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Abstract

Most infections occur in early life, prompting development of novel adjuvanted vaccines to protect 

newborns and infants. Several Toll-like receptor (TLR) agonists (TLRAs) are components of 

licensed vaccine formulations or are in development as candidate adjuvants. However, the type and 

magnitude of immune responses to TLRAs may vary with the TLR activated as well as age and 

geographic location. Most notably, in newborns, as compared to adults, the immune response to 

TLRAs is polarized with lower Th1 cytokine production and robust Th2 and anti-inflammatory 

cytokine production. The ontogeny of TLR-mediated cytokine responses in international cohorts 

has been reported, but no study has compared cytokine responses to TLRAs between U.S. 

neonates and infants at the age of 6 months. Both are critical age groups for the currently pediatric 

vaccine schedule. In this study, we report quantitative differences in the production of a panel of 

14 cytokines and chemokines after in vitro stimulation of newborn cord blood and infant and adult 

peripheral blood with agonists of TLR4, including monophosphoryl lipid A (MPLA) and 

glucopyranosyl lipid Adjuvant aqueous formulation (GLA-AF), as well as agonists of TLR7/8 

(R848) and TLR9 (CpG). Both TLR4 agonists, MPLA and GLA-AF, induced greater 
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concentrations of Th1 cytokines CXCL10, TNF and Interleukin (IL)-12p70 in infant and adult 

blood compared to newborn blood. All the tested TLRAs induced greater infant IFN-α2 

production compared to newborn and adult blood. In contrast, CpG induced greater IFN-γ, IL-1β, 

IL-4, IL-12p40, IL-10 and CXCL8 in newborn than infant and adult blood. Overall, to the extent 

that these in vitro studies mirror responses in vivo, our study demonstrates distinct age-specific 

effects of TLRAs that may inform their development as candidate adjuvants for early life vaccines.
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Introduction

As a key feature of its host defense function, the human immune system recognizes a large 

variety of microbial products. A variety of hematopoietic cells express Toll-like Receptors 

(TLRs), a family of pattern-recognition receptors (PRRs) that recognize microbial products, 

to direct them to exert the appropriate effector function. Dendritic cells (DCs), key antigen-

presenting cells at the interface of innate and adaptive immunity, employ PRRs to interpret 

their surroundings and instruct the adaptive immune system to generate a humoral or cellular 

immune response. Adjuvanted vaccines leverage the ability of APCs to recognize microbial 

products and subsequently generate an immune response [1]. Many vaccines contain 

intrinsic components that engage one or more PRRs, such as Bacille Calmette Guérin (BCG; 

TLR2 and TLR4) [2, 3], oral polio vaccine (OPV;TLR3) [4, 5] and yellow fever vaccine 

(YFV; TLRs 7,8, and 9) [6]. Subunit vaccines, made from purified microbial products, may 

require an adjuvant, to instruct and enhance protective immune responses. Such is the case, 

for example, for, hepatitis B vaccine (HBV), human papilloma vaccine (HPV) and 

pneumococcal conjugate vaccine (PCV) [7, 8]. Vaccine efficacy is most often evaluated by 

seroconversion, even though appropriate activation of T-helper (Th)1 or Th17 cells and 

CD8+ cytotoxic T cells may be important for protection in some cases, especially against 

intracellular pathogens [9–13].

A growing literature documents the cellular and molecular mechanisms by which PRR 

agonists can serve as adjuvants [14–19]. Adjuvants such as alum and MF59 enhance the 

immune response to vaccinal antigens that can involve both Th1 and Th2 cells, whereas 

adjuvants that activate TLR3, -4, -7, -8 and -9 induce a more Th1-biased T-cell response [7, 

20]. The type and magnitude of an immune response to a vaccine or an adjuvant can be age-

specific. For instance, children under 2 years of age fail to mount an adequate response to 

pneumococcal polysaccharide vaccine (PPV), an alum-adjuvanted subunit vaccine that is 

effective in adults [21]. Instead, children under the age of 2 years can effectively be given a 

pneumococcal conjugate vaccine (PCV), which is adjuvanted with Alum and CRM197, a 

tetanus toxoid that enables CD4+ T cells to mediate seroconversion [22]. In vivo and in vitro 
studies have also demonstrated that the innate immune response to pure TLR agonists 

