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Abstract

Human newborns are susceptible to microbial infection and mount poor vaccine responses, yet the
mechanisms underlying their susceptibility are incompletely defined. We have previously reported
that despite normal basal expression of Toll-like receptors (TLRs) and associated signaling
intermediates, human neonatal cord blood monocytes demonstrate severe impairment in TNF-a
production in response to triacylated (TLR 2/1) and diacylated (TLR 2/6) bacterial lipopeptides
(BLPs) {Levy et al J Immunol 173: 4627}. We now demonstrate that in marked contrast, BLP-
induced synthesis of IL-6, a cytokine with anti-inflammatory and Th2-polarizing properties, is
actually greater in neonates than adults. Remarkably, newborn blood plasma confers substantially
reduced BLP-induced monocyte synthesis of TNF-a, while preserving IL-6 synthesis, reflecting the
presence in neonatal blood plasma of a soluble, low-molecular weight inhibitory factor (< 10 kDa)
that we identify as adenosine, an endogenous purine metabolite with immunomodulatory properties.
The neonatal adenosine system also inhibits TNF-o production in response to whole microbial
particles known to express TLR2 agonist activity, including Listeria monocytogenes, E. coli (that
express BLPs), and zymosan particles. Selective inhibition of neonatal TNF-a production is due to
the distinct neonatal adenosine system, including relatively high adenosine concentrations in neonatal
blood plasma and heightened sensitivity of neonatal mononuclear cells to adenosine A3 receptor-
mediated accumulation of CAMP, a second messenger that inhibits TLR-mediated TNF—a. synthesis
but preserves IL-6 production. We conclude that the distinct adenosine system of newborns polarizes
TLR-mediated cytokine production during the perinatal period and may thereby modulate their innate
and adaptive immune responses.
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Introduction

Human newborns suffer a relatively high frequency and severity of invasive microbial
infections compared to healthy adults (1). The challenge of addressing neonatal susceptibility
is further compounded by the poor memory responses that neonates mount to most vaccines
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(2). This susceptibility necessitates a conservative diagnostic and therapeutic approach to
newborns and is generally ascribed to “immaturity” of the newborn immune system. Recent
studies suggest that neonatal immunity may be Th2-biased, presumably to avoid Thl-type
inflammation-induced maternal rejection of fetal antigens that can result in spontaneous
abortion or premature delivery and its attendant complications (3,4). Thus both innate and
adaptive immunity are distinct at birth relative to adulthood, but the molecular mechanisms
underlying these differences are still being defined.

Toll-like receptors (TLRs) play crucial roles in the recognition of microbes by the innate
immune system and trigger responses important to both acute inflammation and the instruction
of adaptive immunity (5). Despite the growing appreciation of the importance of TLRs in
recognition of microbes and their products, much remains to be learned about their expression
and function at birth (6). We have recently shown that despite normal basal expression of TLRs,
CD14, and TLR-associated signaling intermediates, neonatal blood monocytes demonstrate
reduced TLR agonist-induced synthesis of TNF-a, a pro-inflammatory cytokine with Thl-
polarizing activity (7). This deficiency in TLR-induced TNF-a was particularly pronounced
for the bacterial lipopeptides (BLPs), including the triacylated BLP Pam3Cys-SSNA (TLR 2/1)
and the diacylated BLP macrophage—-activating lipopeptide (MALP; TLR 2/6), that required
at least 2-3 logs greater concentrations to induce equivalent TNF-a synthesis in neonatal blood
monocytes than in adult blood monocytes (7).

