of
NLRP3 in MoDCs challenged with IC-HAdVs. A significant difference in the induction of the
NLRP3 and AIM2 inflammasome is NLRP3’s requirement for priming [90–93]. Canonically,
NLRP3 activation is a two-step mechanism: initial activation includes the de novo expression
of inflammasome components (including NLRP3), and a second stimulus triggers inflammasome assembly [91]. A fundamentally different complex is assembled by AIM2, because
NLRP3 can self-oligomerize. AIM2 binds dsDNA at regular intervals in a length-dependent
manner. The relatively long linker between the HIN and the pyrin domain would then allow
the PYDs from several AIM2 molecules to swing around the DNA core and oligomerize,
thereby nucleating ASC polymerization. The linear, 36-kb long HAdV genome likely makes it
an ideal AIM2 target and, importantly, aggregated HAdV genomes can be easily detected in
the cytoplasm of IC-HAdV-challenged MoDCs (S4D Fig).
Intuitively, there would appear to be a selective advantage for a host to be able to use AIM2
and NLRP3 in concert to fight pathogens [25,94]. In HeLa cells transfected with plasmids to
overexpress TRIM21, this intracellular FcR detects IC-HAdV and to target them for proteasome degradation [95,96]. Because IC-HAdV access the cytosol in MoDC, it would have been
interesting to determine if this degradation pathway for cytosolic immune complexes is physiologically relevant in bona fide human APCs. However, TRIM21 knockdown in MoDCs was
inefficient in our hands.

Pyroptosis: pro-virus or pro-host?
Whether IC-HAdV-induced pyroptosis in other FcγR+ cells (e.g. neutrophils) occurs in a host
with HAdV NAbs during local or systemic injection of HAdV vectors is unknown. Intriguingly, neutropenia has been repeatedly associated with HAdV infections [97,98] and with
HAdV vector injections [99]. Like for HAdV-C5, humoral immunity increases inflammasome
induction for Staphylococcus aureus compared to the non-opsonized pathogen [100]. But, pyroptotic cells death is not a universal response to ICs: ICs containing ovalbumin, sheep red
blood cells, or Candida albicans block activation and assembly of AIM2, NLRP3 or NLRC4
inflammasomes via ligation of activating FcγRs [101]. How ICs affect inflammasome induction
likely depends on the size and topography of the complexes, the number of IgGs in the complex, its ability to cluster and signaling through the FcγRs, and the ability of the antigen/pathogen to influence its processing. Most experiments that quantify pathogen burden in the
presence and absence of pro-inflammatory caspase-dependent immune responses suggest a
protective effect. However, disease progression is neither linear, nor identical, in all environments. Some pathogens may benefit from the activation of pro-inflammatory response during
specific stages of infection–in particular those that infect immune cells that are recruited to the
site of inflammation. HIV-1 is an interesting example; it infects activated CD4+ T cells that are
recruited to the site of infections, which results in an IFNγ-inducible protein 16-mediated pyroptosis of the bystander T cells [102].
For IC-HAdVs, opposing arguments for whether pyroptotic DC death is pro-virus or prohost could be made. Because TLR engagement increases phagosome maturation, lysosomal
acidification, and antigen degradation in murine DCs [103] rapid escape from an environment
that promotes antigen presentation may preclude efficient memory T-cell stimulation and be
pro-HAdV. Destroying DCs by pyroptosis would be an efficient mean to prevent the stimulation of memory T cells. However, pyroptosis is not an immunologically sterile response and
should stimulate the infiltration of immune cells into the site of infection that should eventually
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lead to pathogen control. In a healthy host, recurrent HAdV infections are readily controlled,
which suggests that this phenomenon should be, in most cases, pro-host. Yet, the equilibrium
between IC-HAdV formation, MoDC maturation, T-cell activation, and pyroptotic DC death
may depend on the dynamic HAdV load during the course of a de novo infection or immune
escape. Indeed, we show that increased capsid stability is associated with greater TNF secretion.
IC-induced pyroptosis of FcγR+ cells may become widespread during HAdV-disseminated disease in T-cell deficient hematopoietic stem cell transplant patients. In this regard, IC-HAdV
likely form during HAdV infection because type-specific Abs are present in patients [6] and
thus, may contribute to the adverse effects like inflammation and trigger or worsen graft-versus
host disease [10–12,104]. Of note, inflammasomes can be ejected from cells, ingested by
bystander cells, and amplify a proinflammatory response [105,106]. Whether this phenomenon
plays a role in the IL-1β levels in the supernatant, even after blocking the majority of AIM2
inflammasomes with ODN A151, needs focused attention. Intriguingly, mucosal homing Th17
anti-HAdV T cells may be involved in acquisition of HIV infection following HAdV-based
vaccination [37–39]. IL-17 secretion correlated with HAdV-C5 pre-existing immunity when
PBMC from vaccinees in the STEP trial where re-stimulated with HAdV-C5 [107]. This
implies that upstream of the Th17 T-cell differentiation IL-1β plays a role that may be linked to
IC-HAdV-mediated pyroptosis.
In summary, our study provides a mechanistic understanding of how pre-existing humoral
immunity to HAdVs impact innate immunity via PRR in bona fide human APCs. Understanding of the complex interplay between HAdV, NAbs, and innate sensor in human APCs may
enable us to develop therapies to treat disseminated HAdV-disease, optimize AdV-based vaccines, and improve AdV-mediated gene transfer.