(TLRAs) is age-dependent and functionally distinct in cord blood mononuclear cells, as 

compared to their adult counterparts [23–26]. Newborn monocytes and monocyte-derived 

DCs (moDCs) produce less of the Th1-polarizing cytokine TNF, in response to stimulation 
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through TLR2, -3 or -4, than adult cells [27, 28]. In contrast, newborn monocytes and 

moDCs produce more interleukin (IL)-6 and IL-10, potentially leading to less Th1 induction 

[23, 27, 29]. Of note, newborn monocytes, as well as DCs do produce adult-like levels of 

TNF and IL-1β in response to TLR7/8 agonists, raising interest in these agonists as potential 

vaccine adjuvants in early life [23, 30–32].

In this study we employed a whole blood assay (WBA) to study the ontogeny of cytokine 

responses to four TLRAs: monophosphoryl lipid A (MPLA; TLR4), an aqueous formulation 

the novel glucopyranosyl lipid antigen (GLA-AF; TLR4) [33, 34], resiquimod (R848; 

TLR7/8) and CpG oligonucleotide ODN 2395 (TLR9). Although both MPLA and GLA are 

based on the core lipid A of LPS, there are important differences between these two 

molecules, including that the latter is synthetic [34]. We measured the production of 14 

cytokines [35] and potential reactogenicity biomarker prostaglandin E2 (PGE2) [36] after 

stimulation of umbilical cord blood, peripheral blood from 6-month old infants and 18–40-

year old adults. We noted that the cytokine response varied by age and TLRA. Cytokine 

production in response to TLR7/8 agonist R848 was comparable between all age groups 

tested. While the production of Th1 cytokines by newborn cells was impaired, blood from 6-

month old infants produced adult-like levels of Th1 cytokines in response to TLR4 agonists. 

We also observed that CpG induced robust cytokine induction in newborn blood and GLA-

AF demonstrated greater potency and efficacy than MPLA in inducing Th-polarizing 

cytokine production in infant blood.

Materials and Methods

Ethics Statement

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 experiments were performed in accordance with relevant institutional 

and national guidelines, regulations, and local Institutional Review Board (IRB) approval. 

Adult participants provided de-identified blood samples after written informed consent in 

accordance with a protocol approved by the IRB of Boston Children’s Hospital (BCH), 

Boston, MA (protocol number X07- 05-0223). Infant donors were recruited from the 

Children’s Hospital Primary Care Clinic during routine out-patient visits to receive vaccines 

as scheduled (diphtheria, tetanus, acellular pertussis (DTaP; 7 of 8 infants), hepatitis B 

vaccine (HBV; 1 of 8), rotavirus (RV; 7 of 8), haemophilus B conjugate vaccine (PRP-T), 

pneumococcal conjugate vaccine (PCV13; 7 of 8), inactivated poliovirus (IPV; 3 of 8)). In 

order to reduce the burden on enrolled infants, and to reduce drop-outs from scheduled 

immunization, blood draws in this age group occurred immediately after routine 6-month 

immunizations.. Informed consent was provided by parents for collection of de-identified 

infant blood samples in accordance with the BCH IRB (protocol number P00010750). Blood 

was drawn into a syringe with no additives, and then immediately added to 5 ml pyrogen-

free polypropylene tubes (Sigma-Aldrich Co. LLC. St Louis, MO, USA) containing 

pyrogen-free heparin (American Pharmaceutical Partners, Inc.; Schaumberg, IL, USA) in a 

1:50 ratio to blood. Blood and heparin were mixed by inversion.
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TLR Agonists and Assay Reagents

The following TLRAs were used at the concentrations noted in the figure legends: MPLA 

(TLR4), R848 (TLR7/8), and ODN 2395 (TLR9) all from from InVivogen (San Diego, CA). 

GLA-AF (TLR4) was from the Infectious Diseases Research Institute (IDRI; Seattle, WA).

