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Age-Specific Adjuvant Synergy: Dual TLR7/8 and
Mincle Activation of Human Newborn Dendritic Cells
Enables Th1 Polarization

Simon D. van Haren,*,†,‡ David J. Dowling,*,‡ Willemina Foppen,*,‡ Dennis Christensen,x

Peter Andersen,†,x Steven G. Reed,†,{ Robert M. Hershberg,‖ Lindsey R. Baden,†,# and

Ofer Levy*,†,‡

Due to functionally distinct cell-mediated immunity, newborns and infants are highly susceptible to infection with intracellular

pathogens. Indeed, neonatal Ag-presenting dendritic cells (DCs) demonstrate impaired Th1 responses to many candidate adju-

vants, including most TLR agonists (TLRAs). Combination adjuvantation systems may provide enhanced immune activation but

have typically been developed without regard to the age of the target population. We posited that distinct combinations of TLRAs

and C-type lectin receptor agonists may enhance Th1 responses of newborn DCs. TLRA/C-type lectin receptor agonist combi-

nations were screened for enhancement of TNF production by human newborn and adult monocyte-derived DCs cultured in 10%

autologous plasma or in newborn cord, infant, adult, and elderly whole blood. Monocyte-derived DC activation was characterized

by targeted gene expression analysis, caspase-1 and NF-kB studies, cytokine multiplex and naive autologous CD4+ T cell activa-

tion. Dual activation of newborn DCs via the C-type lectin receptor, macrophage-inducible C-type lectin (trehalose-6,6-

dibehenate), and TLR7/8 (R848) greatly enhanced caspase-1 and NF-kB activation, Th1 polarizing cytokine production and

autologous Th1 polarization. Combined activation via TLR4 (glycopyranosyl lipid adjuvant aqueous formulation) and Dectin-1

(b-glucan peptide) acted synergistically in newborns and adults, but to a lesser extent. The degree of synergy varied dramat-

ically with age, and was the greatest in newborns and infants with less synergy in adults and elders. Overall, combination

adjuvant systems demonstrate markedly different immune activation with age, with combined DC activation via Macrophage-

inducible C-type lectin and TLR7/8 representing a novel approach to enhance the efficacy of early-life vaccines. The Journal

of Immunology, 2016, 197: 4413–4424.

D
ue to functionally distinct cell-mediated immunity, new-
borns and young infants are highly susceptible to infection
with intracellular pathogens including bacteria such as

Listeria spp. and Salmonella spp., and viruses such as HSV and
respiratory syncytial virus. With age-specific cellular (1) and soluble
(2) inhibitors playing a role, the neonatal immune system is distinct
from that of infants and adults, with bias toward induction of reg-
ulatory T cell (Treg) and Th2 type T cell responses. This distinct
ontogeny limits the efficacy of adjuvants to induce a Th1 immune
response that may be necessary to protect against intracellular
pathogens (3–5). Impaired newborn immunity, including reduced
function of dendritic cells (DCs), key APCs, puts them at risk for
infection and limits vaccine-induced Th1 responses. Most licensed

vaccines are not optimally effective at birth or require multiple
booster immunizations later in life. As Th1 immunity is needed for
protection against multiple early-life pathogens (6, 7), there is
therefore an unmet need for adjuvantation systems that activate
newborn DCs to produce Th1 polarizing cytokines, resulting in
T cell activation (8).
Adjuvants may boost responses to Ags by shaping the type and

magnitude of vaccine-induced immune responses (9). Although
whole-cell vaccines (live or killed) provide intrinsic adjuvant ac-
tivity, for optimal immunogenicity subunit vaccines comprised of
purified microbial products may require the addition of adjuvants,
such as aluminum salts, MF59, or pattern recognition receptor
(PRR) agonists such as TLR agonists (TLRAs), including
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monophosphoryl lipid A (MPLA, TLR4) currently employed in
combination with aluminum hydroxide in the licensed Cervarix
vaccine (10). The synthetic MPLA analog glucopyranosyl lipid ad-
juvant (GLA) is another TLR4 agonist that has shown promise
in vitro and in vivo, including in human clinical trials (11, 12). Im-
portantly, adjuvants can have age–specific immune-enhancing effects,
and adjuvants that induce a strong Th1 response in adults may induce
Th2-biased immune responses early in life (8, 13, 14).
APCs, including monocytes and especially DCs, may mediate

adjuvant effects as they express PRRs and are key to optimal
vaccine responses (3). Newborn monocytes and DCs demonstrate
distinct TLR-mediated responses as compared with adult DCs,
producing less T cell activating and Th1 polarizing cytokines such
as TNF and IL-12p70, but more IL-6 (15) and anti-inflammatory
IL-10, polarizing the immune response to a more regulatory phenotype
(16). Skewed TLR-mediated responses in newborn blood monocytes
are in part due to cellular factors, such as nucleated CD71+ RBCs
(1) as well as soluble plasma factors, such as adenosine, which
enhance intracellular cAMP, thereby inhibiting activation of Th1
polarizing signaling pathways (17, 18) upstream of MAPK and
NF-kB activation (19).
In the process of developing vaccine adjuvant systems that may

be optimal in early life, we considered the example of certain live
attenuated self-adjuvanted vaccines, which activate the recipients’
immune system through multiple PRRs. For example, Bacille
Calmette-Guérin (BCG) activates TLRs, including TLR2 and
TLR4 (20), as well as C-type lectin receptors (CLRs) such as Dectin-1
and macrophage-inducible C-type lectin (Mincle) (21–24), resulting
in strong Th1 biased immune responses. Therefore, combined stim-
ulation of newborn cells through multiple PRRs may potentially
overcome the early-life bias against Th1 responses. CLRs are a family
of carbohydrate-recognizing receptors expressed on a variety of cell
types, including leukocytes. DCs have CLRs that mediate endo-
cytosis of pathogens and also induce signaling events (25). In vivo,
migratory DCs entering the injection site can be instructed to induce
a Th1/17 T cell response through activation of the CLR Mincle,
when trehalose-6,6-dibehenate (TDB), a Mincle agonist, is admin-
istered in a liposomal formulation with a vaccinal Ag (26, 27). Some
CLR agonists (CLRAs) activate NF-kB via a pathway distinct from
that downstream of TLRs, and can act in combination with TLRAs
toward human adult leukocytes (21, 25, 28–32). However, little is
known about whether TLR/CLR interactions are age dependent and
to what extent their combined action in adults translates to newborns
and infants.
In this study, we tested the hypothesis that dual activation with

precise combinations of TLRAs and CLRAs can effectively ac-
tivate neonatal monocyte-derived DCs (MoDCs) and enhance their
ability to prime neonatal Th1 polarized immune responses. By
screening combinations of TLRAs and CLRAs we identified two
TLRA/CLRA combinations that enhanced activation of NF-kB and
inflammasome pathways in MoDCs, to reprogram cytokine pro-
duction and shift the differentiation of human newborn CD4+