BLPsare expressed by awide range of Gram-positive, Gram-negative and Mycoplasma species
and contain a distinct, amino-terminal lipo—amino acid, N—-acyl-S-diacylglycerylcysteine, that
is the target of innate immune surveillance (8). During invasive infections, bacteria release
BLPs into the bloodstream, thereby activating inflammatory responses that influence the
outcome of infection (9). The immunostimulatory activities of BLPs have been effectively
reproduced by synthetic bacterial lipopeptides corresponding to the N-termini of BLPs that
activate host cells via TLR2 (10). Such synthetic BLPs not only model important inflammatory
bacterial surface components, but are also candidate vaccine adjuvants (11,12), further
elevating the importance of characterizing neonatal innate immune responses to BLPs. Of note,
inaddition to its role in detecting pure BLPs, TLR2 also plays a sentinel role in detecting whole
microbes, including important neonatal pathogens, such as E. coli (via detection of BLPs (9)),
L. monocytogenes (13), as well as yeast such as Candida albicans (14).

Our previous study raised fundamental questions regarding the specificity and mechanism of
altered TLR-induced cytokine production in human newborns (7). As that study was focused
on the cytokine TNF—a, it was unclear whether the impairment in the inflammatory response
to TLR agonists is a generalized phenomenon or cytokine-specific. Although the study
indicated that differences in soluble factor(s) in neonatal and adult plasma account for
decreased TLR-induced neonatal TNF—a production, it was also unclear whether the ability of
neonatal plasma to limit TLR-induced TNF-a production reflected the absence of an activator
or the presence of an inhibitor. Finally, the identity of such a soluble plasma modulatory factor
was unknown.

We now report that in marked contrast to deficient TLR-induced TNF-a synthesis from
neonatal blood monocytes, BLP- and whole microbe-induced production of IL-6, a cytokine
with anti-inflammatory (15) and Th2-polarizing properties (16,17), remains fully intact in
newborns. Moreover, we demonstrate that adenosine, an endogenous purine metabolite with
immunomodulatory properties (18,19), significantly contributes to the impairment of the
neonatal TNF—a response to BLPs and to whole microbial particles. Neonatal blood plasma
contains relatively high adenosine concentrations and neonatal cells have heightened
sensitivity to adenosine's actions. Adenosine, via engagement of A3 adenosine receptors,
induces generation of cyclic adenosine monophosphate (cCAMP), a second messenger that
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inhibits BLP- and microbe-induced TNF-a synthesis from neonatal monocytes while
preserving BLP- and microbe-induced IL-6 production.

Materials and Methods

Blood

Peripheral blood was collected from healthy adult volunteers (mean age 26.2 years) and
newborn cord blood (mean gestational age 38.3 weeks) collected immediately after cesarean
section delivery of the placenta. Births at which antibiotics were administered during labor
and/or delivery, and births to HIVV-positive mothers were excluded. Human experimentation
guidelines of the US Department of Health and Human Services, Children's Hospital, Boston,
and the Brigham & Women's Hospital were observed, following protocols approved by local
Institutional Review Boards. Blood was anticoagulated with 109 mM sodium citrate or, for
preparation of serum, collected into sterile tubes without additives (Becton Dickinson, Franklin
Lakes, NJ). Plasma was prepared by centrifugation of blood (930 g for 15 min) and serum by
allowing blood to clot (30 min, room temperature) prior to centrifugation (930 g for 20 min).
For experiments employing hemocytes (i.e., white and red blood cells), whole blood was
centrifuged and the cellular fraction washed three times with sterile, pyrogen-free Hank's
Balanced Salt Solution (HBSS) buffer without magnesium or calcium (Gibco BRL, Grand
Island, NYY) prior to cell resuspension in either autologous or heterologous citrated plasma, as
previously described (7). Mononuclear cells (MCs) were isolated from newborn cord blood
(CBMCs) and from adult peripheral blood (PBMCs), also as previously described (7). In brief,
heparinized blood was layered onto Ficoll-Hypaque gradients (Sigma), and the MC layer
collected and subjected to hypotonic lysis to remove red blood cells. MCs were subsequently
cultured in suspension (106 cells/mL) in fresh autologous serum or citrated plasma. A similar
pattern of TLR-mediated TNF-a and IL-6 production, of inhibition of BLP-induced TNF-a
production, and of cellular ;cAMP content, was observed when culturing cells in either neonatal
serum or citrated plasma.