Blood Sample Processing and in vitro Stimulation

For assessment of TLRA activity in whole blood, we used an adaptation of the method of 

Kollmann et al [37]. Neonatal cord blood, infant peripheral blood, or adult peripheral blood 

was diluted 5x with sterile pre-warmed (37°C) RPMI 1640 medium (Invitrogen, Carlsbad, 

CA) and 135 μL of the suspension was added to each well of a 96 well round-bottom plate 

(Becton Dickinson, Franklin Lakes, NJ, USA) containing 15 μl freshly prepared specific 

TLRAs at 10x the final concentration. Suspensions containing 150 μl/well were gently 

mixed by pipetting and incubated for 18 h at 37°C in a humidified incubator at 5% CO2. 

After culture, plates were centrifuged at 500 × g and 3 aliquots of 35 μl of supernatant were 

carefully removed by pipetting without disturbing the cell pellet. Supernatants derived from 

human leukocyte stimulations were assayed by ELISA for TNF (BD Biosciences, San Jose, 

CA, USA) and PGE2 (Cayman Chemicals; Ann Arbor, MI) and by multiplexing bead array 

(Millipore).

Cytokine measurement by multi-analyte fluorescent bead-based array

Cytokine concentrations in supernatants derived from whole blood assays was measured by 

multi-analyte bead array (Milliplex) using a custom-designed Cytokine Human Magnetic 

Panel from Invitrogen – Life Technologies (Carlsbad, CA, USA), including IFN-alpha2, 

IFN-γ, IL-10, IL-12p40, IL-12p70, IL-1β, IL-6, and TNF. Results were obtained with a 

MAGPIX system with Luminex xPONENT software (both from Luminex Corp., Austin, 

TX, USA). Cytokine concentrations were determined using Milliplex Analyst (version 

3.5.5.0, Millipore) software.

Statistical Analyses and Graphics

Data were analyzed using Prism for MacIntosh v. 5.0b (GraphPad Software Inc., San Diego, 

CA). Data in figures represent means ± SEM. Differences between conditions at a single 

concentration were evaluated using a Student’s t-test, and differences across a range of 

different concentrations were evaluated via repeated measured analysis of variance (RM-

ANOVA), and p values <0.05 were considered significant.

Results

The age specific effects of four different TLRAs were evaluated in vitro using whole blood 

from three cohorts: (a) cord blood from full term newborns (mean gestational age of 39 

weeks), (b) infant peripheral blood donors (mean age of 6 months) and (c) adult peripheral 

blood donors (mean age of 35 years; n = 8 per cohort). Concentration-dependent cytokine 

production in response to MPLA, GLA-AF, R848 and CpG was quantified after stimulation 

of RPMI-diluted blood. The reduced ability of newborn blood to produce Th1 cytokines in 

response to many TLRAs is well described [24, 29, 37]. To investigate the production of 14 

cytokines and PGE2, we tested 12-point concentration-response curves for each of these 
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analytes to determine the maximal response to TLRAs by each age group and for each 

analyte. These maximal responses were evaluated for statistically significant differences 

between age groups in Fig. 1 (for a complete overview of dose-response curves, see also 

Supplementary Fig. 1 and Table 1). Consistent with prior reports [23, 24, 29, 38, 39], the 

production of IL-10, IL-6 and CXCL8 was higher in newborn whole blood than in adult 

whole blood after stimulation with TLR4 or TLR7/8 agonists. Newborn blood produced 

greater concentrations of these cytokines than infant blood, and were highest in newborns 

after stimulation with CpG (Fig. 1). However, differences in maximal response between all 

age groups in CpG-stimulated blood as well as between newborns and adults in GLA- or 

R848-stimulated blood were not statistically significant. The differences between the 12-

point dose-response curves under all these conditions were statistically significant when 

measured by RM-ANOVA (Supplementary Fig. 1, see also Fig. 4). As previously reported 

for moDCs [32], a higher production of IL-1β by newborns after stimulation with R848 was 

also observed. Panels E–F indicate that the production of chemokines CCL2, CCL3 and 

CCL5 in response to TLRAs is more distinct in newborns as well. Of note, TLR4-mediated 

production of the pro-inflammatory cytokines IFN-α, GM-CSF and TNF in response to 

MPLA and GLA-AF was highest in the infant age group. Although the higher production of 