T cells to a Th1 phenotype: 1) a combination of TLR4 agonists,
either MPLA, or the lipid-based glycopyranosyl lipid adjuvant
aqueous formulation (GLA-AF) (11) with Dectin-1 agonists, Zymosan
or b-glucan peptide (BGP), and 2) a highly effective novel com-
bination of TLR7/8 agonists such as R848 and the Mincle agonist
TDB, which synergistically activates newborn, but not adult,
MoDCs and enables Th1 polarization in an age-specific fashion.
When tested in whole blood assay, these TLRA/CLRA combina-
tions acted in an age-dependent mathematical synergy that varied
across four age groups, such that it was greatest in newborns and
progressively diminished with age, becoming antagonistic in elders
over 65 y of age. We have thus discovered a unique age-specific

synergy between specific TLRA/CLRA combinations, suggesting a
new paradigm for identification of adjuvantation systems tailored to
enhance development of early-life vaccines.

Materials and Methods
TLR agonists, CLR agonists, and assay reagents

TLRAs included Pam3Cys, and polyinosinic:polycytidylic acid (TLR1/2,
and TLR3, respectively; InvivoGen, San Diego, CA), ultrapure LPS from
Salmonella minnesota (TLR4; List Biological Laboratories, Campbell,
CA), MPLA (TLR4; InvivoGen, San Diego, CA), lipid-based GLA-AF
(TLR4; Infectious Disease Research Institute, Seattle, WA), R848 (TLR7/8;
InvivoGen, San Diego, CA), VTX-294 (TLR8; VentiRx Pharmaceuticals,
Seattle, WA), and CpC ODN 2006 (TLR9; InvivoGen, San Diego, CA).
TLRAs were formulated according to the manufacturer’s recommendations.
CLRAs were Mannan from Saccharomyces cerevisiae (DC-SIGN/MMR;
Sigma-Aldrich Co., St Louis, MO), Hepatitis C virus E2 (HCV E2,
DCIR/BDCA-2; eENZYME LLC, Gaithersburg, MD), biotin gp120 (gp120,
BDCA-2/DC-SIGN; Immunodiagnostics, Woburn, MA), alkaline-treated
Zymosan (Dectin-1; InvivoGen, San Diego, CA), Curdlan (Dectin-1; InvivoGen,
San Diego, CA), TDB (Mincle; InvivoGen, San Diego, CA), BGP (Dectin-1;
InvivoGen, San Diego, CA), and whole glucan particles (InvivoGen, San
Diego, CA), which were all formulated according to the manufacturers’
recommendations. All TLRAs (other than LPS and MPLA) and CLRAs
were verified to be free of endotoxins (,1 EU/ml), as measured by Limulus
amebocyte lysate assay per the manufacturer’s instructions (Charles River,
Wilmington, MA). Sterile Dulbecco’s PBS (DPBS) without Ca2+, Mg2+,
and phenol red (Life Technologies, Carlsbad, CA) or RPMI 1640 (Life
Technologies, Carlsbad, CA) media were included in assays as a negative
control when indicated.

Blood donors

Non-identifiable cord blood samples were collected with approval from the
Ethics Committee of the Beth Israel Deaconess Medical Center, Boston,
MA (protocol number 2011P-000118). All de-identified blood samples
from adult (age 18–40 y) and elder (age over 65 y) subjects included in
the experiments were collected with approval from the Ethics Committee
of Boston Children’s Hospital, Boston, MA (protocol number 307-
05-0223), after written informed consent was provided. For collection of
de-identified blood samples from infant subjects (age 6 mo) written in-
formed consent was obtained from the parents with approval from the
Ethics Committee of Boston Children’s Hospital, Boston, MA (protocol
numbers P00010750 and P00013867). Blood samples were processed
within 4 h (typically ∼1–2 h), and anti-coagulated with 15 U/ml pyrogen-
free heparin sodium (American Pharmaceutical Partners, Schaumberg,
IL). The number of study subjects used for each experimental approach is
presented in the figure legends.

Isolation of mononuclear cells and monocytes

Heparinized blood from newborns and adults was centrifuged for 10 min at
500 3 g, then the upper layer of clear yellow plasma was removed. This
platelet-rich plasma was then centrifuged for 15 min at 3000 3 g, and
platelet-poor plasma was collected from the top and stored at 220˚C. The
remaining blood was reconstituted to its original volume by resuspending
in DPBS (Life Technologies, Carlsbad, CA). Then, 25 ml of reconstituted
blood was layered on to 15 ml of Ficoll-Hypaque gradients (Ficoll-Paque
PREMIUM; GE Healthcare, Waukesha, WI) and centrifuged for 30 min at
500 3 g. After Ficoll separation, the mononuclear cell fraction was col-
lected. Monocytes were then isolated from mononuclear cell fractions by
positive selection with magnetic CD14 MicroBeads, performed according
to the manufacturer’s instructions (Miltenyi Biotec, Auburn, CA). Purity
was checked by flow cytometry and was always more than 98%.

Blood assay

For assessment of the TLRA activity in whole blood, we used an adaptation
of a previously described method (5). Neonatal cord blood or peripheral
blood from infants, adults or elders was mixed 1:5 with sterile prewarmed
(37˚C) RPMI 1640 medium (Invitrogen, Carlsbad, CA), and 135 ml of the
1:5 suspension was added to each well of a 96-well U-bottom plate
(Becton Dickinson, Franklin Lakes, NJ) containing 15 ml freshly prepared
agonists at 103 the final concentration. Suspensions containing 150 ml/well
were gently mixed by pipetting and incubated for 24 h at 37˚C in a
humidified incubator at 5% CO2. After culture, plates were centrifuged at
500 3 g and supernatant was carefully removed by pipetting without
disturbing the cell pellet. Supernatants derived from human leukocyte
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stimulations were assayed by ELISA for TNF (BD Biosciences, San Jose,
CA). The minimum threshold for each analyte was set at the minimum
detectable concentration for that particular assay (defined as three standard
deviations above the mean background).