TLR Agonists

The synthetic triacylated BLP Pam3-Cys-SSNA corresponding to the N-terminus of a BLP
from E. coli B/r (20) was from Bachem Bioscience (King of Prussia, PA) and the synthetic
diacylated BLP macrophage—activating lipopeptide-2 (MALP) from Mycoplasma
fermentans (21) (S-(2,3-bisAcyloxypropyl)-cysteine-GNNDESNISFKEK) was from Alexis
Biochemicals (Lausen, Switzerland). Specificity of TLR agonists was previously confirmed
using TLR-transfected Human Embryonic Kidney (HEK) 293 cells as well as a neutralizing
mAb to TLR2 (7,22). Microbial particles with known TLR2 agonist activity included E. coli,
known to express BLPs that activate TLR2 (9), Listeria monocytogenes (13), and zymosan
(23). E. coli K1/r, a bacteremic isolate, was a kind gift of Dr. Alan Cross (U. of Maryland) and
was grown as previously described (24). L. monocytogenes serotype 4b (isolated from the
cerebrospinal fluid of a child with meningitis; American Type Culture Collection strain 13932)
was grown in Brain Heart Infusion broth (Becton Dickinson; Sparks, MD) overnight and then
in sub-culture to an O.D. 650nm of 0.5 then re-suspended in sterile saline to 3 x 109/mL.
Bacteria were heat-killed at 80°C for 60 min and an aliquot plated to confirm lack of viability.
Zymosan (from Saccaromyces cerevisiae; InvivoGen) was prepared in 10% EtOH made up in
sterile, endotoxin-free water.

Cell stimulation and cytokine measurement

BLPs were incubated in whole blood or in MC suspensions (108 cells/mL) in pyrogen-free
polypropylene tubes (Posi-Click tubes, Denville Scientific; Metuchen, NJ) for 5 hours in room
air at 37°C with end-over-end rotation, samples were diluted with five volumes of ice-cold
RPMI medium (Gibco BRL) and centrifuged at 1,020x g at 4°C for 5 minutes. The supernatant
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was recovered and stored at —20°C until assay of TNF-a or IL-6 by ELISA (R&D Systems,
Minneapolis, MN). In some experiments, cytokines were measured by flow cytometry on a
MoFlo cytometer (DakoCytomation) using cytometric bead array according to the
manufacturer's instructions (BD Biosciences).

cAMP measurement

CAMP was measured in lysates of MCs by competitive immunoassay using acetylation-
enhanced detection as per the manufacturer's instructions (R & D Systems).

Plasma dialysis

For experiments employing dialyzed plasma, freshly prepared adult and neonatal plasma
derived from citrated blood was dialyzed at 4°C in 10kDa dialysis cassettes (Pierce; Rockford,
IL) against phosphate-buffered saline. After two buffer exchanges, the dialysate was recovered
and anti-coagulated with sodium heparin (10 U/mL) for further testing.

Adenosine modulation experiments

For experiments employing selective adenosine congeners (25), cells were pre-incubated with
adenosine antagonists for 30 min prior to addition of stimuli. Adenosine, or the A3-selective
agonist N6-(3-iodobenzyl) ADO-5'N methyl uronamide (IB-MECA; (26)), the A3 receptor—
antagonist MRS 1220 (27), the Al receptor-selective antagonist 8-cyclopentyl-1,3-
dipropylxanthine (DPCPX; (28)), and the A1/A3 antagonist xanthine amine congener (XAC;
(25)) were from Sigma (St. Louis, MO). The A2A-antagonist ZM-241385 (29) was from Tocris
Cookson (Ellisville, MO). Dibutyryl cAMP (db-cAMP) was from Calbiochem (La Jolla, CA).

