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Pattern recognition receptors (PRRs) of the innate immune system represent the crit-
ical front-line defense against pathogens, and new vaccine formulations target these
PRR pathways to boost vaccine responses, through activation of cellular/Th1 immu-
nity. The majority of pediatric vaccines contain aluminum (ALUM) or monophosphoryl
lipid A (MPLA) as adjuvants to encourage immune activation. Evidence suggests that
elements of the innate immune system, currently being targeted for vaccine adjuvan-
ticity do not fully develop until puberty and it is likely that effective adjuvants for the
neonatal and pediatric populations are being overlooked due to modeling of responses
in adult systems. We recently reported that the activity of the cytosolic nucleic acid
(CNA) sensing family of PRRs is strong in cord blood and peripheral blood of young chil-
dren. This study investigates the function of CNA sensors in subsets of neonatal innate
immune cells and shows that myeloid cells from cord blood can be activated to express
T cell costimulatory markers, and also to produce Th1 promoting cytokines. CD80 and
CD86 were consistently up-regulated in response to cytosolic Poly(l:C) stimulation in
all cell types examined and CNA activation also induced robust Type | IFN and low
levels of TNFa in monocytes, monocyte-derived macrophages, and monocyte-derived
dendritic cells. We have compared CNA activation to adjuvants currently in use (MPLA
or ALUM), either alone or in combination and found that cytosolic Poly(l:C) in combi-
nation with MPLA or ALUM can improve expression of activation marker levels above
those observed with either adjuvant alone. This may prove particularly promising in
the context of improving the efficacy of existing ALUM- or MPLA-containing vaccines,

through activation of T cell-mediated immunity.

Abbreviations: ALUM, aluminum hydroxide and magnesium hydroxide,; CBMCs, cord blood mononuclear cells,; CNA, cytosolic nucleic acid,; cPIC, cytosolic Poly(l:C),; DC, dendritic cell,; dsSDNA,
double-stranded DNA,; dsRNA, double stranded RNA,; LDH, lactate dehydrogenase,; Mda5, Melanoma Differentiation-Associated protein 5,; MDM, monocyte-derived macrophage,; moDCs,
monocyte-derived dendritic cells,; MPLA, monophosphoryl lipid A,; NMH, National Maternity Hospital,; Poly(l:C), Polyinosinic-polycytidylic acid,; RIG-1, retinoic acid-inducible gene |,; SEAP,

secreted embryonic alkaline phosphatase.
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1 | INTRODUCTION

Along with clean water, the development of vaccines has widely been
lauded as one of the world’s greatest health interventions. According
tothe WHO, immunization currently prevents 2-3 million deaths every
year from diseases like diphtheria, tetanus, pertussis, influenza, and
measles. However, it is also estimated that approximately 20 million
people, mostly infants, have insufficient access to vaccines.! In areas of
the developing world, including areas of conflict, a drop-off rate of up to
22% is observed between dose 1 and dose 3 of diphtheria, tetanus, and
pertussis vaccine and a rate of 46% between dose 1 and 2 of measles-
containing vaccines.?2 One way of improving access to vaccines, and
thereby decreasing deaths associated with some of these infectious
diseases, would be to cut down on the need for boosters by making
vaccines more efficient, and also tailoring vaccines and adjuvants for
deployment in very early life when contact with a healthcare worker is
more accessible.

Vaccines in their simplest form are comprised of an antigen alone.
Historically, inactivated or live-attenuated whole cell vaccines did not
need additional adjuvants to boost the immune response, as bacte-
rial or viral signatures within the whole cell vaccine activated the
immune system very effectively. More recently, a move toward highly
purified subunit vaccines has improved the safety of vaccines. One
downside to these highly purified vaccines is a lack of immunos-
timulatory properties, leading to a need for addition of adjuvants,
which can encourage immune memory and also allow for lower doses
of vaccines to be given.> Empirically, and quite by accident, alu-
minum (ALUM) was found to improve vaccine responses and encour-
age immunologic memory* and has been the adjuvant of choice for
over 90 years. ALUM is still the most common adjuvant in current
vaccine formulations. The mechanism of action of ALUM has been
widely investigated and debated. Several mechanisms have been pro-
posed to explain the adjuvant activity of ALUM, including the “depot
effect,” enhanced antigen uptake by antigen presenting cells, NLPR3
inflammasome activation, and others.> ALUM adjuvants effectively
drive humoral immunity through various mechanisms including IL-33
production,® but induce low levels of cellular immune responses, possi-
bly due to the ability of ALUM to inhibit IL-12 and drive IL-10 in some
instances.”-

Inrecent years, there has been a move toward developing adjuvants
that are better inducers of proinflammatory cytokines and Type | IFN,
in the hope of generating a stronger Th1 response.’ This increased
Th1 response would in turn lead to increased cellular immunity, which
is particularly beneficial in combating intracellular infections. TLR lig-
ands and other pathogen-associated molecular patterns became an
obvious target due to their ability to induce Type | IFN and proin-
flammatory cytokine production.’® Of note, monophosphoryl lipid A
(MPLA), a TLR4 agonist, formulated with ALUM triggers an enhanced

Th1 response and is approved for use in Fendrix (Hepatitis B) and
Cervarix (Human Papilloma Virus) in Europe. Previous literature has
shown that many TLR responses, including TLR3, are attenuated or
absent in neonatal and pediatric populations.11-1¢ One notable excep-
tion to this are TLR7/8 responses, which tend to remain intact and
are being investigated for their adjuvant properties.'”-18 Interestingly,
combinations of TLR agonists with other innate immune activators
such as C-type lectin receptor agonists have shown promise in activat-
ing neonatal immune cells.?

At present, most neonatal or pediatric vaccines contain either
ALUM or MPLA as an adjuvant, and these may not be optimal for use in
neonatal or pediatric populations. Development of pediatric-relevant,
effective adjuvants, or combinations of adjuvants could increase effi-
cacy and decrease the need for boosters or delayed vaccination.