Generation and maturation of MoDCs with GM-CSF and IL-4

Isolated monocytes were seeded in 75 cm2 tissue culture dishes for 5 d at
37˚C in a humidified incubator at 5% CO2 with 106 cells/ml medium.
Medium consisted of RPMI 1640 with L-glutamine (Life Technologies,
Carlsbad, CA) supplemented with 1% penicillin-streptomycin-glutamine
(Invitrogen – Life Technologies, Carlsbad, CA) and 10% autologous plasma.
This was supplemented with 50 ng/ml recombinant human IL-4 and
100 ng/ml recombinant human GM-CSF (R&D Systems, Minneapolis,
MN). Additional fresh media and cytokines were provided on day 3 of
incubation. After 5 d, immature MoDCs were harvested by gently
pipetting the loosely adherent fraction, before being replated (105 cells/
well) in 96-well U-bottom plates in the presence or absence of TLRAs,
and/or CLRAs, and/or sterile DPBS. MoDC arrays were then incubated
for 18–24 h at 37˚C in a humidified incubator at 5% CO2. After this
stimulation, cells and supernatants were harvested and processed for
further functional assays.

Gene expression analysis by quantitative real-time PCR array

Total RNA of newborn and adult MoDCs was isolated with the miRNeasy
kit, according to manufacturer’s instructions (Qiagen, Valencia, CA). Total
RNA from MoDCs was isolated and analyzed for quality and quantity
using a NanoDrop 1000 spectrophotometer (Thermo Scientific, Wilmington,
DE). cDNA was prepared from total RNA from each sample with a
miScript II RT Kit, according to the manufacturer’s instructions (Qiagen).
cDNA was quantified on a PAHS-052Z plate (Qiagen). Quantitative real
time-PCR (QRT-PCR) was run on a 7300 real-time PCR system (Applied
Biosystems – Life Technologies, Carlsbad, CA). mRNA levels were nor-
malized to housekeeping genes and quantified using the comparative
threshold method using the analysis tools provided by Qiagen (http://www.
sabiosciences.com/pcr/arrayanalysis.php). D cycle threshold values were
calculated using normalization to a panel of three housekeeping genes:
B2M, GAPDH, and RPLP0. For each gene, fold change was subsequently
calculated by division of the D cycle threshold in the treatment condition
over that in the control condition.

ELISA

Supernatants from MoDCs stimulated for 6, 18, 24, or 72 h in a humidified
incubator (37˚C, 5% CO2) with TLRAs, and/or CLRAs were analyzed for
TNF, IL-18, or IL-23 production. For this, human ELISA kits were used as
per the manufacturer’s instruction. TNF: BD Opteia ELISA set (BD
Biosciences, San Jose, CA). IL-23: Human IL-23 Quanktikine ELISA kit
(R&D systems, Minneapolis, MN). IL-18: Human IL-18 ELISA kit (MBL
International, Woburn, MA). ELISA plates were read on a Versamax
microplate reader with SoftMax Pro Version 5 (both from Molecular De-
vices, Sunnyville, CA).

Mathematical assessment of TLRA/CLRA interactions

An adaptation of the Loewe method of additivity (33) was used to assess
whether cytokine production after stimulation with agonist combina-
tions was synergistic, additive or antagonistic. Concentration-response
curves were subjected to regression analysis to determine the slope and
y-intercept of each curve in the exponential phase. The formula D =
[Ac]/[Ae] + [Bc]/[Be] was used, where [Ac] = the concentration of
agonist A (TLR agonist) used in the combination of agonists that results
in half the maximal TNF production measured with the combination of
agonists; [Ae] = the concentration of agonist A (TLR agonist) used
alone that results in half the maximal TNF production measured with the
combination of agonists; [Bc] = the concentration of agonist B (CLR
agonist) used in the combination of agonists that results in half the
maximal TNF production measured with the combination of agonists;
and [Be] = the concentration of agonist B (CLR agonist) used alone that
results in half the maximal TNF production measured with the combi-
nation of agonists. If D = 1: agonists A and B act additively, if D . 1:
agonists A and B act antagonistically, and if D, 1: agonists A and B act
synergistically.

Cytokine measurement by multianalyte fluorescent bead-based
array

The cytokine profile of both unstimulated MoDCs and MoDCs stimulated
for 18 h with TLRAs and/or CLRAs was analyzed using multianalyte bead

array (Milliplex). Cytokines were quantified from culture supernatants
with a custom Cytokine Human Magnetic 9-Plex Panel (Invitrogen,
Life Technologies), including IFN-a2, IFN-g, IL-10, IL-12p40,
IL-12p70, IL-1a, IL-1b, IL-6, and TNF. Results were obtained with a
MAGPIX system with xPONENT software (both from Luminex Corp.,
Austin, TX).

Flow cytometry

MoDCs were resuspended in PBS/0.5% Human Serum Albumin (Octapharma
USA, Hoboken, NJ), and stained at 4˚C with any of the following fluo-
rescent Abs: anti-CD14-V450 (clone MfP9), anti-HLA-DR-PE.Cy7
(clone G46-6), anti-CD80-PE.Cy7 (clone L307.4), anti-CD83-APC (clone
HB15e), and anti-CD209-V450 (clone DCN46) were purchased from BD
Biosciences (San Jose, CA); anti-TLR4-FITC (clone 76B357.1), anti-TLR7-
PE (clone 4G6), and anti-TLR8-PE (clone 44C143) were purchased from
Thermo Scientific (Wilmington, DE). Anti-Dectin-1-APC (clone 259931)
was purchased from R&D Systems (Minneapolis, MN). Anti-Mincle Ab
(clone 15H5) was purchased from InvivoGen (San Diego, CA) and labeled
using an AlexaFluor 488 labeling kit (Life Technologies). Cells were
analyzed on an LSRFortessa flow cytometer (Beckton Dickinson). The
mean fluorescence intensity of the entire cell population was determined
with Flowjo software version 10 (Tree Star, Ashland, OR). Samples that
were stained with anti-TLR7 or anti-TLR8, which have intracellular
targets, were first stained with Abs against receptors present on the
plasma membrane as described above before proceeding to staining for
intracellular targets. These samples were fixed for 30 min at 4˚C with 4%
methanol-free paraformaldehyde (Alfa Aesar, Ward Hill, MA) and sub-
sequently permeabilized with BD Perm/Wash (BD Biosciences). Samples
were then stained at 4˚C with anti-TLR7 or anti-TLR8 in BD Perm/Wash
for 30 min and washed with PBS before analysis.