For experiments in which plasma was treated with adenosine deaminase (ADA), plasma was
preincubated for 5 minutes at 37°C with (or, for purposes of control, without) 0.0125U/mL
erythrocyte-derived Human ADA (Sigma). MCs were cultured in this pre-treated plasma
(106 cells/mL) and stimulated with control buffer (MEM) or MALP-2 (1 ug/mL) with end-
over-end rotation at 37°C for 5 h. After stopping the reaction with 4 volumes of ice-cold RMPI,
samples were centrifuged at 1020 g at 4°C for 5 min and supernatants collected for subsequent
TNF-a ELISA.

Measurement of plasma adenosine

Plasma adenosine concentrations were measured using a high-sensitivity modification of the
HPLC technique previously described (30). 2.8 mL of adult peripheral and newborn cord blood
were collected into syringes pre-coated with a stabilization buffer containing heparin (to inhibit
blood clotting; final concentration 10 U/ml), dipyridamole (to prevent platelet aggregation;
final concentration 10uM), and erythro-9-C2-Hydroxy-3-nonyl-adenine hydrochloride
(EHNA,; to inhibit adenosine deaminase; final concentration 10 uM). Blood was immediately
centrifuged at 1500rpm for 30s at RT and plasma from like tubes collected and pooled. Plasma
proteins were precipitated by addition of one volume of 10% trichloroacetic acid and incubation
for 30 min at 4°C. After organic extraction with one volume of Freon-Trioctylamine, the top
aqueous phase containing purine metabolites was collected by centrifuging at 1400rpm for 5m
at 4°C and immediately frozen at —80°C. The aqueous phase was applied to a C-18 Sep-Pak
cartridge (Waters, Milford, MA) and eluted off with methanol. After evaporation of the
methanol, the samples were reconstituted in water, and the adenosine concentration was
determined by reverse-phase high-performance liquid chromatography, as previously
described (31). Samples were applied to a Bondapack C-18 column (Waters, Milford, MA)
and eluted with a linear 0-40% gradient of 0.01M ammonium phosphate (pH 5.5) and methanol
formed over 70 minutes with a flow rate of 1.5 ml/minute. Adenosine was identified by
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retention time and by the characteristic ultraviolet absorption spectrum, and the concentration
calculated in comparison to standards, as previously described (31).

Statistical Analyses

Unless otherwise stated in the figure legend, comparisons were made with the non-parametric
Mann-Whitney test using Prism 4 for Maclntosh v. 4.0a (GraphPad Software Inc.; San Diego,
CA). Differences were considered significant for p values < 0.05.

Results

Low TNF-a but high IL-6 responses to BLPs in neonates

To characterize another facet of the neonatal innate immune response to BLPs, we compared
BLP-induced production of TNF—a, whose synthesis is known to be impaired in newborns
(7), with BLP-induced production of IL-6, a cytokine with distinct functional properties (15,
17) and whose synthesis is regulated differently from that of TNF—o. TNF—a production in
response to Pam3Cys-SSNA and MALP was ~100-1000-fold greater (in relation to the agonist
dose-response curve) in adult blood than in newborn cord blood (Fig. 1A), consistent with our
previous observations (7). In marked contrast, these same BLPs induced greater concentrations
of IL-6 in newborn blood as in adult blood (Fig. 1B). To further explore the discrepancy in the
TNF-a to IL-6 ratio for neonates and adults, we plotted representative data points with respect
to the concentration of TNF—a (y—axis) and IL-6 (x—axis; Fig. 1C & D), demonstrating that,
in marked contrast to adults, neonatal samples consistently cluster at high concentrations of
IL-6 but very low concentrations of TNF—a. Flow cytometry analysis of intracellular 1L-6
production revealed that, similar to the results of our analysis for TNF-a production (7), BLP-
induced IL-6 production in both neonatal and adult blood is predominantly confined to
monocytes with no detectable production in granulocytes or lymphocytes (data not shown).