Poly(l:C) is a synthetic dsSRNA sequence that is associated with viral
infections. It can activate TLR3 on the surface of immune cellsZ° or,
when transfected into cells, can activate cytosolic nucleic acid (CNA)
sensors such as RIG-1.21 In both cases, it induces a robust Type | IFN
response in adults. Previous literature has shown that TLR3 responses
to Poly(l:C) are attenuated in neonates; however, we have previously
shown that intracellular Poly(l:C) responses are intact in mixed pop-
ulations of neonatal immune cells.?®> Slavica et al.2® have previously
shown that TLR3 mRNA levels are notably decreased in cord blood
mononuclear cells (CBMCs) compared with adult blood mononuclear
cells, whereas RIG-I mRNA levels are similar. TLR3 is also absent at
the protein level in isolated cord blood NK cells2%; however, protein
expression levels have not been investigated on cord blood monocytes,
monocyte-derived macrophages (MDMs), or monocyte-derived den-
dritic cells (moDCs).

Targeting different mechanisms that activate the immune response,
through combining adjuvants, may result in a more effective or
longer lasting immune response.?” Characterization of specific neona-
tal immune cell responses to intracellular Poly(l:C), or combinations of
Poly(l:C) with the most common adjuvants currently used in pediatric
vaccines, ALUM and MPLA, and their impact on the adaptive immune
system could aid in moving toward targeted adjuvants for the pedi-
atric population. Here, we show that CNA activation through intra-
cellular Poly(l:C) can induce Type | IFN production from cord blood
monocytes, MDMs, and moDCs, whereas adjuvants currently in use,
such as MPLA or ALUM, cannot. Cytosolic Poly(l:C) alone, or in com-
bination with MPLA or ALUM can enhance the expression of costim-
ulatory molecules on innate immune cells, important for T cell activa-
tion. Importantly, T cells transfected with Poly(l:C) or combinations of
Poly(l:C) and MPLA or ALUM can activate naive CD4+ T cells. Fur-
thermore, moDCs treated with Poly(l:C) or combinations of Poly(I:C)
with MPLA or ALUM can induce CD4+ T cell proliferation. This implies
that Poly(l:C) can activate T cells both directly and through myeloid

cells. Although further work is necessary, these results indicate that
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Poly(l:C)/dsRNA is a very favorable candidate adjuvant for inclusion in
pediatric vaccine formulation.

2 | MATERIALS AND METHODS

2.1 | Participants

Umbilical cord blood samples were obtained from term births follow-
ing normal pregnancy, labor, and delivery at National Maternity Hos-
pital (NMH), Holles St, Dublin 2. All infants had an uncomplicated
postnatal course and Apgar scores of 9 at 5 min. Ethics approval was
obtained from the Ethics Committees of NMH and informed consent

was obtained from each participant.

2.2 | Isolation of mononuclear cells, T cells, MDMs,
monocytes, and moDCs

Cord blood was collected into 3.2% sodium citrate and processed
within 24 h of collection. Primary CBMCs were isolated from healthy
cord blood and cultured at 37°C, 5% COZ, 95% air in complete RPMI-
1640 (containing stable 2.5 mM L-glutamine and 0.5 mM sodium pyru-
vate with 10% FBS). For MDM generation, CBMCs were plated at
2 x 108 cells/ml in complete RPMI-1640 supplemented with 50 ng/ml
recombinant human M-CSF (Miltenyi) for 7 or 8 days, with 2 supple-
ments of fresh medium and cytokines at days 3 and 5 of culture (Fig-
ure S1(A)). Monocytes were isolated by negative selection using Mono-
cyte Isolation Kit Il (Miltenyi). Monocyte purity was assessed using
CD14 staining and was routinely >90% (Figure S1(B)). For moDCs,
isolated monocytes were cultured in tissue-culture dishes at 1 x 10°
cells/mlin RPMI 1640 medium containing 10% FBS supplemented with
recombinant human IL-4 (40 ng/ml) and recombinant human GM-CSF
(80 ng/ml) with 1 supplement of fresh medium and cytokines at day 3 of
culture. After 6-7 days, immature moDCs (CD14lowDC-SIGN+), rou-
tinely >90% purity, were harvested by gently pipetting only the loosely
adherent fraction and replated in a 96-well format at the desired cell
density (Figure S1(C)). T cells were isolated from CBMCs by nega-
tive selection using CD4+ T cell isolation kit (Miltenyi) and were rou-
tinely >95% CD45+CD4+ (Figure S1(D)).

2.3 | Stimulation of cells

MPLA (1 ug/ml) or ALUM (5 ug/ml) (Invivogen) was used to acti-
vate monocytes, MDMs, moDCs, or T cells directly. Poly(l:C) (5 ug/ml)
(Invivogen) was either added to cells directly to activate TLR3 or trans-
fected into cells using TransIT-X2 (Mirus), either alone or in combi-
nation with other stimuli, in order to activate CNA sensors. Dose-
response curves and cytotoxicity assays were used to determine opti-
mal concentrations of each agonist (Figure S2). For TCR activation,
round-bottomed plates were coated with anti-CD3 (OKT3) and anti-
CD28(15E8), both at 5 ug/mlin PBS for 3h at 37°C. Prior to addition of
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T cells, at 1 x 10%/ml, antibodies were removed and wells were washed

1x with PBS.

2.4 | Measurement of cytokines

HEK Blue TNFa/IFNa/f Assays were performed as per manufacturer’s
instructions using Quanti-Blue Detection Reagent. SEAP levels were
determined using a spectrophotometer plate reader at 630 nm. For
IFNa/B SEAP assays, results were normalized to 50 U/ml IFNa to give a
relative arbitrary unit (AU). IFNy (88-7316-88; ThermoFisher) and IL-
17A (900-K84; Peprotech) were detected by sandwich ELISA. BiolLe-
gend LEGENDplex™ Human Inflammation Panel 1 (13-plex) was car-
ried out as per manufacturer’s instructions to determine levels of IL-
6, 1L-10, and IL-1 from monocyte, MDM, or moDC cell culture super-
natant. A BD LSR Fortessa cell analyzer was used to acquire samples

and BioLegend LEGENDplex™ software was used for analysis.

2.5 | Cell viability

A lactate dehydrogenase (LDH) cytotoxicity assay kit (Pierce) was used
to measure cell death in response to stimulation as per manufacturer’s
instructions. The absorbance was read at 490 nm on a 96 well plate
spectrophotometer and background (absorbance at 680 nm) was sub-

tracted.

2.6 | DC-CD4+ T cell cocultures

CD4+ T cells were stained with Vybrant™ CFDA SE (Life Technolo-
gies) according to the manufacturer’s instructions. CD4+ T cells were
cocultured with allogeneic moDC that had been pretreated with MPLA,
ALUM, or transfected Poly(l:C) for 24 h, as described above. Cells were
cocultured at a ratio of 1:10 moDC to CD4+ T cells with no stimula-
tions present. Cells were collected after 5 days for analysis of CD4+ T
cell proliferation by flow cytometry.