IFN-α in infants after stimulation with MPLA, GLA-AF or CpG was not statistically 

significant from that of other age groups, these TLRAs were more potent in infant than in 

newborn or adult blood (MPLA infant 62.5 ng/ml vs newborn 1000 ng/ml, adult 500 ng/ml; 

GLA infant 250 ng/ml vs. newborn 1000 ng/ml, adult 500 ng/ml; CpG infant 6.25 μg/ml vs. 

newborn and adult 12.5 μg/ml; see also Supplementary Figure 1). TLR4 and TLR7/8-

mediated production of the Th1 cytokines CXCL10, IL12 and IFN-γ demonstrated age-

dependency, from least production in newborns, intermediate in infants to most in adults. In 

contrast, newborn whole blood demonstrated adult-level CpG-induced Th1 cytokine 

production. CpG results, as well as CXCL10 production in response to GLA were 

statistically significant when comparing the dose-response curves using RM-ANOVA.

A direct comparison of the cytokine profiles induced by the TLR4 agonists, MPLA and 

GLA-AF, (Fig. 2) shows that both GLA-AF and MPLA induce a similar cytokine profile that 

changes per age group (Fig. 2A, E, I), with a number of exceptions, which are highlighted in 

the sub-panels. For the radar graphs a fixed concentration of TLR4 agonist is displayed (62.5 

ng/ml). At this concentration near-maximal responses were consistently observed in both 

GLA- and MPLA- stimulated samples for most cytokines. In general, GLA-AF was 

significantly more potent and more effective than MPLA at inducing Th-polarizing cytokine 

production in vitro, including (a) greater neonatal IL-1β, IL-6 and CCL4 production (Fig. 

2B–D), (b) greater CXCL10 production in both infants and in adults (Fig. 2F,J), greater TNF 

and IL-10 in infants (G–H), and greater IFN-γ and IL12p70 in adults (K–L).

In response to the TLR4 agonist GLA-AF, newborns demonstrated impaired production of 

Th1-associated cytokines typical of their responses to other TLRAs [27, 29, 37, 40, 41] (Fig. 

3). Age-dependent differences were noted in the production of all cytokines measured at a 

fixed concentration (62.5 ng/ml; Fig. 3A). While the production of Th1 cytokines CXCL10, 

IFN-γ, and IL12p70 was approximately one log lower in newborns as compared to adults as 

well as infants (Fig. 3 B–D), the production of Th2 cytokine IL-6 and chemokines CCL2 

and CXCL8 (formerly IL-8) and the anti-inflammatory cytokine IL-10 were similar to or 
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greater than adult levels in newborns as well as infants (F–I). Of note, GLA-induced 

production of IFN-α was greater in infants as compared to newborns and adults (E). Indeed, 

newborns and adults were significantly different at multiple agonist concentrations 

(Student’s t-test), and across the entire concentration spectrum (repeated-measures ANOVA; 

Fig. 3B–I).

In contrast to the pattern with other TLRAs, CpG induced the greatest cytokine response in 

newborns as compared to infants or adults (Fig. 4A). Neonatal CpG-induced production of 

IFN-γ, IL-1β, IL-6, IL-12p40, IL-10, CCL2 and CXCL8 was greater than that of infants and 

adults. As has been noted in other cohorts [31, 32, 40], R848 induced the most robust 

cytokine production of all TLRAs tested in all three age groups- i.e., newborns, infants and 

adults (Fig. 4B; Supplementary Fig. 1). Prostaglandin E2 (PGE2) exerts multiple effects on 

the immune system [42, 43], and has been suggested based on studies of monoMac cells as a 

potential in vitro biomarker for adjuvant reactogenicity [36]. Interestingly, newborn blood 

demonstrated the greatest basal and TLRA-induced levels of PGE2 (Fig. 5). PGE2 secretion 

in response to TLRAs was most pronounced in response to R848 (Fig. 5B–D).

Discussion

In vitro experiments using whole blood from healthy donors is a practical approach to assess 

the immunological activity of pathogens or (potential) vaccine adjuvants [40, 44–47], and 

has revealed age-specific differences in the immune response to TLRAs [27, 31, 37, 48–51]. 