Naive T cell stimulation

Naive (CD45RA+CD45RO2) CD4+ T cells were purified using negative-
selection beads (Miltenyi Biotec, Auburn, CA). Isolated naive T cells
(.97% purity) were cultured for 6 d in 96-well plates at a density of
8 3 104 cells per well in 100% conditioned media from MoDC cultures,
which were stimulated as indicated, in the presence of CD3/CD28 T Cell
Expander Dynabeads (one bead per cell; Life Technologies). On day 6,
beads were removed and replaced with fresh beads. Cells producing IFN-g,
IL-4, IL-10, or IL-17 were analyzed by intracellular cytokine staining after
the addition of BD GolgiPlug (BD Biosciences) during the final 6 h of
restimulation. Cells were made permeable with Cytofix/Cytoperm re-
agents (BD Biosciences). Cells were stained with anti-IFN-g-PE.Cy7
(clone B27; BD Biosciences), anti-IL-17-APC (clone 41802; R&D
Systems), anti-IL-4-V450 (clone 8D4-8; BD Biosciences), and anti-IL-
10-AlexaFluor 488 (clone JES3-9D7; BioLegend). Cells were analyzed
for production of these four cytokines by flow cytometry on an LSRFortessa
flow cytometer (Beckton Dickinson). Flowjo software version 10 (Tree Star)
was used to analyze data and make representative histograms, which are
shown in Fig. 1, demonstrating gating strategy for IFN-g- and IL-4-producing
cells, based on unstained and single color controls.

Caspase-1 activity measurement

Newborn MoDCs were generated as described above and stimulated with
individual or combined agonists, as indicated in Fig. 3, at 53 105 cells per
condition for 6 h at 37˚C. During the last hour of the incubation, a fluorescent
caspase-1 inhibitor, FAM-YVAD-FMK (ImmunoChemistry Technologies,
LLC, Bloomington, MN) was added to detect activated caspase-1. Cells were
subsequently fixed in 4% methanol-free paraformaldehyde and fluorescent
intensity at 488 nm was measured by flow cytometry on an LSRFortessa flow
cytometer (Beckton Dickinson, San Jose, CA). Data was analyzed with
Flowjo software version 10 (Tree Star, Ashland, OR).

Western blotting

Newborn MoDCs were generated as described above and stimulated with
individual or combined agonists as indicated in Fig. 3, at 5 3 105 cells per
condition for 30 min at 37˚C. Cells were lysed in RIPA buffer containing
1% protease inhibitors (Sigma-Aldrich Co., St Louis, MO). Protein con-
centration in cell lysates was determined using a BCA protein determi-
nation kit (Life Technologies); 25 mg of each sample was run on a 10%
Bis-Tris protein gel (Life Technologies) and transferred to a nitrocellu-
lose membrane. IkBa and GAPDH were detected using mouse mono-
clonal Abs (clone L35A5; Cell Signaling, Danver, MA and clone 6C5;
Abcam, Cambridge, MA) and HRP-linked anti-mouse IgG (Cell Signaling,
Danvers, MA). After IkBa detection, gels were stripped and reprobed for
detection of GAPDH.
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Statistical analysis

Statistical analyses employed Prism 4 software (GraphPad Software, La
Jolla, CA) using an unpaired or paired Student t test as indicated. A p value
,0.05 was considered statistically significant and indicated as *p , 0.05,
**p , 0.01, and ***p , 0.001.

Results
Screening TLRA/CLRA combinations for synergistic
enhancement of TNF production by neonatal MoDCs

As compared with their adult counterparts, neonatal monocytes
and DCs demonstrate diminished TLR4-mediated production of
TNF (4, 14). To assess whether combinations of PRR-activating
agents could overcome this limitation and stimulate robust
neonatal cytokine production, we employed an in vitro ap-
proach using human MoDCs cultured in 10% (v/v) autologous
plasma, a rich source of age-specific soluble factors that mod-
ulate the immune response (2). The anticipated impairment in
TLR-mediated TNF production by newborn MoDCs relative to
adult MoDCs was confirmed (Fig. 1A), with lesser TNF pro-
duction in response to Pam3CSK4 (TLR2), polyinosinic:polycytidylic
acid (TLR3), MPLA (TLR4), LPS (TLR4), and R848 (TLR7/8).
These observations, together with published studies (19, 34) suggest
that TLR-mediated NF-kb activation is impaired in newborn innate
immune cell populations.
Some CLRs activate NF-kB in an IRAK1-independent fashion

(29), raising the possibility that they may be able to act together
with TLRAs to amplify NF-kB activation. To assess whether
combinations of CLRAs and TLRAs may overcome impaired

neonatal production of TNF and other Th1 polarizing responses,
we screened different combinations of TLRAs and CLRAs for
induction of adult-like levels of TNF production from newborn
MoDCs (Fig. 1B, 1C).
Adult MoDCs demonstrated increased TNF production after

combined stimulation with alkali-treated Zymosan (Dectin-1) and
Pam3Cys (TLR2) or MPLA (TLR4), as compared with stimu-
lation with each of the agonists individually. In addition, com-
bined stimulation with Mannan (Mannose Receptor) and CpG
(TLR9, Fig. 1B) also enhanced TNF production. Stimulation of
newborn MoDCs with TLRAs induced lower TNF production
compared with adult MoDCs (Fig. 1A, 1C). Two combinations of
agonists, however, induced robust TNF secretion in newborns: 1)
the combination of R848 (TLR7/8) and TDB (Mincle) induced
greater TNF production than any other TLRA/CLRA combina-
tion, even in comparison with adult MoDCs, and 2) Zymosan
(Dectin-1) and MPLA (TLR4) induced elevated, adult-like TNF
secretion. These TLRA/CLRA combinations induced signifi-
cantly greater TNF production than that induced by each of the
individual agonists (Fig. 1D). The role of age-specific soluble
mediators was explored (Supplemental Fig. 1). Newborn MoDCs
cultured in FBS demonstrated less or no impairment of TLR7/8-
mediated secretion of TNF or IL-12p70 as compared with adult
MoDCs. The impairment in the production of these two Th1
polarizing cytokines, noted in vivo in newborn humans and mice
(35, 36), is clearly observed when cells are cultured in autologous
plasma. These observations indicate the importance of studying
these responses in the presence of age-specific immunomodulatory
soluble factors (e.g., plasma).