2.7 | Flow cytometry
Monocytes, MDMs, moDCs, or T cells were assessed for purity or were
labeled for the investigation of surface marker expression with the fol-
lowing fluorochrome-labeled antibodies: CD4 (REA623), CD45 (2D1;
BioLegend), CD14 (REA599), DC-SIGN (REA617), CD80 (REA661),
CD86 (REA968), CD83 (REA714), CD40 (REA733), and HLA-DR
(AC122) (All from Miltenyi). Cells were stained with LIVE/DEAD™
Aqua (Molecular Probes), followed by staining for 20 m at 4°C, washed,
and analyzed by flow cytometry immediately.

For intracellular staining, cells were stained with LIVE/DEAD™
Aqua, fixed, and stained with fluorochrome-labeled antibodies to TLR3
(TLR-104; from BioLegend) or RIG-I (D-12; from Santa Cruz) using the

eBioscience™ Foxp3/Transcription Factor Fixation/Permeabilization
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kit as per manufacturer’s instructions. Flow cytometry was carried out
on a BD LSR Fortessa or BD FACSCanto cell analyzer and analyzed
using FlowJo software (TreeStar).

2.8 | Statistical analyses

Data were analyzed with GraphPad Prism software. Normality test-
ing was carried out using Shapiro-Wilk, Kolmogorov-Smirnov, and
D’Agostino & Pearson omnibus normality testing. When datasets were
found to follow a non-normal distribution, a Kruskal-Wallis with
Dunn’s multiple comparison test or Mann-Whitney U test was carried
out. Statistical analysis on normally distributed datasets was using one-
way ANOVA with Dunnett’s post-test or Bonferroni’s post-test. The

statistical approaches were all deemed to be valid for each individual

experiment.
3 | RESULTS
3.1 | RIG-lis abundantly expressed and functional

on cord blood monocytes, MDMs, and moDCs,
whereas TLR3 is absent

Our previous work showed that CBMCs had intact responses to CNA
sensor activation through Poly(l:C).2> TLR3 and RIG-I are the main
receptors for Poly(l:C), and as such we were interested in character-
izing the expression of TLR3 and RIG-I on neonatal myeloid cells, along
with comparing direct activation of cells with untransfected Poly(l:C)
to transfected, cytosolic Poly(l:C). RIG-I expression was high in neona-
tal monocytes, MDMs, and moDCs (Figures 1(A)-1(C)), whereas we
found no expression of TLR3 on any of the neonatal myeloid cells tested
(Figures 1(D)-1(F)). In support of this expression data, there was a sig-
nificant difference in the production of Type | IFN when cells were
stimulated with transfected, cytosolic Poly(l:C) versus untransfected
Poly(1:C), suggesting that any responses observed to cytosolic Poly(l:C)
are predominantly due to CNA sensor activation rather than TLR3 acti-

vation.

3.2 | Cytosolic Poly(l:C) is more efficient at
inducing Type | IFN production in human neonatal
innate immune cells than adjuvants currently used in
pediatric vaccines

Cytosolic Poly(l:C) activation of CNA receptors is a potent acti-
vator of Type | IFN responses in neonatal cord blood cells.?> We
were interested in comparing the activation of a variety of neona-
tal innate immune cells by adjuvants currently in use in pedi-
atric vaccines, namely MPLA and ALUM, with cytosolic Poly(l:C)
activation.

As expected, monocytes activated with cytosolic Poly(l:C) produced
a significant amount of Type | IFN. Neither MPLA nor ALUM induced
any Type | IFN production (Figure 2(A)). Similar results were seen in

both MDMs and moDCs (Figures 2(B) and 2(C), respectively), with
Poly(l:C) driving Type | IFN production, whereas MPLA or ALUM did
not. Importantly, none of the stimulations caused any increase in LDH
production from neonatal cells (Figures 2(D)-2(F)).

3.3 | MPLA is the most efficient adjuvant at
inducing proinflammatory cytokines in human
neonatal cells

The ability of cytosolic Poly(l:C) to elicit production of other proin-
flammatory cytokines was also examined. Poly(l:C) transfection or
ALUM stimulation did not induce significant levels of TNFa produc-
tion from monocytes, MDMs, or moDCs. MPLA induced TNFa from
all cell types (Figure 3(A)). Similar to TNFa production, IL-6 produc-
tion was not observed in response to Poly(l:C) or ALUM in monocytes,
MDMs, or moDCs, whereas MPLA induced significant levels of IL-6 in
all cell types (Figure 3(B)). In the case of IL-18 production, high levels
of IL-13 were produced in response to MPLA in monocytes but not to
Poly(l:C) or ALUM (Figure 3(C), left hand panel), whereas there was
very little cytokine production observed in MDMs (Figure 3(C), cen-
ter panel). When examining moDCs, MPLA was again the only adju-
vant that induced low, but significant levels of IL-13 production (Fig-
ure 3(C), right hand panel). We also examined IL-10 production in
response to Poly(l:C), due to the anti-inflammatory effect of IL-10.
Poly(l:C) did not induce any IL-10 production from neonatal mono-
cytes, MDMs, or moDCs, whereas significant levels of IL-10 were pro-
duced from all cell types in response to MPLA. Surprisingly, ALUM did
not induce any IL-10 production from any of the cell types examined
(Figure 3(D)).

3.4 | Combination of Poly(l:C) and MPLA increases
the diversity of cytokine responses from human
neonatal myeloid cells

Given the importance of both Type | IFN and proinflammatory
cytokines in directing the adaptive immune response, we hypothe-
sized that combinations of Poly(l:C) with adjuvants currently in use
in pediatric vaccines may be a useful strategy for eliciting the opti-
mal combinations of Thi1-directing cytokines. When we compared the
activation of neonatal myeloid cells with MPLA or ALUM in combi-
nation with transfected Poly(l:C), to assess whether a more diverse
cytokine response could be encouraged, we found that combinations of
MPLA or ALUM with Poly(l:C) produced a significant amount of Type
I IFN from neonatal monocytes, compared with control (Figure 4(A),
left panel). Combinations of MPLA or ALUM with Poly(l:C) were sim-
ilarly capable of inducing production of significant amounts of Type |
IFN from either MDMs (Figure 4, center panel) or moDCs (Figure 4,
right panel). However, in all cases, the amount of IFN induced was not
significantly higher than that induced by Poly(l:C) transfection alone
(dotted line).