Of all three age groups compared in the present study, the infant age group (age 2–6 months) 

receives the most vaccines within the vaccination schedules of most industrialized/wealthy 

countries, including in the U.S. and E. U. [52]. Paradoxically, this is also the age group in 

which the immune response is the least studied in vitro, likely due to limitations in 

accessibility and restrictions in blood volume. In a prior study, the production of 9 cytokines 

was measured in a whole blood assay with newborns, adults and infants of age 3, 6, 9 and 12 

months [39] after stimulation with LPS or CpG. Both agonists were used at a single 

concentration only. In this study, newborn, infant and adult peripheral blood was used to 

investigate the innate immune response to candidate vaccine adjuvants MPLA, GLA-AF, 

R848 and CpG. We used these agonists at a range of 12 different concentrations, allowing 

not only for comparison of maximal cytokine responses, but also for comparison of potency 

of these adjuvants between the age groups. The most commonly measured cytokines in a 

whole-blood assay are TNF and IL-6. In this study we characterized production of 14 

cytokines representing different immune functions, such as innate immune cell activation, T-

cell polarization and chemoattraction.

As compared to adults, the immune system of newborns is characterized by skewed TLR-

mediated cytokine production, with impaired production of Th1-polarizing cytokines such as 

TNF and IL-12p70, but robust production of Th2/Th17-polarizing IL-6. [23, 37]. Newborn 

lymphocytes include predominantly immature B cells [53], and naïve CD4+ T lymphocytes 

are skewed to develop into T-helper 2 cells [26]. Limited information is available about the 

extent to which some of the unique features of the newborn immune system extend into 

early childhood [39, 40]. Studying the innate immune system of 2–6 month old infants in 
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response to vaccine adjuvants is relevant, as this is the age group that receives the most 

vaccines in developed countries.

The functionally distinct impairment in secretion of Th1 cytokines in response to TLRAs in 

newborns is not observed in infants, which may explain why many vaccines are effective in 

infants but not in newborns (Figure 1). Interestingly, infants (mean age 6 months) were the 

only age group that produces significant amounts of IFN-α and TNF in response to TLR4 

stimulation (Fig. 1 H–J). In order to reduce the burden on enrolled infants, and to reduce 

drop-outs from scheduled immunization, blood draws in this age group occurred 

immediately after routine 2-month immunizations, which may have modulated the cytokine 

response in the whole-blood assay. This is unlikely, however, as peripheral blood collection 

took place within an hour of immunization and baseline levels of any cytokine were not 

significantly different in any age group as compared to the other age groups. In addition, a 

peak IFN-α response at 6 months has been previously described [49].

To our knowledge, ours is the first study characterizing the activity of GLA-AF across three 

age groups, including newborns and infants. Prior to our current study all published 

(Pubmed as of March 29, 2016) studies reporting cytokine production of newborn cells in 

response to TLR4 stimulation employed LPS or MPLA. Although structurally similar to 

MPLA, GLA is a synthetic product with molecular and immunological properties that are 

distinct from MPLA [34, 54]. GLA-AF was more potent and effective than MPLA in 

inducing multiple cytokines (Figure 2). In newborns, the production of CCL4, IL-1β and 

IL-6 is ~10-fold more after stimulation with GLA-AF than MPLA. Impairment in Th1 

cytokine production was much less profound in infants (Figures 2 and 3). Specific 

differences between the TLR4 agonists in infants include greater production of TNF, IL-10 

and CXCL10 after stimulation with GLA-AF than MPLA. Most strikingly, GLA-AF 

induced a significant increase in Th1-polarizing cytokines including IFN-γ, IL-12p70 and 

CXCL10.

Compared to adults, newborns produced less TNF and more IL-6 in response to a TLR4 

agonist (Fig. 2–4), as has been noted previously [23, 27]. We also noted impaired TLR4-

mediated production of additional Th1-cytokines, including CXCL10, IFN-γ and IL-12p70. 