FIGURE 1. Targeted screening of adult and newborn MoDCs identifies distinct combinations of TLR- and CLR-agonists that markedly enhance

TNF production. (A) Production of TNF by newborn and adult MoDCs in response to single agonists was measured by ELISA (n = 8). (B and C)

Black lines indicate the amount of secreted TNF after stimulation with the TLRA alone, as indicated on the horizontal axis. Colored lines

indicate TNF secretion after stimulation with the TLRA+CLRA (n = 5–7). (D) Bar diagram representation of the mean TNF production in

response to identified combinations in (B and C), and each single agonist (n = 7). Mean + SEM, unpaired Student t test, *p , 0.05, **p , 0.01,

***p , 0.001.
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Synergistic stimulation of neonatal MoDCs using R848+TDB
enables Th1 polarization of autologous naive CD4+ T cells

In addition to increasing the production of TNF, we investigated
whether the combination R848+TDB could drive newborn MoDCs

to secrete additional Th1 inducing cytokines. Interestingly, in

comparison with the same concentration of R848 or TDB alone, the

combination of R848+TDB induced 5–10 fold lower production of

IL-12p40 (Th2) and IL-10 (Treg), coinciding with a significant

increase in Th1/17 cytokines IL-1b, IL-1a, IL-18, and TNF

(Fig. 2A, 2B). To evaluate the effect of these complex changes of

MoDC-derived cytokines on naive T cell polarization, we specif-

ically stimulated naive CD4+ T cells with CD3/CD28 beads, in the

presence of culture supernatants from R848/TDB-stimulated

autologous MoDCs as indicated in Fig. 2C–E. A significant in-

crease in IFN-g–producing T cells (Th1) and corresponding re-

duction in IL-4–producing Th2 cells was observed after synergistic

stimulation with R848+TDB. The percentage of T cells secreting

IL-10 or IL-17 did not change significantly under any conditions

(Supplemental Fig. 2). In adult T cells, the ratio between Th1 and

Th2 was already more balanced than in newborns in the basal

condition, and did not change significantly upon treatment with

TLRA/CLRA-treated MoDC supernatants (Fig. 2C–G), but the

ratio of Th1/Th2 cells in newborns increased significantly after

treatment with culture supernatants from synergistically activated

autologous MoDCs.

Synergistic activation of neonatal MoDCs through R848+TDB
requires restoration of NF-kB activation and inflammasome
activation

We next characterized the molecular mechanism of synergistic
activation of newborn MoDCs by R848 and TDB by QRT-PCR

gene expression analysis of a select panel of 80 innate immune

pathway genes. Fig. 3A shows that upon stimulation of newborn

MoDCs with R848+TDB, nine genes were upregulated more

than 3-fold (p, 0.05). Fig. 3B and 3C demonstrate that treatment of

newborn MoDCs with R848+TDB significantly increased the ex-

pression of NF-kB– and NLRP3–inflammasome-associated genes,

as compared with treatment with either of the agonists alone.

As changes in pathway-associated gene expression do not

necessarily correspond with pathway activation, we investi-

gated whether synergistic activation of newborn MoDCs coin-

cides with increased inflammasome and NF-kB activation, by

measuring caspase-1 activation and IkBa degradation, respec-

tively. R848 induced moderate caspase-1 activation (Fig. 3D)

and moderate IkBa degradation (Fig. 3E), whereas TDB in-

duced greater caspase-1 activation but less IkBa degradation.

Only when treated with the combination of R848+TDB was

robust caspase-1 activation and near complete IkBa degrada-

tion observed.
We used pharmacological inhibitors of signaling adapters

IRAK1/4, NF-kB, Syk and caspase-1 to evaluate whether the

NF-kB and inflammasome pathways, noted to be associated

with synergistic activation in Fig. 3, are required for syner-

gistic enhancement of TNF and IL-1b secretion. A selective

IRAK1/4 inhibitor did not inhibit R848-induced TNF pro-

duction of newborn MoDCs (Fig. 4), consistent with minimal

IRAK1 expression in these cells [S.D. van Haren and O. Levy,

unpublished observations, (34)]. Both Syk– and NF-kB–inhibitors

reduced synergistically-induced TNF production in a concentration-

dependent manner. Both these inhibitors, as well as caspase-1

inhibitor inhibited synergistic induction of IL-1b production.

Absolute values of cytokine secretion are demonstrated in

Supplemental Fig. 3.

Synergistic activation of MoDCs through TLR4 and Dectin-1 is
less age restricted and robust

The combination of MPLA+Zymosan (Fig. 1) also elevated the
production of TNF in newborns and adults. The observed en-

hancement in TNF production using MPLA and Zymosan is also

present when GLA-AF is used instead of MPLA, and when BGP,

another Dectin-1 agonist, is used instead of alkali-treated Zymosan

(Fig. 5A). Stimulation of MoDCs through GLA-AF+BGP also in-

duced a shift cytokine secretion, with a statistically significant in-

crease in TNF and IL-1b (Fig. 5A, 5B). In contrast to R848+TDB

(Fig. 2), this GLA-AF+BGP combination also enhanced both TNF

and IL-1b in adult MoDCs, and there was a decrease in IL-10

observed, but no decrease in IL-12p40. Culture supernatants from

(GLA-AF+BGP)–treated newborn MoDCs also induced Th1 polari-

zation of newborn CD4+ T cells to a Th1 phenotype (Fig. 5C–E).

Analysis of NF-kB- and NLRP3 inflammasome pathways revealed

that GLA-AF+BGP also induces near complete degradation of IkBa,

but caspase-1 activation was less pronounced than observed with

R848+TDB (Fig. 5F, 5G, Supplemental Fig. 3).

Synergistic cytokine induction by TLRA/CLRA combinations is
quantifiably age specific

We further characterized age-specific adjuvantation by quantifying
the amount of synergy induced by R848+TDB (Fig. 6A, 6B).