Supporting Information
S1 Table. Sequences or references (Open BioSystems) of the shRNAs used to knockdown
the production of the indicated proteins.
(DOCX)
S1 Fig. IgG-opsonization of HAdV-C5 increases binding and internalization into MoDC.
Internalization of HAdV-C5 ± IVIg was assessed by RT-qPCR the transgene and GAPDH in
DNA extracts from the indicated times. For each time point, total versus intracellular virus has
been distinguished by acid wash which partially removed extracellular capsid These assays
were performed in triplicate with more than 3 donors with similar results.
(TIF)
S2 Fig. IC-HAdV made using IVIg induce DC maturation. MoDCs were incubated with
HAdV-C5, IC-HAdV, IVIg or LPS for 6 h. Flow cytometry profile of A) CD40 and B) CD86 in
MoDCs treated with the different stimuli compared to mock-treated cells (grey). C) MoDC
were exposed to HAdV-C5, IVIg and IC-HAdV for 30 min. Cell morphology was assayed by
flow cytometry.
(TIF)
S3 Fig. IC-HAdV do not induce the NLRP3 inflammasome. Involvement of NLRP3 in
IC-HAdV-challenged was assessed by PI/flow cytometry. MoDC were preincubated with
NLRP3-inhibitors KCl (20 and 40 mM) and 10 μM MCC950 for 1 h. or A) mock-treated or
exposed to LPS/nigericin and B) 20 and 40 mM KCl C) 10 μM MCC950. These experiments
were carried out in at least 2 individual donors with similar results.
(TIF)
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S4 Fig. Expression levels of inflammasome sensors. RT-qPCR analysis of A) AIM2 B) and
NLRP3 mRNA levels in monocytes and MoDCs and after challenge with LPS or IC-HAdV in
MoDC. These assays were performed in triplicate using 3 donors with similar results. C)
Immunoblotting demonstrating lentivirus-mediated shRNA knockdown of AIM2 in MoDC.
D) Viral DNA is readily detected in the cells and remains associated with viral capsid in
IC-HAdV-challenged MoDC. MoDC were exposed to IC-HAdV-488 for 3 h and prepared for
fluorescence microscopy with DAPI as counterstaining.
(TIF)
S5 Fig. Plasmid DNA induces loss of membrane integrity. MoDCs were pre-incubated with
10, 50 or 100 μM ODN A151 for 2 h and transfected with plasmid DNA complexed by Lipofectamine LTX and cell membrane integrity was assessed by PI/flow cytometry (n = 2).
(TIF)

Acknowledgments
We thank Glen Nemerow, Crystal Moyer, Teresa Fernandes-Alnemri, Pierre Boulanger, Sylvie
Grandemange, and Claire Daien for reagents and advice. We thank EKL members for technical
help and constructive comments.

Author Contributions
Conceptualization: KE TB MP EJK.
Formal analysis: KE TB TTPT PF HW MP EJK.
Funding acquisition: EJK.
Investigation: KE TB TTPT PF HW MP.
Methodology: KE TB TTPT PF HW FJDM PA NM MP EJK.
Project administration: EJK.
Resources: NM PA MP.
Supervision: EJK.
Validation: KE TB TTPT PF HW.
Visualization: KE EJK.
Writing – original draft: KE TB TTPT FJDM MP EJK.
Writing – review & editing: KE EJK.

References
1.

Perreau M, Guérin M-C, Drouet C, Kremer EJ, Guerin MC, Drouet C, et al. Interactions between
human plasma components and a xenogenic adenovirus vector: reduced immunogenicity during
gene transfer. Mol Ther. 2007; 15: 1998–2007. doi: 10.1038/sj.mt.6300289 PMID: 17712332

2.

Flomenberg P, Piaskowski V, Truitt RL, Casper JT. Characterization of human proliferative T cell
responses to adenovirus. J Infect Dis. 1995; 171: 1090–1096. PMID: 7751682

3.

Tang J, Olive M, Champagne K, Flomenberg N, Eisenlohr L, Hsu S, et al. Adenovirus hexon T-cell epitope is recognized by most adults and is restricted by HLA DP4, the most common class II allele.
Gene Ther. 2004; 11: 1408–1415. PMID: 15269714

4.

Lion T. Adenovirus infections in immunocompetent and immunocompromised patients. Clin Microbiol
Rev. 2014; 27: 441–462. doi: 10.1128/CMR.00116-13 PMID: 24982316

PLOS Pathogens | DOI:10.1371/journal.ppat.1005871 September 16, 2016

23 / 29

IC-HAdV Induced Pyroptosis in DCs

5.

King CR, Zhang A, Mymryk JS. The persistent mystery of adenovirus persistence. Trends Microbiol.
2016; 24: 323–324. doi: 10.1016/j.tim.2016.02.007 PMID: 26916790

6.

Veltrop-Duits LA, Van Vreeswijk T, Heemskerk B, Thijssen JCP, Seady R El, Jol-Van Der Zijde EM,
et al. High titers of pre-existing adenovirus serotype-specific neutralizing antibodies in the host predict
viral reactivation after allogeneic stem cell transplantation in children. Clin Infect Dis. 2011; 52: 1405–
1413. doi: 10.1093/cid/cir231 PMID: 21628480

7.