Neonatal plasma inhibits BLP-induced TNF-a

Our previous study suggested that differences in soluble factors between neonatal and adult
blood plasma contributed to the differences in TLR-mediated TNF—a synthesis (7). Such an
observation could indicate either that neonatal plasma lacks an activator or that it contains an
inhibitor of BLP-induced TNF—a synthesis. The ability of neonates to produce robust amounts
of IL-6 in response to BLPs suggested that the primary pathway for detection of BLPs by TLRs
is intact in neonates. We therefore considered the possibility that neonatal plasma might contain
a selective inhibitor of BLP-induced TNF-a (but not IL-6). To test this hypothesis, we added
an increasing proportion of neonatal plasma to adult hemocytes (i.e., the cellular fraction of
blood, prepared as described in Materials and Methods) cultured in 10% adult plasma as shown
in the representative experiment depicted in Figure 2A. Whereas the addition of adult plasma
resulted in increased BLP-induced TNF—a production, addition of neonatal plasma reduced
BLP-induced TNF-a production in a dose-dependent manner. Composite analysis of several
such experiments revealed a significant inhibition by neonatal plasma of BLP-induced TNF-
a synthesis, but not BLP-induced IL-6 synthesis (Fig. 2B), indicating that newborn plasma
contains an inhibitor of BLP-induced TNF-a production.

As several physiologic mediators capable of inhibiting monocyte TNF-a synthesis are of low-
molecular weight (32-34), we evaluated the effect of dialyzing neonatal or adult plasma through
a 10kDa pore-size membrane. Dialyzed or control undialyzed plasma was then added to washed
neonatal or adult hemocytes prior to the addition of BLP and subsequent measurement of TNF—
a production. Remarkably, dialysis of neonatal, but not adult, plasma substantially enhanced
BLP-induced TNF-a production from adult and neonatal cells (Fig. 2C). In contrast, dialysis
of newborn or adult plasma had little to no effect on BLP-induced IL-6 synthesis. These results
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indicate that neonatal plasma contains a low-molecular weight inhibitor of BLP-induced TNF-
Q.

Neonatal plasma increases cAMP levels in blood mononuclear cells

In characterizing the mechanism for low BLP-induced TNF-a production from newborns we
considered published work indicating that agents that elevate intracellular cAMP
concentrations inhibit stimulus-induced TNF-a synthesis but preserve (or even enhance) IL-6
synthesis (35,36). To determine whether neonatal mononuclear cells may be exposed to CAMP-
inducing factors in neonatal blood plasma, we measured intracellular cAMP concentrations in
neonatal and adult PBMCs. Freshly isolated PBMCs were lysed and cAMP measured by
competitive immunoassay (Fig. 3A). Remarkably, neonatal PBMCs contain nearly 20-fold
higher concentrations of cAMP under basal conditions than do adult mononuclear cells (0.62
+0.18 vs. 0.035 + 0.02 pmol/5 x 10° cells; N = 5, p = 0.01), raising the possibility that soluble
factor(s) in neonatal blood plasma may enhance cellular cAMP synthesis. To explore this
possibility, adult and neonatal PBMCs were cultured in the presence of autologous or
heterologous serum prior to measurement of intracellular cAMP (Fig. 3B). When cultured in
neonatal serum, neonatal PBMCs contained substantial amounts of intracellular cAMP
whereas adult cells cultured in neonatal serum demonstrated variable cCAMP accumulation. In
marked contrast, PBMC, whether from neonates or adults, cultured in adult serum did not
contain any detectable quantities of CAMP. These results indicate that soluble factor(s) in
neonatal serum are able to induce cAMP accumulation, especially in neonatal cells. Given the
known role of cAMP in inhibiting stimulus-induced TNF-a synthesis (37,38), such results
raise the possibility that induction of cCAMP synthesis mediates low BLP-induced TNF-a
synthesis.