Concentration-response curves were used to assess whether the

observed enhancement by combining agonists is equal to the sum

of the effects observed with individual agonists (i.e., was additive)

or if these agonists activate the newborn cells synergistically. A

modification of the Loewe definition of additivity was applied to

determine whether the agonists act synergistically (D , 1), ad-

ditively (D = 1) or antagonistically (D . 1, see Materials and

Methods section) (33). A similar effect was observed when R848

(TLR7/8) was substituted for VTX-294 (Fig. 6C, 6D), a TLR8-

selective benzazepine derivative (37), indicating that synergy was

not a compound-specific effect, but rather a general effect of

stimulation through the receptors TLR7/8 and Mincle. The com-

bination of (MPLA+Zymosan) (Fig. 6E, 6F) was synergistic in

both newborns and adults. Similarly, the observed synergy between

(MPLA+Zymosan) is also present using (GLA-AF+BGP) (Fig. 6G,

6H). Plotting the degree of synergy (1/D) confirmed that syner-

gistic enhancement of TNF production induced by (R848+TDB)

or (VTX-294+TDB) was most prominent in newborn MoDCs

(Fig. 6I), as this combination did not significantly act in synergy

toward adult MoDCs (Fig. 1B). The combinations (MPLA+Zymosan)

and (GLA+BGP) acted synergistically to a similar degree in new-

born and adult cells. These observations confirm and expand upon

the synergistic pathway in newborn MoDCs triggered via dual ac-

tivation of TLR4 and Dectin-1 (38). To determine whether the syn-

ergistic enhancement of cytokine production correlated with increased

protein expression of costimulatory receptors CD80 and CD83 or the

receptors engaged by the agonists, these receptors were quantified

by flow cytometry (Supplemental Fig. 4J–M). A modest increase in

TLR8 was detected after dual stimulation with TDB+R848, as

compared with stimulation with single agonists, as well as a modest

increase in Dectin-1 after stimulation with GLA+BGP. These

findings, however, were not statistically significant.
Innate immune responses vary markedly with age (8, 14). To

assess the ability of (R848+TDB) to act in synergy across different

age groups, their ability to activate primary leukocytes across four

different age groups was determined using a whole-blood assay.

Newborn cord blood as well as peripheral blood from infants

(∼6 mo), adults (18–40 y), and elders (.65 y) was diluted (53) in

RPMI 1640 and directly stimulated with agonists as indicated in
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Supplemental Fig. 4A–D. Analysis of TNF secretion in culture
supernatants indicated synergistic activation across different con-
centrations of agonists in newborn, but not infant, adult or elderly

donors. Indeed, for elders the combinations appeared to be an-
tagonistic, highlighting dramatic differences in adjuvant inter-
action with age. The degree of synergy induced by (R848+TDB)

FIGURE 2. Dual stimulation using R848 and TDB shifts the pattern of cytokine production by human adult and newborn DCs and enables the po-

larization of newborn naive CD4+ T cells to Th1 cells. Adult and newborn DCs were stimulated with R848 (50 mM), TDB (100 mg/ml), or both (A and B).

This restored TNF production to adult-like levels in newborn cells and enhanced production IL-1a, IL-1b and IL-18 (n = 6, paired Student t test, *p, 0.05,

**p , 0.01, ***p , 0.001). Naive (CD4+CD45RA+CD45RO2) T cells were isolated, cultured in 10% (v/v) autologous plasma, and activated for 6 d with

anti-CD3/CD28 beads, in the presence of culture supernatants of autologous MoDCs activated with agonists as indicated. After 6 d, IFN-g- and IL-4-

producing cells were quantified by flow cytometry following the addition of Brefeldin A. Mean relative percentage of IFN-g producing cells (C), mean

relative percentage of IL-4 producing cells (D), and ratio of IFN-g producing cells over IL-4 producing cells (E) show an increase in Th1 polarization after

treatment with culture supernatants from R848+TDB-activated MoDCs (n = 4, Mean + SEM, paired Student t test, *p , 0.05, **p , 0.01, ***p , 0.001).

Representative images of flow cytometric quantification of IFN-g and IL-4 producing cells are shown. Depicted are control samples of a representative

newborn and adult whose T cells were activated with anti-CD3/28 in the presence of supernatant from unstimulated autologous MoDCs (F and G).
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in purified monocytes was similar to MoDCs (Supplemental Fig.
4E, 4F, 4G–I).

Discussion
The impaired ability of newborns to mount a Th1 response after
exposure to microbes or vaccines represents a major challenge in
protecting against intracellular pathogens in early life (35). In this
study, we employed human MoDCs cultured in 10% autologous
plasma, a rich source of age-specific immunomodulatory factors
(2, 16–18), as a model to compare the functionality of the newborn
APCs to that of adults and discovered novel age-dependent syn-
ergy between the receptors TLR7/8 and Mincle.
As described previously, we found that TLR-mediated responses

of newborn MoDCs are distinct from those of adult MoDCs, with
an impairment of TNF production but robust production of Th2/
Treg-polarizing cytokines IL-6 and IL-10 (Figs. 1, 2) (18, 37). In
response to most TLRAs, newborn MoDCs produced less TNF
(Fig. 1). This raises the possibility that impaired NF-kB activation
contributes to impaired TLR-mediated cytokine production of new-
born DCs, a hypothesis supported by prior observations (34). Besides
the canonical TRAF6-IRAK1–mediated pathway of NF-kB acti-
vation that is commonly induced by TLR activation, there are alter-
native pathways leading to NF-kb activation. Some CLRs, such as
Dectin-1, can activate NF-kB via signaling through PLC and CARD9
(30, 39, 40). Stimulation of DCs through CLRs induces modest TNF
production (Fig. 1) and often results in Th2 polarization (41–45).
Dual engagement of TLRs and CLRs, however, can enhance Th1 or
Th17 polarization (21, 28, 31, 32, 46–48). Conversely, there are also
examples of CLRs inhibiting Th1 immunity (49, 50). The rationale
for testing TLR-CLR synergy was 3-fold: 1) TLR-CLR synergy has
been described in adults, 2) TLR-CLR crosstalk can activate NF-kB
via alternative pathways raising the possibility that it may overcome
impairment of newborn DCs to elicit TLR-mediated NF-kB activation,
and 3) the live attenuated BCG vaccine, which is effective at birth,
activates both TLRs and CLRs (21, 22, 51). We therefore investigated
whether dual stimulation of newborn MoDCs with combinations of