Cichon G, Boeckh-Herwig S, Schmidt HH, Wehnes E, Muller T, Pring-Akerblom P, et al. Complement
activation by recombinant adenoviruses. Gene Ther. 2001; 8: 1794–1800. PMID: 11803399

8.

Mistchenko AS, Lenzi HL, Thompson FM, Mota EM, Vidaurreta S, Navari C, et al. Participation of
immune complexes in adenovirus infection. Acta Paediatr. 1992; 81: 983–988. doi: 10.1111/j.16512227.1992.tb12159.x PMID: 1290863

9.

Mistchenko AS, Diez RA, Mariani AL, Robaldo J, Maffey AF, Bayley-Bustamante G, et al. Cytokines
in adenoviral disease in children: association of interleukin-6, interleukin-8, and tumor necrosis factor
alpha levels with clinical outcome. J Pediatr. 1994; 124: 714–720. doi:S0022347694000120 PMID:
8176557

10.

Watson T, MacDonald D, Song X, Bromwich K, Campos J, Sande J, et al. Risk factors for molecular
detection of adenovirus in pediatric hematopoietic stem cell transplantation recipients. Biol Blood Marrow Transplant. 2012; 18: 1227–1234. doi: 10.1016/j.bbmt.2012.01.013 PMID: 22281300

11.

de Pagter APJ, Haveman L, Schuurman R, Bierings MB, Boelens JJ. Adenovirus DNA positivity in
nasopharyngeal fluid preceeding haematopoietic stem cell transplantation: A very strong predictor for
adenovirus DNAemia in pediatric patients. Biol Blood Marrow Transplant. 2009; 49: 1536–1539. doi:
10.1016/j.bbmt.2008.12.074

12.

Versluys B, Rossen JW, van Ewijk B, Schuurman R, Bierings MB, Boelens JJ. Strong association
between respiratory viral infection early after hematopoietic stem cell transplantation and the development of life-threatening acute and chronic alloimmune lung syndromes. Biol Blood Marrow Transplant.
2010; 16: 782–791. doi: 10.1016/j.bbmt.2009.12.534 PMID: 20060053

13.

Schuurhuis DH, van Montfoort N, Ioan-Facsinay A, Jiawan R, Camps M, Nouta J, et al. Immune complex-loaded dendritic cells are superior to soluble immune complexes as antitumor vaccine. J Immunol. 2006; 176: 4573–4580 PMID: 16585547

14.

Unterholzner L. The interferon response to intracellular DNA: Why so many receptors? Immunobiology. 2013; 218: 1312–1321. doi: 10.1016/j.imbio.2013.07.007 PMID: 23962476

15.

Lamkanfi M, Dixit VM. Mechanisms and functions of inflammasomes. Cell. 2014; 157: 1013–1022.
doi: 10.1016/j.cell.2014.04.007 PMID: 24855941

16.

Rathinam VAK, Vanaja SK, Fitzgerald KA. Regulation of inflammasome signaling. Nat Immunol.
2012; 13: 333–342. doi: 10.1038/ni.2237 PMID: 22430786

17.

He W, Wan H, Hu L, Chen P, Wang X, Huang Z, et al. Gasdermin D is an executor of pyroptosis and
required for interleukin-1β secretion. Cell Res. 2015; 25: 1285–98. doi: 10.1038/cr.2015.139 PMID:
26611636

18.

Hornung V, Ablasser A, Charrel-Dennis M, Bauernfeind F, Horvath G, Caffrey DR, et al. AIM2 recognizes cytosolic dsDNA and forms a caspase-1-activating inflammasome with ASC. Nature. 2009; 458:
514–519. doi: 10.1038/nature07725 PMID: 19158675

19.

Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, et al. Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell death. Nature. 2015; 526: 660–665. doi: 10.1038/nature15514
PMID: 26375003

20.

Mariathasan S, Weiss DS, Newton K, McBride J, O’Rourke K, Roose-Girma M, et al. Cryopyrin activates the inflammasome in response to toxins and ATP. Nature. 2006; 440: 228–232. doi: 10.1038/
nature04515 PMID: 16407890

21.

Cullen SP, Kearney CJ, Clancy DM, Martin SJ. Diverse activators of the NLRP3 inflammasome promote IL-1β secretion by triggering necrosis. Cell Rep. 2015; 11: 1535–1548. doi: 10.1016/j.celrep.
2015.05.003 PMID: 26027935

22.

Hornung V, Bauernfeind F, Halle A, Samstad EO, Kono H, Rock KL, et al. Silica crystals and aluminum salts activate the NALP3 inflammasome through phagosomal destabilization. Nat Immunol.
2008; 9: 847–856. doi: 10.1038/ni.1631 PMID: 18604214

23.

Li H, Willingham SB, Ting JP- Y, Re F. Cutting edge: inflammasome activation by alum and alum’s
adjuvant effect are mediated by NLRP3. J Immunol. 2008; 181: 17–21. doi: 10.4049/jimmunol.181.1.
17 PMID: 18566365

24.