CAMP inhibits BLP-induced TNF—a but preserves BLP-induced IL-6

The greater intracellular concentration of cCAMP in neonatal PBMCs (Fig. 3A) raises the
possibility that elevated levels of this secondary messenger contribute to lower BLP-induced
TNF-a production. Several studies have demonstrated that agents that induce intracellular
accumulation of cAMP inhibit TNF—a production in response to “endotoxin” or LPS in
leukocytes (36,39) and other cells types (40). However, to our knowledge, such an inhibitory
effect of cAMP has not yet been demonstrated with respect to BLP-induced TNF-a synthesis.
To assess whether BLP-induced TNF—a production by neonatal mononuclear cells is inhibited
by intracellular cAMP, we tested the effect of adding the cell-permeable cAMP analogue
dibutyryl cAMP (db-cAMP) to neonatal CBMCs or adult PBMCs cultured in autologous
serum. db-cAMP significantly inhibited MALP-induced TNF-a production from both neonatal
and adult MCs without inhibiting MALP-induced IL-6 production (Fig. 4). Of note, db-cAMP
exerted a significantly greater inhibitory effect on neonatal than adult TNF-a production. These
results suggest that the inhibitory factor present in neonatal blood plasma (Fig. 2), may act via
enhancing cellular cAMP levels.

Adenosine receptor A3 antagonists selectively enhance BLP-induced TNF—a (but not IL-6)
production in neonatal blood

Several physiologic mediators of low molecular weight including catecholamines (32),
prostaglandins (33) and purine metabolites (41), are known to limit stimulus-induced TNF-a
production. These soluble physiologic mediators signal cells via cognate seven-transmembrane
receptors that are G-protein-coupled and activate adenylate cyclase thereby enhancing
concentrations of CAMP that inhibits stimulus-induced monocyte TNF—a synthesis. To
determine whether one of these known inhibitory factors might contribute to the inhibitory
effect of neonatal plasma on BLP-induced TNF-a, synthesis, we tested a panel of selective
antagonists, including antagonists of catecholamines, prostaglandins, and adenosine. Although
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inhibitors of epinephrine, norepinephrine and prostaglandins had little or no effect on BLP-
induced TNF-a production in whole blood (not shown), the addition of xanthine amine
congener (XAC), an adenosine receptor Al- and A3-antagonist, or MRS1220, an A3 receptor
selective antagonist, to whole neonatal cord blood consistently and dramatically enhanced
BLP-induced neonatal TNF—a production in a dose-dependent manner (Fig. 5), raising the
possibility that adenosine, an endogenous purine metabolite with immunomodulatory
properties (18), serves to severely limit BLP-induced neonatal TNF—a synthesis. To study the
effects of adenosine antagonism on BLP-induced cytokine production in whole blood, the
effect of a given antagonist on stimulus-induced cytokine production was analyzed relative to
the amount of cytokine produced in the presence of control buffer (Fig. 5 A and C).

Remarkably, the pattern of modulation of MALP-induced TNF-a production by the panel of
adenosine receptor antagonists was completely different for adults and newborns. XAC
dramatically enhanced MALP-induced TNF—a production from newborn blood by ~200-500%
while having no such effect in adult blood (Fig. 5B). Of note, DPCPX, a selective inhibitor of
Al adenosine receptors, did not enhance BLP-induced TNF-a production from neonatal blood,
suggesting that the stimulatory effects of XAC on neonatal cells are mediated via blocking the
adenosine A3-receptor. Consistent with this interpretation, as little as 100nM of the A3
receptor-selective antagonist MRS1220 greatly increased BLP-induced TNF-a production
from neonatal but not adult blood (Fig. 5B). In accord with previous reports indicating the
importance of the A2A receptor in moderating LPS-induced TNF-a, from adult monocytes
(42), the A2A-selective antagonist ZM-241385 modestly increased LPS-induced TNF-a from
adult blood (Fig. 5B, see small arrow). However, ZM-241385 did not significantly enhance
LPS- or BLP-induced TNF-o production from neonatal blood.