We had previously observed that MPLA could induce proinflam-
matory cytokines TNFe, IL-6, and IL-18 in all myeloid cells examined
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1 RIG-lis abundantly expressed and functional on cord blood monocytes, MDMs and moDCs, whereas TLR3 is absent. Cord blood
monocytes (A and D), monocyte-derived macrophages (MDMs) (B and E), or monocyte-derived dendritic cells (moDCs) (C and F) were left
unstimulated or stimulated with untransfected Poly(l:C) (uPIC) or cytosolic Poly(l:C) (cPIC) for 18 h. Levels of RIG-1 expression (A-C) or TLR3
expression (D-F) were assayed via intracellular flow cytometry. Histograms depict expression of receptors on cells from 1 representative donor.
Pooled data (n > 4) shown are mean + SEM of the percentage of cells positive for each marker. Levels of Type | IFN were assayed from cord blood
monocytes, MDMs, or moDCs in response either uPIC or cPIC stimulation (G). Data are presented as mean + SEM. n > 3 donors in each group.
**p < 0.01, ***p < 0.05, ****p < 0.001. One-way ANOVA with Bonferroni’s post-test was used to compare groups
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FIGURE 2 Cytosolic Poly(l:C) is more efficient at inducing Type | IFN production in human neonatal innate immune cells than adjuvants
currently used in pediatric vaccines cord blood monocytes (A and D), MDMs (B and E), or moDCs (C and F) were left unstimulated or stimulated
with Poly(l:C) transfection, MPLA, or ALUM for 24 h. Levels of IFNa/B were assayed via HEK-Blue™ IFNa/f SEAP assay (A-C). Cell viability,

following 24 h stimulation with ligands, was assayed using LDH assay (D-F).

Data are presented as mean + SEM. n > 7 donors in each group.

**p < 0.01, ***p < 0.001. Kruskal-Wallis nonparametric test with Dunn’s post-test was used to compare groups. # indicates 1 data point outside

limit of graph

(dotted line, Figures 4(B)-4(E)), whereas Poly(l:C) could not. MPLA in
combination with Poly(l:C) induced significantly more TNFg, IL-6, and
IL-18 production than control cells. However, in all cases, the amount
of TNFa, IL-6, or IL-18 induced was not significantly higher than that
induced by MPLA alone (dotted line) (Figures 4(B)-4(D)). IL-10 levels
were also unchanged by combination of MPLA with Poly(l:C) compared
with MPLA alone in all myeloid cells tested (Figure 4(E)). These data
indicate that combinations of adjuvants do not act together to increase
individual cytokine levels but instead the combinations can encourage
myeloid cells to expand their cytokine repertoire enabling secretion of

both Type | IFN as well as proinflammatory cytokines.

Given the low responsiveness of the neonatal cells to ALUM,
we assayed IL-33, which is known to be induced in the peritoneal
lavage of mice injected with ALUM.® Though not significant, there
was a clear induction of IL-33 in neonatal monocytes in response to
ALUM, 5-fold over unstimulated, leading us to the conclusion that
ALUM was functioning in our neonatal cell systems but simply not
to anticipated levels (Figures S3(A)-S3(C)). To further demonstrate
that ALUM was active in our experimental setting, we carried out
inflammasome activation assays in adult PBMCs and observed signif-
icant IL-18 production in response to ALUM, in LPS-primed PBMCs
(Figure S3(D)).
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***p < 0.005. Kruskal-Wallis nonparametric test with Dunn’s post-test was used to compare groups
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3.5 | Cytosolic Poly(l:C) increases costimulatory
marker expression on human neonatal monocytes
and MDMs in combination with MPLA or ALUM

One downstream consequence of Type | IFN production is the up-
regulation of costimulatory molecules, such as CD80 and CD86, on
myeloid cells.286 CD80 and CD86 are found on the surface of many
immune cells and work together to bind to CD28 on T cells to provide a
costimulatory signal to these T cells.2? Having examined cytokine pro-
duction from neonatal myeloid cells in response to Poly(1:C), MPLA, and
ALUM, we were interested in looking at the expression of these impor-
tant costimulatory markers on neonatal cells in response to activation
with these adjuvants.

In response to Poly(l:C) transfection, CD86 expression was slightly
increased on monocytes, when MFI was made relative to unstimulated
cells; however, this increase was not significant. Neither MPLA nor
ALUM induced any increase in CD86 expression whatsoever. MPLA
in combination with Poly(l:C) again showed no increase in expres-
sion, whereas a combination of ALUM and Poly(l:C) induced a sig-
nificant increase in expression of CD86 on the surface of mono-
cytes compared with unstimulated cells (Figure 5(A)). Similarly, CD80
expression appeared to be somewhat increased on monocytes in
response to Poly(l:C) transfection, though not significantly, whereas
MPLA stimulation of monocytes did induce a significant increase
in CD80 expression. Interestingly, combinations of MPLA or ALUM
with Poly(l:C) induced significant increases of CD80 expression on
monocytes compared to unstimulated cells or single adjuvants alone
(Figure 5(B)).

When examining MDMs, only Poly(l:C) or Poly(l:C) in combina-
tion with ALUM induced significantly higher expression of CD86 over
unstimulated cells (Figure 5(C)), and none of the adjuvants tested
increased expression of CD80 significantly (Figure 5(D)). CD40 is a cos-
timulatory marker on the surface of APCs and is required for their
activation by Th cells. While no adjuvant, or combination of adjuvants,
increased expression of CD40 significantly, the combinations of MPLA
or ALUM with Poly(l:C) did appear to increase expression slightly more
than any adjuvant individually (Figure S4(A)).

Cytosolic Poly(l:C) induced CD86 significantly on moDCs in com-
parison with unstimulated cells. This increase in CD86 expression
was also observed in MPLA treated cells but not in ALUM treated
moDCs. Combinations of Poly(l:C) with MPLA also induced a signifi-
cant increase in CD86 expression (Figure 6(A)).

CD80 expression on moDCs was increased following Poly(l:C) trans-
fection compared with unstimulated cells, though not significantly
(p = 0.07). When moDCs were stimulated with combinations of MPLA
or ALUM with Poly(l:C), a modest but not significant increase in CD80
expression was seen (Figure 6(B)).