Suschak JJ, Wang S, Fitzgerald KA, Lu S. Identification of Aim2 as a sensor for DNA vaccines. J
Immunol. 2015; 194: 630–636. doi: 10.4049/jimmunol.1402530 PMID: 25488991

PLOS Pathogens | DOI:10.1371/journal.ppat.1005871 September 16, 2016

24 / 29

IC-HAdV Induced Pyroptosis in DCs

25.

Karki R, Man SM, Malireddi RKS, Gurung P, Vogel P, Lamkanfi M, et al. Concerted activation of the
AIM2 and NLRP3 inflammasomes orchestrates host protection against Aspergillus infection. Cell
Host Microbe. 2015; 17: 1–12. doi: 10.1016/j.chom.2015.01.006

26.

Lalor SJ, Dungan LS, Sutton CE, Basdeo SA, Fletcher JM, Mills KHG. Caspase-1-processed cytokines IL-1beta and IL-18 promote IL-17 production by gammadelta and CD4 T cells that mediate autoimmunity. J Immunol. 2011; 186: 5738–5748. doi: 10.4049/jimmunol.1003597 PMID: 21471445

27.

Bergsbaken T, Fink SL, Cookson BT. Pyroptosis: host cell death and inflammation. Nat Rev Microbiol.
2009; 7: 99–109. doi: 10.1038/nrmicro2070 PMID: 19148178

28.

McGuire KA, Barlan AU, Griffin TM, Wiethoff CM. Adenovirus type 5 rupture of lysosomes leads to
cathepsin B dependent mitochondrial stress and production of reactive oxygen species. J Virol. 2011;
85: 10806–10813. doi:JVI.00675-11 [pii] doi: 10.1128/JVI.00675-11 PMID: 21835790

29.

Barlan AU, Danthi P, Wiethoff CM, Barlan U, Danthi P, Wiethoff CM. Lysosomal localization and
mechanism of membrane penetration influence nonenveloped virus activation of the NLRP3 inflammasome. Virology. 2011; 412: 306–314. doi: 10.1016/j.virol.2011.01.019 PMID: 21315400

30.

Muruve DA, Petrilli V, Zaiss AK, White LR, Clark SA, Ross PJ, et al. The inflammasome recognizes
cytosolic microbial and host DNA and triggers an innate immune response. Nature. 2008; 452: 103–
107. doi: 10.1038/nature06664 PMID: 18288107

31.

Zaiss AK, Vilaysane A, Cotter MJ, Clark SA, Meijndert HC, Colarusso P, et al. Antiviral antibodies target adenovirus to phagolysosomes and amplify the innate immune response. J Immunol. 2009; 182:
7058–7068. doi: 10.4049/jimmunol.0804269 PMID: 19454703

32.

Kremer EJ, Van de Perre P. Ebola vaccines based on adenovirus vectors and risk of HIV. BMJ. 2015;
350: h1307. doi: 10.1136/bmj.h1307 PMID: 25757599

33.

Mennechet JD, Tran TTP, Eichholz K, van der Perre P, Kremer EJ. Ebola virus vaccine: benefit and
risks of adenovirus-based vectors. Expert Rev Vaccines. 2015; 14: 1–8. doi: 10.1586/14760584.
2015.1083429

34.

Gray GE, Moodie Z, Metch B, Gilbert PB, Bekker LG, Churchyard G, et al. Recombinant adenovirus
type 5 HIV gag/pol/nef vaccine in South Africa: unblinded, long-term follow-up of the phase 2b HVTN
503/Phambili study. Lancet Infect Dis. 2014; 14: 388–396. doi: 10.1016/S1473-3099(14)70020-9
PMID: 24560541

35.

Duerr A, Huang Y, Buchbinder S, Coombs RW, Sanchez J, del Rio C, et al. Extended follow-up confirms early vaccine-enhanced risk of HIV acquisition and demonstrates waning effect over time
among participants in a randomized trial of recombinant adenovirus HIV vaccine (Step Study). J Infect
Dis. 2012; 206: 258–266. doi: 10.1093/infdis/jis342 PMID: 22561365

36.

Perreau M, Pantaleo G, Kremer EJ. Activation of a dendritic cell-T cell axis by Ad5 immune complexes
creates an improved environment for replication of HIV in T cells. J Exp Med. 2008; 205: 2717–2725.
doi: 10.1084/jem.20081786 PMID: 18981239

37.

Bukh I, Calcedo R, Roy S, Carnathan DG, Grant R, Qin Q, et al. Increased mucosal CD4+ T Cell activation in rhesus macaques following vaccination with an adenoviral vector. J Virol. 2014; 88: 8468–
8478. doi: 10.1128/JVI.03850-13 PMID: 24829340

38.

Hu H, Eller MA, Zafar S, Zhou Y, Gu M, Wei Z, et al. Preferential infection of human Ad5-specific CD4
T cells by HIV in Ad5 naturally exposed and recombinant Ad5-HIV vaccinated individuals. Proc Natl
Acad Sci USA. 2014; 111: 13439–13444. doi: 10.1073/pnas.1400446111 PMID: 25197078

39.

Chakupurakal G, Onion D, Cobbold M, Mautner V, Moss PAH. Adenovirus vector-specific T cells
demonstrate a unique memory phenotype with high proliferative potential and coexpression of CCR5
and integrin alpha4beta7. AIDS. 2010; 24: 205–210. doi: 10.1097/QAD.0b013e328333addf PMID:
19864932

40.