In marked contrast to the stimulatory effect of XAC and MRS1220 on BLP-induced TNF-a,
synthesis, neither XAC nor MRS1220 enhanced BLP-induced IL-6 production (Fig. 5C & D),
demonstrating that the inhibitory effect of adenosine is selective to TNF-a. Overall, these data
suggest that adenosine in newborn blood plasma serves to inhibit BLP-induced TNF-a while
preserving BLP-induced IL-6.

Adenosine inhibits BLP-induced TNF-a production from mononuclear cells

Adenosine is known to inhibit LPS-induced TNF-a synthesis by human monocytes and
macrophages (18,43). To determine whether adenosine can modulate BLP-induced cytokine
production from human MCs, we measured the effect of addition of exogenous adenosine on
BLP-induced cytokine production from newborn CBMCs and adult PBMCs cultured in 5%
autologous plasma. Addition of adenosine inhibited BLP-induced TNF-ao production from
both neonatal and adult MCs (Fig. 6A). However, whereas neonatal CBMCs were significantly
inhibited at both 0.1 and 1 uM adenosine, inhibition of adult MCs was not significant at 1uM.
Of note, adenosine did not affect BLP-induced 1L-6 production from either adult or neonatal
MC:s at either concentration (Fig. 6B). Overall, these results demonstrate that adenosine can
selectively inhibit BLP-induced TNF-a production from newborn and adult MCs and that upon
exposure to adenosine at 0.1 to 1 uM range, neonatal CBMCs are consistently sensitive to
adenosine's inhibition of BLP-induced TNF-a production.

The neonatal adenosine system limits whole microbe-induced neonatal TNF-a (but not IL-6)

production

To confirm that the inhibitory effect of the neonatal adenosine system extends to whole
microbes, we studied cytokine induction in whole blood by microbial particles known to
express TLR2 stimulatory activity, including heat killed (HK)- L. monocytogenes (13), HK-E.
coli (that express BLPs, (9)), and zymosan (23). Neonates exhibited markedly impaired
microbe-induced TNF-o production (Fig. 7A) but produced greater concentrations of 1L-6 than
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adults (Fig. 7B). Addition of A3 selective antagonist MRS1220 greatly increased microbe-
induced TNF-a (Fig. 7C) without effect on microbe-induced IL-6 (Fig. 7D).

Neonatal blood plasma contains greater adenosine concentrations than that of adults

Our results indicate that adenosine receptor antagonism dramatically enhances BLP-induced
TNF-a production in neonatal but not adult blood, raising the question of why this phenomenon
is more evident in neonatal blood. One possibility is that neonatal plasma, derived from blood
in the context of birth stress, might contain greater concentrations of adenosine than adult
plasma. To assess this possibility, we measured plasma adenosine concentrations from
extracted plasma by HPLC (Fig. 8). Mean plasma adenosine concentrations were higher in
neonates than adults: 150.3 + 64.5 vs. 52.0 £ 10.8 nM, respectively (p < 0.001). Higher basal
plasma adenosine levels may partly explain the marked impairment in BLP-induced TNF-a
production in neonatal blood.

Adenosine deaminase treatment of neonatal plasma enhances BLP-induced TNF-a

production

To confirm that high adenosine concentrations in neonatal blood plasma contribute to limiting
BLP-induced TNF-a production, we tested the effect of pre-treatment of adult or neonatal
plasma with adenosine deaminase (ADA) on the subsequent BLP-induced production of TNF-
a (Fig. 9). Pre-incubation of neonatal, but not adult, plasma with ADA resulted in greatly
enhanced MALP-induced TNF-a production, thereby confirming that soluble adenosine in
neonatal blood plasma is capable of inhibiting BLP-induced TNF-a production.