In contrast, neonatal production of non-Th1 cytokines, such as IL-6, IL-10 and CXCL8, was 

equal or greater than in adults. In contrast to the pattern with other TLRAs, CpG, a TLR9 

agonist, induced the greatest cytokine response in newborns as compared to infants or adults 

(Figure 4), with the exception of CXCL10, TNF, IL-12p40 and IFN-α. Prior studies have 

reported impaired responses of human newborn plasmacytoid DCs to CpG, but robust IFN-α 

production by neonatal plasmacytoid DCs (pDCs) in response to viruses that engage TLR7 

and TLR9 [55–57]. The discrepancy between our results demonstrating robust CpG-induced 

cytokines in newborns and cited literature is currently unclear though we note our study 

employed 5x diluted blood instead of whole blood or purified pDCs. Neonatal plasma is rich 

in immunomodulatory molecules and dilution may account for modulation of cytokine 

responses to TLRAs. Of note, it is uncertain what the relevant concentration (e.g., volume/

volume) of plasma components may be at local tissues or sites of immunization, though it is 

unlikely to be 100%.
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Moreover, the absolute number of pDCs per volume of blood is highest at birth, and declines 

with age [58, 59], providing an alternative explanation for the observed robust response to 

CpG in newborn blood, despite the above-mentioned functional impairment of these cells. 

Speculation as to the contribution of cell type composition to the observed cytokine 

responses in each age group is complicated by the fact that absolute quantity of several 

myeloid and lymphoid subsets is higher early in life, but the function and phenotype of these 

cells is more immature in nature [53, 60].

Of all the adjuvant TLRAs evaluated in our study, the TLR7/8 agonist R848 induced the 

most robust cytokine production at all age groups- newborns, infants and adults (Figure 4B).

In addition to cytokine production, we also measured production of PGE 2, an 

immunologically active mediator that modulates immunity [43, 61]. PGE2 plays a key role 

in the modulation of innate [29, 43, 61] as well as adaptive immune responses [62–64] and 

provides additional characterization of age- and adjuvant-specific differences in leukocyte 

activation. Of note, adjuvant-induced PGE2 induction by the monomac6 monocytic cell-line 

tested in vitro has been linked to reactogenicity in vivo [36], though it has yet to be 

established that PGE2 serves as a reactogenicity biomarker in other in vitro model systems, 

such as whole blood [65]. We noted that basal levels of PGE2 were elevated in newborns and 

TLRAs induced robust neonatal PGE2 induction (Fig. 5). This age-specific effect was 

apparently diminished by 6 months of age, as infant plasma PGE2 levels were comparable to 

those of adults.

Our study features a number of important strengths. To our knowledge, ours is the first study 

that: evaluated the ability of TLR-activating adjuvants to induce cytokine and chemokine 

production in U.S.-based infants, compared commonly used TLRAs to MPLA and to GLA-

AF, a novel and promising adjuvant currently being evaluated in human clinical trials [33, 

66], and that included measurement of PGE2, a potential biomarker of reactogenicity [36]. 

Our study also has some limitations. It was an in vitro study, and although recent studies 

suggest that TLRAs active in vitro are also active in humans in vivo [31, 32, 67, 68], the 

extent of correlation with responses in vivo remains uncertain. In addition, our study size 

was limited, and infant blood was drawn after routine immunization, reflecting the well 

described challenges of enrolling U.S. infant cohorts [69, 70].

Overall, our study reveals significant differences in TLRA-induced cytokine production in 
vitro, varying with both TLRA and age group. To the extent that our in vitro data reflect the 

bioactivity of these TLRAs in vivo, our results suggest the importance of accounting for age-

and adjuvant-specific responses in informing future pediatric vaccine development. In 

particular, CpG induced robust production of an array of Th-polarizing cytokines and 

chemokines in newborn blood and the novel adjuvant GLA-AF was more potent and 

effective than MPLA in inducing Th polarizing cytokine production in all age groups. 

Further in vitro and in vivo studies, including those in appropriate animal models, are 

needed to assess the potential of CpG, GLA-AF and other TLRAs as candidate pediatric 

vaccine adjuvants.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Cytokine responses to TLR ligands were compared in blood from U.S. neonates, 

infants and adults.

Age-dependent levels of cytokine secretion occur after stimulation of blood with 

TLR ligands.

TLR4 ligands induced greater Th1 cytokine production in infant and adult blood 

than in newborn blood.

TLR ligands induced greater IFN-α2 production in infant blood compared to 

newborn and adult blood.