Perreau M, Kremer EJ. Frequency, proliferation, and activation of human memory T cells induced by
a nonhuman adenovirus. J Virol. 2005; 79: 14595–14605. doi: 10.1128/JVI.79.23.14595 PMID:
16282459

41.

Fernandes-Alnemri T, Wu J, Yu JW, Datta P, Miller B, Jankowski W, et al. The pyroptosome: a supramolecular assembly of ASC dimers mediating inflammatory cell death via caspase-1 activation. Cell
Death Differ. 2007; 14: 1590–1604. doi: 10.1038/sj.cdd.4402194 PMID: 17599095

42.

Fallaux FJ, Kranenburg O, Cramer SJ, Houweling A, Van Ormondt H, Hoeben RC, et al. Characterization of 911: a new helper cell line for the titration and propagation of early region 1-deleted adenoviral
vectors. Hum Gene Ther. 1996; 7: 215–222 PMID: 8788172

43.

DuBridge RB, Tang P, Hsia HC, Leong PM, Miller JH, Calos MP. Analysis of mutation in human cells
by using an Epstein-Barr virus shuttle system. Mol Cell Biol. 1987; 7: 379–387. doi: 10.1128/MCB.7.1.
379 PMID: 3031469

PLOS Pathogens | DOI:10.1371/journal.ppat.1005871 September 16, 2016

25 / 29

IC-HAdV Induced Pyroptosis in DCs

44.

Kremer EJ, Boutin S, Chillon M, Danos O. Canine adenovirus vectors: an alternative for adenovirus
mediated gene transfer. J Virol. 2000; 74: 505–512 PMID: 10590140

45.

Moyer CL, Wiethoff CM, Maier O, Smith JG, Nemerow GR. Functional genetic and biophysical analyses of membrane disruption by human adenovirus. J Virol. 2011; 85: 2631–2641. doi: 10.1128/JVI.
02321-10 PMID: 21209115

46.

Martinez R, Schellenberger P, Vasishtan D, Aknin C, Austin S, Dacheux D, et al. The amphipathic
helix of adenovirus capsid protein VI contributes to penton release and postentry sorting. J Virol.
2015; 89: 2121–2135. doi: 10.1128/JVI.02257-14 PMID: 25473051

47.

Ortega-Esteban A, Bodensiek K, San Martín C, Suomalainen M, Greber UF, de Pablo PJ, et al. Fluorescence tracking of genome release during the mechanical unpacking of single viruses. ACS Nano.
2015;24; 9(11). doi: 10.1021/acsnano.5b03020

48.

Mangel WF, San Martin C. Structure, function and dynamics in adenovirus maturation. Viruses. 2014;
6: 4536–4570. doi: 10.3390/v6114536 PMID: 25421887

49.

Soudais C, Boutin S, Hong SS, Danos O, Bergelson JM, Kremer EJ, et al. Canine adenovirus type 2
attachment and receptor, alternative receptors, and an RGD-independent pathway. J Virol. 2000; 74:
10639–10649. doi: 10.1128/JVI.74.22.10639–10649.2000 PMID: 11044108

50.

Kaminski JJ, Schattgen SA, Tzeng T-C, Bode C, Klinman DM, Fitzgerald K. Synthetic oligodeoxynucleotides containing suppressive TTAGGG motifs inhibit AIM2 inflammasome activation. J Immunol.
2013; 191: 3876–3883. doi: 10.4049/jimmunol.1300530 PMID: 23986531

51.

Philpott NJ, Nociari M, Elkon KB, Falck-Pedersen E. Adenovirus-induced maturation of dendritic cells
through a PI3 kinase-mediated TNF-alpha induction pathway. Proc Natl Acad Sci U S A. 2004; 101:
6200–6205. doi: 10.1073/pnas.0308368101 PMID: 15071185

52.

Pickles RJRJ, McCarty D, Matsui H, Hart PJJ, Randell SHH, Boucher RCC. Limited entry of adenovirus vectors into well-differentiated airway epithelium is responsible for inefficient gene transfer. J Virol.
1998; 72: 6014–23 PMID: 9621064

53.

Miller S, Dykes D, Polesky H. A simple salting out procedure for extracting DNA from human nucleated cells. Nucleic Acids Res. 1988; 16: 1215 PMID: 3344216

54.

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

55.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)). Methods. 2001; 25: 402–408. doi: 10.1006/meth.2001.1262 PMID:
11846609

56.

Kramberger P, Ciringer M, Štrancar A, Peterka M. Evaluation of nanoparticle tracking analysis for
total virus particle determination. Virol J 2012; 9: 265. doi: 10.1186/1743-422X-9-265 PMID:
23140220

57.

Headland SE, Jones HR, D’Sa AS V, Perretti M, Norling L V. Cutting-edge analysis of extracellular
microparticles using ImageStream(X) imaging flow cytometry. Sci Rep. 2014; 4: 5237. doi: 10.1038/
srep05237 PMID: 24913598

58.

Salinas S, Bilsland LG, Henaff D, Weston AE, Keriel A, Schiavo G, et al. CAR-associated vesicular
transport of an adenovirus in motor neuron axons. PLoS Pathog. 2009; 5: e1000442. doi: 10.1371/
journal.ppat.1000442 PMID: 19461877

59.