CD83 is a marker of DC maturation, expressed on functionally
mature DCs, and is involved in promoting prolonged activation of
CD8+ T cells. moDCs treated with MPLA showed an increase in
expression of CD83 and this increase was enhanced when MPLA was
combined with Poly(l:C), though Poly(l:C) induced very little CD83

BIOLOGY

expression alone. ALUM did not appear to have any effect on CD83
levels alone, but a significant increase was observed when ALUM was
combined with Poly(l:C) (Figure 6(C)).

In the case of HLA-DR, a molecule essential for antigen presenta-
tion of peptide to the TCR, Poly(l:C) and MPLA, but not ALUM, induced
a significant increase in expression on moDCs. The combination of
Poly(l:C) with MPLA also induced a significant increase in HLA-DR
expression (Figure 6(D)). CD40 expression on moDCs was also ana-
lyzed and whereas some increase in expression was seen with Poly(l:C),
MPLA, or combinations of Poly(l:C) with MPLA or ALUM, there was no

significant increase with any stimulation (Figure S4(B)).

3.6 | Cytosolic Poly(l:C) increases moDC-induced T
cell proliferation and increases IFNy and IL-17A
production in neonatal T cells

The interaction between moDCs and T cells plays an instructive role
in generating the adaptive immune response. Having observed signif-
icant increase in cytokine production and costimulatory molecules on
moDCs in response to Poly(l:C), and combinations of Poly(l:C) with
MPLA or ALUM, we next assessed the effect of adjuvant-treated APCs
on naive T cells. In order to assess the impact of adjuvant treatment
on the ability of moDC to direct T cell activation, immature neonatal
moDCs were stimulated with our range of agonists or combinations of
adjuvants as previously described and subsequently cocultured with
purified allogeneic CD4+ T cells in a mixed leukocyte reaction. After
5 days, CD4+ T cell proliferation was measured by CFDA SE fluores-
cence dilution. Analysis of CD4+ T cell proliferation revealed that T
cells cultured with allogeneic moDC, previously matured with Poly(l:C),
demonstrated a higher level of proliferation compared with T cells cul-
tured with immature DC (Figures 7(A), second panel and 7(B)). In con-
trast moDCs activated with either MPLA or ALUM alone induced only
basal levels of allogeneic CD4+ T cell proliferation (Figures 7(A), third
and fourth panels respectively and 7(B)). Significantly, CD4+ T cells cul-
tured with moDCs, previously treated with combinations of MPLA and
Poly(l:C), or ALUM and Poly(l:C), showed significantly higher levels of
proliferation than either MPLA or ALUM alone (Figures 7(A) and 7(B)).
These data confirm that Poly(l:C), in combination with established
adjuvants, can act on innate immune cells to enhance their capacity to
initiate CD4+ T cell responses. Interestingly, no differences in cytokine
levels produced by CD4+ T cells were detected in this assay (data not
shown) therefore to determine whether tested adjuvants could also
influence qualitative responses we used direct stimulation assays.
When treating T cells directly, we unexpectedly found that Poly(l:C),
or MPLA alone, was capable of significantly increasing the amount of
IFNy produced from TCR-activated isolated CD4+ T cells (Figure 7(C)).
Surprisingly, no such effects were observed when both stimuli were
used in combination. Over recent years, Th17 responses have been
implicated in many infectious diseases, along with many autoimmune
disorders and recognition of the significance of this proinflammatory

cytokine in vaccine immunology has steadily grown.% Interestingly,
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while direct treatment of CD4+ T cells with MPLA alone significantly
enhanced IL-17A secretion, these levels were enhanced even further
when a combination of MPLA with Poly(l:C) were present (Figure 7(D)).
These data demonstrate that potential vaccine adjuvants under inves-
tigation have the capacity to directly stimulate activated neonatal
CD4+ T cell responses.

4 | DISCUSSION

PRR stimulation is now an accepted mechanism for immune activation
by potential vaccine adjuvants.” An example of the successful target-
ing of PRR pathways for adjuvanticity is activation of TLR4 through
MPLA, which is now a component of several licensed vaccines includ-
ing Cervarix.3! The issue arising when targeting many PRR pathways
as potential adjuvants is their compromised efficacy at activating the
immune system in newborns and young children .141532 TLR7/8 ago-
nists are one exception to this decreased activation in neonates and
are being developed as pediatric-specific adjuvants.”~1? Our previous
study has shown that activation of another family of PRRs, the CNA
receptors, induces strong Type | IFN responses in cord blood cells and
young children.?> Type | IFNs have important effects on both the innate
and adaptive cellular immune response. Type | IFNs have roles in pro-
moting the maturation of DCs.33 DCs themselves can produce IFNa
in response to TLR stimulation, which in turn leads to activation of T
cells, which can be independent of IFN;/.34 Downstream of viral infec-
tion, Type | IFNs promote CD4+ and CD8+ T cell responses, along with
supporting the function and survival of NK cells, reviewed in Ref 35.3°
Type | IFNs have also been shown to induce human adult and neona-
tal CD4+T cells to produce IFN-y.3%37 Interestingly, Type | IFNs have
also been shown to have a protective role for T cells which may be
targeted by NK cell cytotoxicity. As a result of this viral-induced Th1-
driving capacity, it would be of great advantage for a vaccine adjuvant
to induce Type | IFNs. We were interested in confirming and further
characterizing the viral-sensing, innate CNA responses of myeloid cells
in cord blood to transfected Poly(l:C) and comparing these responses
to those elicited by MPLA or ALUM, two of the more popular adjuvants
currently in use in pediatric vaccines.

As expected, cytosolic Poly(l:C) activation of RIG-I was an excellent
driver of Type | IFN in neonatal myeloid cells and induced stronger
expression of the costimulatory molecule CD86 on MDMs and moDCs
than either MPLA or ALUM. We observed consistent proinflamma-
tory cytokine responses from isolated populations of neonatal cells in
response to activation of TLR4 with MPLA, consistent with previous
reports of TLR4 activation by MPLA in neonatal moDCs. Monocytes
can produce IL-18 in the absence of a priming signal,%® as evidenced
by the robust IL-13 production in response to MPLA in monocytes.
Interestingly, MPLA alone was capable of inducing very low levels of
IL-18 in moDCs, although this low level of activation (~30 pg/ml) has
previously been shown in neonatal and adult moDCs.3? In contrast,
MPLA failed to induce any Type | IFN response in neonatal myeloid
cells. Combining adjuvants is a very appealing strategy to encourage

40-42

cellular responses, with one particularly interesting study involv-
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ing neonatal cells showing that dual activation of TLR7/8 and Min-
cle, a receptor for C-type Lectin, can induce a strong Th1 response.’?
It was interesting that combining the adjuvants did not enhance lev-
els of individual cytokines secreted, instead parallel activation of CNA
sensors and TLR4 through the combination of cytosolic Poly(l:C) and
MPLA enhanced the ability of neonatal monocytes, MDMs and moDCs
to increase their repertoire of secreted cytokines to encompass both
Type | IFN and proinflammatory cytokines.