TLRAs and CLRAs induced Th1 polarization of newborn MoDCs
and CD4+ T cells.
Using a targeted screen approach for synergistic PRR agonist

combinations, we measured the ability of combinations of TLRAs
and CLRAs to induce TNF, a Th1 polarizing cytokine important to
innate and adaptive immune responses by newborn and adult
MoDCs (52). Distinct combinations of TLRAs and CLRAs acti-
vated newborn and adult MoDCs. With respect to adult MoDCs,
several combinations, many of which have been previously de-
scribed (21, 48, 53), induced markedly greater TNF production
compared with individual agonists: 1) Zymosan (alkali-treated,
Dectin-1 agonist) and Pam3Cys (TLR2), 2) Zymosan and MPLA
(TLR4), 3) Mannan (Mannose Receptor agonist) and Pam3Cys
(TLR2), and 4) Mannan and CpG (TLR9).
Of note, distinct combinatorial interactions between TLRAs and

CLRAs were observed in newborn MoDCs. The combination of
TLR4 and Dectin-1 agonists is known to induce robust TNF pro-
duction by both newborn and adult MoDCs (38, 53). More spe-
cifically, the Dectin-1 agonist Curdlan induces Th1 polarization by
itself (in vivo) and in combination with certain TLRAs (in vitro)
(38). Our results confirm that, indeed, stimulation of newborn
MoDCs through Dectin-1 and TLR4 using MPLA and Zymosan
can induce Th1 polarization in newborns (Figs. 2, 5). Interestingly,
dual stimulation of newborn MoDCs with R848 (TLR7/8) and TDB
(Mincle) also enhanced TNF production. Remarkably, the synergy
evident with Mincle and TLR7/8 was not only unique to newborn
MoDCs, but also induced neonatal TNF production greater than
that induced by any combination in adult MoDCs.
Synergistic stimulation of newborn MoDCs with (R848+TDB)

not only increased Th1/17 cytokines, but also reduced production
of Th2/Treg cytokines (Fig. 2). Overall, synergistic activation of
newborn MoDCs shifted the balance of Th polarizing cytokines,
favoring a Th1 response over a Th2 response. A study employing
MoDCs generated in FBS suggested that induction of a Th1 response
through Dectin-1 and TLRs in vitro using newborn MoDCs depended
on induction of IL12p70 secretion by unlocking transcriptional

FIGURE 3. Characterization of innate immune pathways associated with synergistic R848+TDB activation of newborn MoDCs. Newborn MoDCs were

stimulated for 18 h with R848 (50 mM), TDB (100 mg/ml) or the combination. The expression of a panel of 80 innate immune pathway-related genes was

measured by QRT-PCR and the mean (n = 3) depicted as a volcano plot with the y-axis inversely proportioned to the p value (paired Student t test) and the

x-axis corresponding to the fold-change in expression relative to unstimulated MoDCs (A). Expression of inflammasome-associated genes NLRP3 and

IL1B, and NF-kB–pathway-associated genes IRAK1 and NFKB1 was further analyzed by comparing differences in mean expression between all treatment

conditions (Mean + SEM, paired Student t test, *p , 0.05, **p , 0.01, ***p, 0.001) (B and C). Inflammasome activation was confirmed by incubation of

cells that were treated as indicated with FITC-labeled caspase-1 substrate FAM-YVAD-FMK (representative experiment shown, n = 3) (D). Activation of

NF-kB was confirmed by detection of IkBa degradation in lysates from cells treated as indicated (representative experiment shown, n = 3) (E).

The Journal of Immunology 4419
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/197/11/4413/1418675/1600282.pdf by guest on 19 April 2024

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1600282/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1600282/-/DCSupplemental


control over the p35 subunit (38). To maximize the physiologic rel-
evance of our findings, in our study we cultured MoDCs in autologous
plasma as previously described (18), a rich source of age-specific

immunomodulatory factors that shape a distinct immune response
(2), which may have suppressed IL-12p70 production. Impairment
in production of IL-12p70 and TNF by neonatal MoDCs was only

FIGURE 4. Inhibition of intracellular signaling molecules confirms their role in synergistic induction of TNF and IL-1b by newborn MoDCs. Newborn

and adult MoDCs were pretreated with Benzimidazole (IRAK1/4 inhibitor; 5 and 50 mM) (A and B), R406 (Syk inhibitor; 5 and 50 mM) (C and D),

Celastrol (NF-kB inhibitor; 1 and 10 mM) (E and F) or VX-765 (caspase-1 inhibitor; 10 or 100 mM) (G and H) for 1 h prior to activation with R848, TDB, or

R848+TDB. Secretion of TNF and IL-1b was measured in supernatant after an 18 h stimulation. Cytokine production was normalized to condition with no

pharmacological inhibitors to visualize the percentage of inhibition (n = 6, mean + SEM, paired Student t test, *p , 0.05, **p , 0.01, ***p , 0.001).
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FIGURE 5. Characterization of synergistic dual GLA-AF+BGP activation of newborn MoDCs. Adult and newborn MoDCs were stimulated for 18 h with GLA-

AF (1000 ng/ml), BGP (100 mg/ml) or the combination. Secreted cytokines were measured by multiplexing bead array (A and B) (n = 3–6, paired Student t test,

*p, 0.05, **p, 0.01, ***p, 0.001). IFN-g– and IL-4–producing cells were quantified by flow cytometry following treatment of autologous naive CD4+ T cells

with MoDC culture supernatant for 6 d and subsequent addition of Brefeldin A. Mean relative percentage of IFN-g producing cells (C), mean relative percentage of