Bergelson JM, Cunningham JA, Droguett G, Kurt-Jones EA, Krithivas A, Hong JS, et al. Isolation of a
common receptor for Coxsackie B viruses and adenoviruses 2 and 5. Science. 1997; 275: 1320–
1323. PMID: 9036860

60.

Loustalot F, Kremer E, Salinas S. Membrane dynamics and signaling of coxsackievirus and adenovirus receptor. Int Rev Cell Mol Bio. 2015; 322: 331–62. doi: 10.1016/bs.ircmb.2015.10.006

61.

Meier O, Gastaldelli M, Boucke K, Hemmi S, Greber UF. Early steps of clathrin-mediated endocytosis
involved in phagosomal escape of Fcgamma receptor-targeted adenovirus. J Virol. 2005; 79: 2604–
2613 PMID: 15681460

62.

Eichholz K, Mennechet FJD, Kremer EJ. Human coagulation factor X-adenovirus type 5 complexes
poorly stimulate an innate immune response in human mononuclear phagocytes. J Virol. 2015; 89:
2884–2891. doi: 10.1128/JVI.03576-14 PMID: 25540380

63.

Kremer EJ, Nemerow GR. Adenovirus tales: from the cell surface to the nuclear pore complex. PLoS
Pathog. 2015; 11: e1004821. doi: 10.1371/journal.ppat.1004821 PMID: 26042599

64.

Faure F, Mantegazza A, Sadaka C, Sedlik C, Jotereau F, Amigorena S. Long-lasting cross-presentation of tumor antigen in human DC. Eur J Immunol. 2009; 39: 380–390. doi: 10.1002/eji.200838669
PMID: 19130478

PLOS Pathogens | DOI:10.1371/journal.ppat.1005871 September 16, 2016

26 / 29

IC-HAdV Induced Pyroptosis in DCs

65.

Spadaro F, Lapenta C, Donati S, Abalsamo L, Barnaba V, Belardelli F, et al. IFN-alpha enhances
cross-presentation in human dendritic cells by modulating antigen survival, endocytic routing, and processing. Blood. 2012; 119: 1407–1417. doi: 10.1182/blood-2011-06-363564 PMID: 22184405

66.

Savina A, Amigorena S. Phagocytosis and antigen presentation in dendritic cells. Immunol Rev.
2007; 219:143–156. doi: 10.1111/j.1600-065X.2007.00552.x PMID: 17850487

67.

McCurley N, Mellman I. Monocyte-derived dendritic cells exhibit increased levels of lysosomal proteolysis as compared to other human dendritic cell populations. PLoS One. 2010; 5. doi: 10.1371/journal.
pone.0011949

68.

Hoffmann E, Kotsias F, Visentin G, Bruhns P, Savina A, Amigorena S. Autonomous phagosomal degradation and antigen presentation in dendritic cells. Proc Natl Acad Sci. 2012; 109: 14556–14561. doi:
10.1073/pnas.1203912109 PMID: 22908282

69.

Hong SS, Habib NA, Franqueville L, Jensen S, Boulanger PA. Identification of adenovirus (Ad) penton
base neutralizing epitopes by use of sera from patients who had received conditionally replicative ad
(Addl1520) for treatment of liver tumors. J Virol. 2003; 77: 10366–10375. doi: 10.1128/JVI.77.19.
10366 PMID: 12970421

70.

Varghese R, Mikyas Y, Stewart PL, Ralston R. Postentry neutralization of adenovirus type 5 by an
antihexon antibody. J Virol. 2004; 78: 12320–12332. doi: 10.1128/JVI.78.22.12320–12332.2004
PMID: 15507619

71.

Smith JG, Cassany A, Gerace L, Ralston R, Nemerow GR. A neutralizing antibody blocks adenovirus
infection by arresting microtubule-dependent cytoplasmic transport. J Virol. 2008; 82: 6492–6500.
doi: 10.1128/JVI.00557-08 PMID: 18448546

72.

Perreau M, Welles HC, Pellaton C, Gjoksi B, Potin L, Martin R, et al. The number of Toll-like receptor
9-agonist motifs in the adenovirus genome correlates with induction of dendritic cell maturation by
adenovirus immune complexes. J Virol. 2012; 86: 6279–6285. doi: 10.1128/JVI.00123-12 PMID:
22491454

73.

Henault J, Martinez J, Riggs JM, Tian J, Mehta P, Clarke L, et al. Noncanonical autophagy is required
for type i interferon secretion in response to DNA-immune complexes. Immunity. 2012; 37: 986–997.
doi: 10.1016/j.immuni.2012.09.014 PMID: 23219390

74.

Sasai M, Linehan MM, Iwasaki A. Bifurcation of Toll-like receptor 9 signaling by adaptor protein 3. Science. 2010; 329: 1530–1534. doi: 10.1126/science.1187029 PMID: 20847273

75.

Laguette N, Sobhian B, Casartelli N, Ringeard M, Chable-Bessia C, Ségéral E, et al. SAMHD1 is the
dendritic- and myeloid-cell-specific HIV-1 restriction factor counteracted by Vpx. Nature. 2011; 474:
654–7. doi: 10.1038/nature10117 PMID: 21613998

76.