A TLR9 ligand induced greater cytokine production in newborn blood than in 

infant or adult blood.
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Fig. 1. Age-dependent TLR agonist-induced cytokine production in whole blood
Newborn, infant or adult peripheral blood was diluted 5x and stimulated with MPLA (TLR4; 

0.98–1000 ng/ml), GLA-AF (TLR4; 0.98–1000 ng/ml), R848 (TLR7/8; 0.098–100 μM) or 

CpG (TLR9; 0.049–50 μg/ml). Maximal response was determined for each age group 

(N=Newborn, I=Infant and A=Adult). Comparison of TLRA-induced cytokine production 

between newborns, infants and adults is shown. Stars indicate statistical significance 

between age groups indicated as measured by Student’s t-test. (*p<0.05, **p<0.01, 

***p<0.001)
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Fig. 2. GLA-AF is more potent and effective than MPLA in inducing cytokines in all age groups
Newborn, infant or adult blood was diluted 5x and stimulated with MPLA or GLA-AF at 

concentrations indicated. A,E,I) Radar graphs demonstrate the magnitude of production of 

14 cytokines at a fixed concentration of GLA-AF and MPLA, both 62.5 ng/ml. B–L) 
Concentration-response graphs compare the production of CCL4 (B), CXCL10 (F,J), IL-1β 

(C), TNF (G), IFN-γ (K), IL-6 (D), IL-10 (H) and IL-12p70 (L) between MPLA and GLA-

AF at concentrations as indicated. Stars adjacent to a curve indicate statistical significance at 

that concentration as measured by Student’s t-test. Stars above the connector-lines indicate 

statistical significance between the connected curves, as measured by 2-way ANOVA. 

(*p<0.05, **p<0.01, ***p<0.001)
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Fig. 3. GLA-AF induces robust Th2 cytokine production in newborns and infants as well as age-
dependent maturation Th1 cytokine production
Newborn, infant or adult blood was diluted 5x and stimulated with GLA-AF at the 

concentrations indicated. A) Radar plot demonstrates the magnitude of production of 14 

cytokines at a fixed concentration of GLA-AF, 62.5 ng/ml. B–I) Concentration-response 

graphs compare the production of CXCL10 (B), IFN-γ (C), IL-12p70 (D), IFN-α (E), IL-6 

(F), CXCL8 (IL-8) (G), IL-10 (H) and CCL2 (I) between newborns, infants and adults at 

concentrations of GLA-AF indicated. Stars adjacent to a curve indicate statistical 

significance at that concentration as measured by Student’s t-test. Stars above the connector-

lines indicate statistical significance between the curves connected by the connector-line, as 

measured by 2-way ANOVA. (*p<0.05, **p<0.01, ***p<0.001)
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Fig. 4. Robust R848- and CpG-induced cytokine production in human newborn cord blood
Newborn, infant or adult blood was diluted 5x and stimulated with A) CpG (TLR9 agonist; 

6.25 μg/ml) or B) R848 (TLR7/8 agonist; 12.5 μM). Radar graph compares the magnitude of 

production of 14 cytokines between newborns, infants and adults as measured by multiplex 

assay.
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Fig. 5. Newborn cord blood demonstrates higher basal and TLR agonist-induced Prostaglandin 
E2 concentrations than infant and adult blood
Newborn, infant and adult blood was diluted five-fold with RPMI, then stimulated with 

buffer control, MPLA (highest concentration 1 μg/ml), GLA-AF (highest concentration 1 μg/

ml), R848 (highest concentration 100 μM) or CpG (highest concentration 50 μg/ml) as 

indicated and ten 2-fold dilutions thereof. A) Basal levels of PGE2 in blood stimulated with 

vehicle only shows higher levels of basal PGE2 in newborns. B–D). After stimulation with 

MPLA, GLA-AF, R848 or CpG at concentrations indicated, the production of PGE2 was 

greater in newborn blood as compared to infant and adult blood. Stars adjacent to a curve 

indicate statistical significance at that concentration as measured by Student’s t-test. Stars 

above the connector-lines indicate statistical significance between the curves connected by 

the connector-line, as measured by 2-way ANOVA. (*p<0.05, **p<0.01, ***p<0.001)
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