Cytokine activation impacts expression of costimulatory molecules
on the surface of myeloid APCs. In fact, prevaccine assessment of
TLR-induced CD80 and CD86 expression on monocytes can predict
vaccine response, highlighting the importance of these costimula-
tory molecules at the interface of the innate and adaptive immune
response.*3 Interestingly, TLR-induced CD80 and CD86 expression
decreases with age, with older adults having less responsiveness to
TLR stimulation than younger adults.*3 Cord blood monocytes and DCs
have been reported to have decreased CD80 expression, in response
to LPS and CpG compared with adult samples.** CD86 expression on

neonatal and adult blood cells is comparable,*>4¢

although decreased
CD86 expression in polarized macrophages from neonates has been
shown.*” The ability of cytosolic Poly(I:C) alone, or in combination with
MPLA or ALUM, to induce expression of costimulatory markers on the
surface of neonatal myeloid cells is desirable in the context of com-
bining adjuvants for pediatric vaccines. Expression of these markers in
response to Poly(l:C) with MPLA or ALUM is increased on moDCs, and
consequently moDCs treated with these combinations induced robust
proliferation of CD4+ T cells over treatment with MPLA or ALUM
alone.

Our previous work has shown that mixed populations of cord blood
cells produced IFNy in response to Poly(l:C). In this study, we exam-
ined myeloid cells for Poly(l:C)-induced IFNy production and found that
IFNy production was below the level of detection (~2 pg/ml, data not
shown). Interestingly however, Poly(l:C) can induce IFNy from naive
CD4+ T cells directly. Poly(l:C) alone was also able to induce some IL-
17A production from naive CD4+ T cells. When Poly(l:C) and MPLA
were combined to treat CD4+ T cells, IFNy was no longer induced. The
decreased IFNy response in the presence of Poly(l:C) and MPLA could
be due to the inhibitory effect of IL-10 produced in response to MPLA.
While IFNy was no longer induced, IL-17A production was significantly
increased with the combination of adjuvants. Historically, IL-17A has
been deemed very important in the mucosa but IL-17A also plays a
critical role in vaccine-induced immunity against bacterial infections.3°
The role of IL-17A in the context of vaccines against bacterial infec-
tions seems to be in the induction of chemokines that recruit Th1 cells,
neutrophils, macrophages, and results in enhanced phagocytosis.*84?
Although it has previously been shown that IL-10 can suppress Th17
cytokines secreted by T cells,”0 IL-17A is significantly induced in the
presence of Poly(l:C) and MPLA so is perhaps unaffected by IL-10 in
this neonatal context. These data in particular highlight the delicate
balance between stimulatory and inhibitory signals.

Our results so far suggest that Poly(l:C), either alone or in com-
bination with MPLA or ALUM, may have potential as a vaccine adju-

vant that can enhance neonatal monocyte, macrophage, moDC, and
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T cell function. In general, Poly(l:C) activation of CNA sensors can
enhance responses of MPLA and ALUM, adjuvants currently used in
pediatric vaccines, thereby supporting the idea that combinations of
adjuvants may be a useful way of promoting a more robust cellu-
lar immune response within a vaccine formulation for the neonatal
population.

The data presented here support the adjuvant potential of acti-
vation of CNAs in neonatal cells in vitro. An activator of RIG-I is
currently in phase 1 clinical trials as an adjuvant immunotherapy in
advanced/metastatic solid tumors in adults! so information on safety
of specific activation of RIG-I in humans will soon be readily available.
Poly(I:C) has been tested in many capacities as a vaccine adjuvant,”?
but primarily as an activator of TLR3. Specifically, several studies exam-
ining Poly(l:C)-loaded liposomes have shown promise in vaccination
studies in adult mice.>3>* Although these studies were carried out
on the premise that Poly(l:C) was stimulating the immune response
through TLR3, we suspect that RIG-1 detection of Poly(l:C) was occur-
ring due to the uptake of liposomes into APCs. Recent advances in
mRNA vaccine technology have allowed intramuscular delivery of RNA
vaccines and so have opened up the possibilities of utilizing intracellu-
lar stimulation of RNA receptors as a viable route for adjuvants. Investi-
gating a role for Poly(l:C) alone or in combination with other adjuvants
in an in vivo neonatal preclinical setting will be an important next step
in analyzing Poly(l:C) combinations as an adjuvant to improve pediatric

vaccines.

AUTHORSHIP

K.B.,E.N.,and J. O. C. performed the experiments.S.C.,M.C.,,and D. K.
identified suitable donors and collected data and bloods. K. B, E. J. M,,
P.T.W.,F.M. M, and S. D. designed the experiments, analyzed the data,

and wrote the manuscript.

DISCLOSURE

S.L.and K. B. are inventors on a patent application for the use of CNA

in neonatal vaccines.

ACKNOWLEDGMENTS

We would like to thank the women in The National Maternity
Hospital Holles Street who agreed to donate cord blood for this
research project. This work was supported by The National Chil-
dren’s Research Centre (NCRC) NCRC-C/17/2, Health Research Board
HRA_PHR/2013/290, IRCLA/2017/295, and Science Foundation Ire-
land 15/CDA/3497. Graphical abstract was designed using biorender.

Open access funding provided by IReL.

REFERENCES

1. WHO. 2021. Vaccines and immunization.

2. WHO. 2016. Global Vaccine Action Plan - Regional vaccine action
plans 2016 progress reports. 107.

3. Nanishi E, Dowling DJ, Levy O. Toward precision adjuvants: optimizing
science and safety. Curr Opin Pediatr. 2020;32:125-138.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

. Glenny AT. Insoluble precipitates in diphtheria and tetanus immuniza-

tion. Br Med J. 1930;2:244-245.