Wiethoff CM, Nemerow GR. Adenovirus membrane penetration: Tickling the tail of a sleeping dragon.
Virology. 2015; 479–480: 591–599. doi: 10.1016/j.virol.2015.03.006 PMID: 25798531

77.

Chen X, Khambu B, Zhang H, Gao W, Li M, Chen X, et al. Autophagy induced by calcium phosphate
precipitates targets damaged endosomes. J Biol Chem. 2014; 289: 11162–11174. doi: 10.1074/jbc.
M113.531855 PMID: 24619419

78.

Barlan U, Griffin TM, McGuire KA, Wiethoff CM, Barlan AU, Griffin TM, et al. Adenovirus membrane
penetration activates the NLRP3 inflammasome. J Virol. 2011; 85: 146–155. doi: 10.1128/JVI.0126510 PMID: 20980503

79.

Gombault A, Baron L, Couillin I. ATP release and purinergic signaling in NLRP3 inflammasome activation. Front Immunol. 2012; 3: 1–6. doi: 10.3389/fimmu.2012.00414

80.

Lee BH, Hwang DM, Palaniyar N, Grinstein S, Philpott DJ, Hu J. Activation of P2X7 receptor by ATP
plays an important role in regulating inflammatory responses during acute viral infection. PLoS One.
2012; 7: e35812. doi: 10.1371/journal.pone.0035812 PMID: 22558229

81.

Wiethoff CM, Wodrich H, Gerace L, Nemerow GR. Adenovirus protein VI mediates membrane disruption following capsid disassembly. J Virol. 2005; 79: 1992–2000. doi: 10.1128/JVI.79.4.1992–2000.
2005 PMID: 15681401

82.

Moyer CL, Nemerow GR. Disulfide-bond formation by a single cysteine mutation in adenovirus protein
VI impairs capsid release and membrane lysis. Virology. 2012; 428: 41–47. doi: 10.1016/j.virol.2012.
03.024 PMID: 22516138

83.

Bauernfeind F, Hornung V. Of inflammasomes and pathogens—sensing of microbes by the inflammasome. EMBO Mol Med. 2013; 5: 814–826. doi: 10.1002/emmm.201201771 PMID: 23666718

84.

Huijbens RJF, Heije K, Vries JE De, Figdor CG. Interleukin-4 (IL-4) Inhibits secretion of IL-lbeta, tumor
necrosis factor-alpha, and IL-6 by human monocytes. Blood. 1990; 76: 1392–1397. PMID: 2119829

85.

Hwang I, Yang J, Hong S, Ju Lee E, Lee S-H, Fernandes-Alnemri T, et al. Non-transcriptional regulation of NLRP3 inflammasome signaling by IL-4. Immunol Cell Biol. 2015; 591–599. doi: 10.1038/icb.
2014.125 PMID: 25601272

PLOS Pathogens | DOI:10.1371/journal.ppat.1005871 September 16, 2016

27 / 29

IC-HAdV Induced Pyroptosis in DCs

86.

Netea M, Nold-Petry C, Nold M, Joosten L, Opitz B, van der Meer J, et al. Differential requirement for
the activation of the inflammasome for processing and release of IL-1ß in monocytes and macrophages. Blood. 2009; 113: 2324–2335. doi: 10.1182/blood-2008-03-146720 PMID: 19104081

87.

Kis-Toth K, Szanto A, Thai T-H, Tsokos GC. Cytosolic DNA-activated human dendritic cells are potent
activators of the adaptive immune response. J Immunol. 2011; 187: 1222–1234. doi: 10.4049/
jimmunol.1100469 PMID: 21709148

88.

Morrone SR, Matyszewski M, Yu X, Delannoy M, Egelman EH, Sohn J. Assembly-driven activation of
the AIM2 foreign-dsDNA sensor provides a polymerization template for downstream ASC. Nat Commun. 2015; 6: 7827. doi: 10.1038/ncomms8827 PMID: 26197926

89.

Schulte M, Sorkin M, Al-Benna S, Stupka J, Hirsch T, Daigeler A, et al. Innate immune response after
adenoviral gene delivery into skin is mediated by AIM2, NALP3, DAI and mda5. Springerplus. 2013;
2: 234–250. doi: 10.1186/2193-1801-2-234 PMID: 23750330

90.

O’Connor W, Harton J a., Zhu X, Linhoff MW, Ting JP-Y. Cutting Edge: CIAS1/Cryopyrin/PYPAF1/
NALP3/ CATERPILLER 1.1 is an inducible inflammatory mediator with NF-κB suppressive properties.
J Immunol. 2003; 171: 6329–6333. doi: 10.4049/jimmunol.171.12.6329 PMID: 14662828

91.

Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K, Speert D, et al. NF-kappaB activating
pattern recognition and cytokine receptors license NLRP3 inflammasome activation by regulating
NLRP3 expression. J Immunol. 2009; 183: 787–791. doi: 10.4049/jimmunol.0901363 PMID:
19570822

92.

Franchi L, Eigenbrod T, Núñez G. TNF-alpha mediates sensitization to ATP and silica via the NLRP3
inflammasome in the absence of microbial stimulation. J Immunol. 2009; 183: 792–796. doi: 10.4049/
jimmunol.0900173 PMID: 19542372

93.