IL-4 producing cells (D), and ratio of IFN-g producing cells over IL-4 producing cells (E) show an increase in Th1 polarization after treatment with culture su-

pernatants from R848+TDB-activated MoDCs (n = 4, mean + SEM, paired Student t test, *p, 0.05, **p, 0.01, ***p, 0.001). The expression of a panel of 80

innate immune pathway-related genes was measured by QRT-PCR and the mean (n = 3) depicted as a volcano plot (F). Inflammasome activation was confirmed by

incubation of cells that were treated as indicated with FITC-labeled caspase-1 substrate FAM-YVAD-FMK (representative experiment shown, n = 3) (G). Activation

of NF-kB was confirmed by detection of IkBa degradation in lysates from cells treated as indicated (representative experiment shown, n = 3) (H).
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observed when cells were cultured in autologous plasma (Supplemental
Fig. 1). Contrary to the study of Lemoine et al. (38), our study
demonstrates a robust Th1 polarization of neonatal MoDCs
characterized by synergistic induction of TNF, IL-18, and IL-1b
production, coupled with suppression of IL-12p40 and IL-10
production. We speculate that our distinct observations may be
due to the use of autologous plasma instead of FBS.
Given the age-specific complexity of the soluble environment, it

was important to establish how the soluble fraction, including the
distinct cytokine composition, affected polarization of newborn
CD4+ T cells. To this end, naive CD4+ T cells were activated with
CD3/CD28 beads in the presence of culture supernatant from
activated MoDCs, in an adaptation of the method of Volpe et al.
(54). Intracellular cytokine staining demonstrated that culture
supernatants from dual-stimulated autologous newborn MoDCs
reduced the proportion of cells that are Th2 polarized, and en-
hanced polarization to Th1 cells (Fig. 2). In addition to DC-intrinsic
factors and soluble mediators, T cell–intrinsic factors also con-
tribute to the phenotype of neonatal CD4+ T cell polarization (55,
56). In our study, .65% of newborn naive CD4 T cells cultured in
conditioned media from unstimulated MoDCs differentiated into
Th2 cells (Fig. 2). The aim of this study was not to identify T cell–
associated signaling events required for differentiation of newborn
T cells to a Th1 phenotype, but because an agonist combination was
identified that has the ability to induce a Th1 phenotype in newborn
naive T cells, future studies could address this phenomenon.
Characterization of the impact of dual TLRA/CLRA stimulation

on the innate immune transcriptome (Fig. 3) suggested that both
R848+TDB and GLA-AF+BGP enhance signaling through NF-kB
and the NLRP3 inflammasome. Indeed, enhanced activation of
both NF-kB and caspase-1 was required for synergistic production

of TNF and IL-1b by newborn MoDCs (Fig. 4). Concentration-
response curves indicated that the amount of TNF produced after
dual stimulation with either combination was more than the sum
of its parts, as confirmed by an adaptation of the Loewe model of
additivity (33). Synergy was not compound specific, but rather
appeared to be a common mechanism elicited through activation
of certain combinations of TLRs and CLRs (Fig. 2). For example,
substitution of R848 for VTX-294 (TLR8) resulted in a similar
synergy, as did substitution of MPLA for GLA-AF (TLR4) and
substitution of Zymosan for BGP (Dectin-1) (Fig. 6, Supplemental
Fig. 4). Using a whole blood assay platform, the extent of TLRA/
CLRA synergy varied with the agonist used for a given receptor
and was age specific, with greatest synergy in early life with di-
minished or even antagonistic interactions in elders (.65 y old).
TLRA/CLRA synergy was also observed when stimulating new-
born and adult primary monocytes (Supplemental Fig. 4E, 4F),
which also express Mincle (57). The degree of synergistic TNF
secretion upon stimulation with R848+TDB is similar between
MoDC and monocytes, and greater than synergy in the whole
blood platform. Of note, age-specific synergy was not due to the
different kinetics of cell activation, as synergistic activation of
newborn and adult MoDCs using R848+TDB did not change
notably over time (Supplemental Fig. 4H, 4I).
Th1 polarizing adjuvantation systems may be particularly useful

for vaccines targeting intracellular microbes including multiple
intracellular pathogens for which there are unmet vaccine needs
such as tuberculosis, malaria, respiratory syncytial virus, and HIV.
As vaccines are given to healthy individuals, vaccine adjuvant
development must emphasize safety bearing in mind that syner-
gistic adjuvantation systems have the potential for reactogenicity
and should only be used as necessary for vaccine effectiveness, as

FIGURE 6. Specific TLR/CLR agonist combinations demonstrate age-specific synergistic induction of TNF production. MoDCs were stimulated with a

concentration range of TLR7/8-agonist (R848 or VTX-294, 1, 5, 10, 25, and 50 mM), Mincle-agonist (TDB, 1, 5, 10, 50, and 100 mg/ml), or both (A–D) or

with a TLR4-agonist (MPLA or GLA-AF, 10, 50, 100, 500, and 1000 ng/ml), Dectin-1-agonist (Zymosan or BGP, 1, 5, 10, 50, and 100 mg/ml), or both

(E–H) (n = 5–7). Blue and red asterisks indicate statistically significant differences between combination and the CLR agonist alone or TLR agonist alone,

respectively. The Loewe definition of additivity was applied to determine whether the agonists act synergistically (D , 1), additive (D = 1) or antagonistically

(D . 1). Degree of synergy (1/D) was compared between age groups (I). Mean + SEM, unpaired Student t test, *p , 0.05, **p , 0.01, ***p , 0.001.
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may be the case for populations with relatively weak immune re-
sponses. In this context, the future development of such synergistic
adjuvantation systems may employ methods to localize their action
such as chemical modification to enhance hydrophobicity and/or
nanoparticle encapsulation to target such formulations to APCs
(58, 59). Of note, targeting vaccine Ags to the endocytic CLRs by
covalent linkage to CLRAs may also enhance internalization by
DCs, further enhancing vaccine efficacy. Encapsulation of TLRA/
CLRA combinations, as has been demonstrated with TDB and Poly
(I:C) (60), may facilitate codelivery, resulting in Th1 polarization.
Overall, dual stimulation of newborn MoDCs with combinations

of: 1) a TLR7/8 agonist (e.g., R848 or VTX-294) and a Mincle
agonist (e.g., TDB), or 2) TLR4 agonists (e.g., MPLA or GLA-AF)
and Dectin-1 agonists (e.g., Zymosan or BGP) induced adult-like
levels of Th1/Th17 polarizing cytokines (e.g., TNF and IL-1b,
respectively). As the newborn immune system is prone to develop
a Th2 response after stimulation with either TLRAs or CLRAs
individually, and as the TLRA/CLRA combinations demonstrated
distinct degrees of synergy with the age of the study participants,
our results suggest a new paradigm in which immune ontogeny
(i.e., age) is taken into account in assessing the potential of combi-
nation adjuvant systems. Indeed, the TLRA/CLRA combinations
identified in our study may represent novel adjuvantation systems to
enable early-life immunization against intracellular pathogens.
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