. Shi S, Zhu H, Xia X, Liang Z, Ma X, Sun B. Vaccine adjuvants:

understanding the structure and mechanism of adjuvanticity. Vaccine.
2019;37:3167-3178.

. Rose WA 2nd, Okragly AJ, Patel CN, Benschop RJ. IL-33 released by

alum is responsible for early cytokine production and has adjuvant
properties. Sci Rep. 2015;5:13146.

. Mori A, Oleszycka E, Sharp FA, et al. The vaccine adjuvant alum

inhibits IL-12 by promoting P13 kinase signaling while chitosan does
not inhibit IL-12 and enhances Th1 and Th17 responses. Eur J Immunol.
2012;42:2709-2719.

. Oleszycka E, McCluskey S, Sharp FA, et al. The vaccine adjuvant

alum promotes IL-10 production that suppresses Th1 responses. Eur
JImmunol. 2018;48:705-715.

. Coffman RL, Sher A, Seder RA. Vaccine adjuvants: putting innate

immunity to work. Immunity. 2010;33:492-503.

Duthie MS, Windish HP, Fox CB, Reed SG. Use of defined TLR lig-
ands as adjuvants within human vaccines. Immunol Rev. 2011;239:
178-196.

Danis B, George TC, Goriely S, et al. Interferon regulatory factor 7-
mediated responses are defective in cord blood plasmacytoid den-
dritic cells. Eur J Immunol. 2008;38:507-517.

De Wit D, Olislagers V, Goriely S, et al. Blood plasmacytoid dendritic
cell responses to CpG oligodeoxynucleotides are impaired in human
newborns. Blood. 2004;103:1030-1032.

De Wit D, Tonon S, Olislagers V, et al. Impaired responses to toll-
like receptor 4 and toll-like receptor 3 ligands in human cord blood. J
Autoimmun. 2003;21:277-281.

Kollmann TR, Crabtree J, Rein-Weston A, et al. Neonatal innate TLR-
mediated responses are distinct from those of adults. J Immunol.
2009;183:7150-7160.

Levy O. Innate immunity of the human newborn: distinct cytokine
responses to LPS and other Toll-like receptor agonists. J Endotoxin Res.
2005;11:113-116.

Levy O, Coughlin M, Cronstein BN, et al. The adenosine system selec-
tively inhibits TLR-mediated TNF-alpha production in the human new-
born. J Immunol. 2006;177:1956-1966.

Dowling DJ, Scott EA, Scheid A, et al. Toll-like receptor 8 agonist
nanoparticles mimic immunomodulating effects of the live BCG vac-
cine and enhance neonatal innate and adaptive immune responses. J
Allergy Clin Immunol. 2017;140:1339-1350.

Dowling DJ,van Haren SD, Scheid A, et al. TLR7/8 adjuvant overcomes
newborn hyporesponsiveness to pneumococcal conjugate vaccine at
birth. JCI Insight. 2017;2:€91020.

van Haren SD, Dowling DJ, Foppen W, et al. Age-specific adjuvant syn-
ergy: dual TLR7/8 and mincle activation of human newborn dendritic
cells enables Th1 polarization. J Immunol. 2016;197:4413-4424.
Alexopoulou L, Holt AC, Medzhitov R, Flavell RA. Recognition of
double-stranded RNA and activation of NF-kappaB by Toll-like recep-
tor 3. Nature. 2001;413:732-738.

Hornung V, Ellegast J, Kim S, et al. 5’-Triphosphate RNA is the ligand
for RIG-I. Science. 2006;314:994-997.

Corbett NP, Blimkie D, Ho KC, et al. Ontogeny of Toll-like receptor
mediated cytokine responses of human blood mononuclear cells. PLoS
One. 2010;5:15041.

Nohmi K, Tokuhara D, Tachibana D, et al. Zymosan induces immune
responses comparable with those of adults in monocytes, dendritic
cells, and monocyte-derived dendritic cells from cord blood. J Pediatr.
2015;167:€151-152.155-162.

Surendran N, Simmons A, Pichichero ME. TLR agonist combinations
that stimulate Th type | polarizing responses from human neonates.
Innate Immun. 2018;24:240-251.

Brennan K, O’Leary BD, Mc Laughlin D, et al. Type 1 IFN induction by
cytosolic nucleic acid is intact in neonatal mononuclear cells, contrast-



BRENNAN ET AL.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

ing starkly with neonatal hyporesponsiveness to TLR ligation due to
independence from endosome-mediated IRF3 activation. J Immunol.
2018;201:1131-1143.

Slavica L, Nordstrom I, Karlsson MN, et al. TLR3 impairment in human
newborns. J Leukoc Biol. 2013;94:1003-1011.

HogenEsch H, O’'Hagan DT, Fox CB. Optimizing the utilization of alu-
minum adjuvants in vaccines: you might just get what you want. NPJ
Vaccines. 2018;3:51.

Marckmann S, Wiesemann E, Hilse R, Trebst C, Stangel M, Windha-
gen A. Interferon-beta up-regulates the expression of co-stimulatory
molecules CD80, CD86 and CD40 on monocytes: significance for
treatment of multiple sclerosis. Clin Exp Immunol. 2004;138:499-506.
Reiser H, Stadecker MJ. Costimulatory B7 molecules in the patho-
genesis of infectious and autoimmune diseases. N Engl J Med.
1996;335:1369-1377.

LinY, Slight SR, Khader SA. Th17 cytokines and vaccine-induced immu-
nity. Semin Immunopathol. 2010;32:79-90.

Lehtinen M, Paavonen J, Wheeler CM, et al. Overall efficacy of HPV-
16/18 ASO4-adjuvanted vaccine against grade 3 or greater cervi-
cal intraepithelial neoplasia: 4-year end-of-study analysis of the ran-
domised, double-blind PATRICIA trial. Lancet Oncol. 2012;13:89-99.
Yerkovich ST, Wikstrom ME, Suriyaarachchi D, et al. Postnatal devel-
opment of monocyte cytokine responses to bacterial lipopolysaccha-
ride. Pediatr Res. 2007;62:547-552.

Montoya M, Schiavoni G, Mattei F, et al. Type | interferons produced
by dendritic cells promote their phenotypic and functional activation.
Blood. 2002;99:3263-3271.