Hernandez JC, Latz E, Urcuqui-Inchima S. HIV-1 induces the first signal to activate the NLRP3 inflammasome in monocyte-derived macrophages. Intervirology. 2013; 57: 36–42. doi: 10.1159/000353902
PMID: 24008203

94.

Kalantari P, DeOliveira RB, Chan J, Corbett Y, Rathinam V, Stutz A, et al. Dual engagement of the
NLRP3 and AIM2 inflammasomes by plasmodium-derived hemozoin and DNA during Malaria. Cell
Rep. 2014; 6: 196–210. doi: 10.1016/j.celrep.2013.12.014 PMID: 24388751

95.

McEwan WA, Tam JCH, Watkinson RE, Bidgood SR, Mallery DL, James LC. Intracellular antibodybound pathogens stimulate immune signaling via the Fc receptor TRIM21. Nat Immunol. 2013; 14:
327–336. doi: 10.1038/ni.2548 PMID: 23455675

96.

Mallery DL, McEwan WA, Bidgood SR, Towers GJ, Johnson CM, James LC. Antibodies mediate
intracellular immunity through tripartitemotif-containing 21 (TRIM21). Proc Natl Acad Sci U S A. 2010;
107: 19985–19990. doi: 10.1073/pnas.1014074107 PMID: 21045130

97.

Lindblom A, Bhadri V, Söderhäll S, Ohrmalm L, Wong M, Norbeck O, et al. Respiratory viruses, a common microbiological finding in neutropenic children with fever. J Clin Virol. 2010; 47: 234–237. doi: 10.
1016/j.jcv.2009.11.026 PMID: 20056482

98.

Husain E, Mullah-Ali A, Al-Sharidah S, Azab A, Adekile A. Infectious etiologies of transient neutropenia in previously healthy children. Pediatr Infect Dis J. 2012; 31: 575–577. doi: 10.1097/INF.
0b013e318250084a PMID: 22414904

99.

Castro JE, Melo-Cardenas J, Urquiza M, Barajas-Gamboa JS, Pakbaz RS, Kipps TJ. Gene immunotherapy of chronic lymphocytic leukemia: A phase I study of intranodally injected adenovirus expressing a chimeric CD154 molecule. Cancer Res. 2012; 72: 2937–2948. doi: 10.1158/0008-5472.CAN11-3368 PMID: 22505652

100.

Den Dunnen J, Vogelpoel LTC, Wypych T, Muller FJM, De Boer L, Kuijpers TW, et al. IgG opsonization of bacteria promotes Th17 responses via synergy between TLRs and FcgammaRIIa in human
dendritic cells. Blood. 2012; 120: 112–121. doi: 10.1182/blood-2011-12-399931 PMID: 22649103

101.

Janczy JR, Ciraci C, Haasken S, Olivier AK, Cassel SL, Fayyaz S. Immune complexes inhibit IL-1
secretion and inflammasome activation. J Immunol. 2014; 193: 5190–5198. doi: 10.4049/jimmunol.
1400628 PMID: 25320279

102.

Doitsh G, Galloway NLK, Geng X, Yang Z, Monroe KM, Zepeda O, et al. Cell death by pyroptosis
drives CD4 T-cell depletion in HIV-1 infection. Nature. 2014; 505: 509–514. doi: 10.1038/nature12940
PMID: 24356306

103.

Blander JM, Medzhitov R. On regulation of phagosome maturation and antigen presentation. Nat
Immunol. 2006; 7: 1029–1035. doi: 10.1038/ni1006-1029 PMID: 16985500

104.

Haveman LM, De Jager W, Van Loon AM, Claas ECJ, Prakken BJ, Bierings M. Different cytokine signatures in children with localized and invasive adenovirus infection after stem cell transplantation.
Pediatr Transplant. 2010; 14: 520–528. doi: 10.1111/j.1399-3046.2009.01263.x PMID: 20345613

PLOS Pathogens | DOI:10.1371/journal.ppat.1005871 September 16, 2016

28 / 29

IC-HAdV Induced Pyroptosis in DCs

105.

Baroja-Mazo A, Martín-Sánchez F, Gomez AI, Martínez CM, Amores-Iniesta J, Compan V, et al. The
NLRP3 inflammasome is released as a particulate danger signal that amplifies the inflammatory
response. Nat Immunol. 2014; 15: 738–750. doi: 10.1038/ni.2919 PMID: 24952504

106.

Franklin BS, Bossaller L, De Nardo D, Ratter JM, Stutz A, Engels G, et al. The adaptor ASC has extracellular and “prionoid” activities that propagate inflammation. Nat Immunol. 2014; 15: 727–737. doi:
10.1038/ni.2913 PMID: 24952505

107.

Pine SO, Kublin JG, Hammer SM, Borgerding J, Huang Y, Casimiro DR, et al. Pre-existing adenovirus
immunity modifies a complex mixed Th1 and Th2 cytokine response to an Ad5/HIV-1 vaccine candidate in humans. PLoS One. 2011; 6: e18526. doi: 10.1371/journal.pone.0018526 PMID: 21533229

PLOS Pathogens | DOI:10.1371/journal.ppat.1005871 September 16, 2016

29 / 29