Sun S, Zhang X, Tough DF, Sprent J. Type | interferon-mediated stimu-
lation of T cells by CpG DNA. J Exp Med. 1998;188:2335-2342.
McNab F, Mayer-Barber K, Sher A, Wack A, O’'Garra A. Type | interfer-
ons in infectious disease. Nat Rev Immunol. 2015;15:87-103.
Brinkmann V, Geiger T, Alkan S, Heusser CH. Interferon alpha
increases the frequency of interferon gamma-producing human CD4+
T cells. J Exp Med. 1993;178:1655-1663.

Demeure CE, Wu CY, Shu U, et al. In vitro maturation of human neona-
tal CD4 T lymphocytes. Il. Cytokines present at priming modulate the
development of lymphokine production. J Immunol. 1994;152:4775-
4782.

Gaidt MM, Ebert TS, Chauhan D, et al. Human monocytes engage an
alternative inflammasome pathway. Immunity. 2016;44:833-846.
Philbin VJ, Dowling DJ, Gallington LC, et al. Imidazoquinoline Toll-like
receptor 8 agonists activate human newborn monocytes and dendritic
cells through adenosine-refractory and caspase-1-dependent path-
ways. J Allergy Clin Immunol. 2012;130:195-204 €199.

Haddadi A, Chaffey A, Ng SH, Yalamati D, Wilson HL. Combination
of innate immune modulators as vaccine adjuvants in mice. Vaccines
(Basel). 2020;8.

Poecheim J, Heuking S, Brunner L, Barnier-Quer C, Collin N, Borchard
G. Nanocarriers for DNA vaccines: co-delivery of TLR-9 and NLR-2 lig-
ands leads to synergistic enhancement of proinflammatory cytokine
release. Nanomaterials (Basel). 2015;5:2317-2334.

Weir GM, Karkada M, Hoskin D, et al. Combination of poly l:c and
Pam3CSK4 enhances activation of B cells in vitro and boosts antibody
responses to protein vaccines in vivo. PLoS One. 2017;12:e0180073.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

JLBi‘E“G”KAé"cFYTE 537
BIOLOGY

van Duin D, Allore HG, Mohanty S, et al. Prevaccine determination of
the expression of costimulatory B7 molecules in activated monocytes
predicts influenza vaccine responses in young and older adults. J Infect
Dis. 2007;195:1590-1597.

Nguyen M, Leuridan E, Zhang T, et al. Acquisition of adult-like
TLR4 and TLR9 responses during the first year of life. PLoS One.
2010;5:e10407.

Elliott SR, Macardle PJ, Roberton DM, Zola H. Expression of the cos-
timulator molecules, CD80, CD86, CD28, and CD152 on lympho-
cytes from neonates and young children. Hum Immunol. 1999;60:1039-
1048.

Sharma P, Levy O, Dowling DJ. The TLR5 agonist flagellin shapes phe-
notypical and functional activation of lung mucosal antigen presenting
cells in neonatal mice. Front Immunol. 2020;11:171.

Dreschers S, Ohl K, Schulte N, Tenbrock K, Orlikowsky TW. Impaired
functional capacity of polarised neonatal macrophages. Sci Rep.
2020;10:624.

Higgins SC, Jarnicki AG, Lavelle EC, Mills KH. TLR4 mediates vaccine-
induced protective cellular immunity to Bordetella pertussis: role of
IL-17-producing T cells. J Immunol. 2006;177:7980-7989.

Lu VYJ, Gross J, Bogaert D, et al. Interleukin-17A mediates
acquired immunity to pneumococcal colonization. PLoS Pathog.
2008;4:€1000159.

GuY,Yang J,Ouyang X, et al. Interleukin 10 suppresses Th17 cytokines
secreted by macrophages and T cells. Eur J Immunol. 2008;38:1807-
1813.

Bcl-XL_42-CAFO9b vaccination for patients with prostate can-
cer with lymph node metastases. https://ClinicalTrials.gov/show/
NCT03412786

Martins KA, Bavari S, Salazar AM. Vaccine adjuvant uses of poly-IC and
derivatives. Expert Rev Vaccines. 2015;14:447-459.

Nordly P, Rose F, Christensen D, et al. Immunity by formulation design:
induction of high CD8+ T-cell responses by poly(l:c) incorporated into
the CAFO1 adjuvant via a double emulsion method. J Control Release.
2011;150:307-317.

Zaks K, Jordan M, Guth A, et al. Efficient immunization and cross-
priming by vaccine adjuvants containing TLR3 or TLR9 agonists com-
plexed to cationic liposomes. J Immunol. 2006;176:7335-7345.

SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher’s website.

How to cite this article: Brennan K, Craven S, Cheung M, et al.
Cytosolic dsRNA improves neonatal innate immune responses
to adjuvants in use in pediatric vaccines. J Leukoc Biol.
2022;112:523-537.
https://doi.org/10.1002/JLB.5A0521-242R


https://ClinicalTrials.gov/show/NCT03412786
https://ClinicalTrials.gov/show/NCT03412786
https://doi.org/10.1002/JLB.5A0521-242R

	Cytosolic dsRNA improves neonatal innate immune responses to adjuvants in use in pediatric vaccines
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Participants
	2.2 | Isolation of mononuclear cells, T cells, MDMs, monocytes, and moDCs
	2.3 | Stimulation of cells
	2.4 | Measurement of cytokines
	2.5 | Cell viability
	2.6 | DC-CD4+ T cell cocultures
	2.7 | Flow cytometry
	2.8 | Statistical analyses

	3 | RESULTS
	3.1 | RIG-I is abundantly expressed and functional on cord blood monocytes, MDMs, and moDCs, whereas TLR3 is absent
	3.2 | Cytosolic Poly(I:C) is more efficient at inducing Type I IFN production in human neonatal innate immune cells than adjuvants currently used in pediatric vaccines
	3.3 | MPLA is the most efficient adjuvant at inducing proinflammatory cytokines in human neonatal cells
	3.4 | Combination of Poly(I:C) and MPLA increases the diversity of cytokine responses from human neonatal myeloid cells
	3.5 | Cytosolic Poly(I:C) increases costimulatory marker expression on human neonatal monocytes and MDMs in combination with MPLA or ALUM
	3.6 | Cytosolic Poly(I:C) increases moDC-induced T cell proliferation and increases IFN and IL-17A production in neonatal T cells

	4 | DISCUSSION
	AUTHORSHIP
	DISCLOSURE
	ACKNOWLEDGMENTS
	REFERENCES
	SUPPORTING INFORMATION