Adenosine induces cAMP in neonatal mononuclear cells via the A3 adenosine receptor

As adenosine exerts a profound inhibitory effect on neonatal TNF-a production (Figs. 5A, 6A,
and 7C) and adenosine can act via CAMP induction (18), we posited that neonatal mononuclear
cells may be more sensitive to adenosine-induced cAMP accumulation. To test this hypothesis,
we determined whether addition of adenosine or adenosine receptor A3-selective modulators
affected cCAMP synthesis in neonatal CBMCs and adult PBMCs (Fig. 10). Intracellular cAMP
concentrations in the presence of adenosine or adenosine congeners (see example in Fig. 10A)
were normalized in relation to those in the presence of buffer for composite analysis (Fig. 10B).
Incubation of MCs with adenosine triggered dramatic increases in cellular cAMP content for
neonatal CBMCs, with a weaker effect for adult PBMCs. Co-incubation of cells with adenosine
in the presence of the adenosine A3 receptor-selective antagonist MRS 1220 resulted in a
complete inhibition of adenosine-induced cAMP accumulation, indicating that adenosine-
induced cAMP accumulation proceeds via the A3 adenosine receptor. Moreover, the A3-
selective agonist IB-MECA reproduced a similar pattern of cAMP synthesis by neonatal
CBMCs as adenosine did. These results indicate that adenosine induces cAMP synthesis in
neonatal CBMCs via the A3 adenosine receptor. Adenosine-induced cAMP accumulation
provides a potential mechanism by which the neonatal adenosine system serves to limit BLP-
induced TNF-a synthesis, while preserving BLP-induced IL-6 production.

Discussion

Despite a good deal of work demonstrating impaired production of Th1-type pro-inflammatory
cytokines from neonatal mononuclear cells (2), the molecular basis for the differences in
cytokine production between newborns and adults is incompletely defined. Our current study
has focused on defining the mechanism for severely impaired human neonatal TNF-o
responses to TLR2 agonists, including pure BLPs (7) and whole microbial particles that can
activate cells via TLR2 (9,13,23). We demonstrate that despite markedly impaired neonatal
TNF-a production to such TLR agonists, neonatal production of IL-6 is actually greater than
that of adults (Fig. 1B and Fig. 7B). Robust neonatal IL-6 production indicates that the intrinsic
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TLR pathway is intact at birth and suggests that the marked neonatal impairment in TLR-
induced TNF-a production might reflect a distinct (Th2) polarization of the TLR-mediated
response. Indeed, we demonstrate for the first time that the distinct nature of the neonatal
adenosine system significantly contributes to the impairment in TLR-mediated TNF-a
production. Both soluble and cellular aspects of the neonatal adenosine system are distinct
from those of adults. Specifically, neonatal plasma contains about three-fold greater
concentrations of adenosine than adult plasma (Fig. 8) and neonatal mononuclear cells are
significantly more sensitive to adenosine-induced cAMP accumulation (Fig. 10) and are
consistently and profoundly susceptible to adenosine-induced inhibition of TLR2-mediated
TNF-a production (Figs. 5B,6A, and 7C). Adenosine in neonatal plasma engages the A3
adenosine receptor on neonatal CBMCs resulting in an elevation of intracellular cAMP (Fig.
10), a second messenger that inhibits BLP-induced expression of TNF—a (Fig. 4) while
preserving BLP-induced production of IL-6, a cytokine with anti-inflammatory (15) and Th2-
polarizing (16) properties.

The adenosine system has been shown to act as a physiologic brake on inflammation (18,19)
in part via its ability to inhibit neutrophil adhesion and recruitment (31). However, details of
the impact of the adenosine system on the TLR system are just beginning to emerge. Adenosine
inhibits LPS-induced TNF-a production (18) and a recent study of macrophages derived from
adult mice has demonstrated that adenosine, acting via A2A receptors, can inhibit TNF-a
production in response to several TLR agonists, including agonists of TLR2 (44). Studies of
mice rendered genetically deficient in A2A receptors have revealed that adenosine can inhibit
TNF-a production by murine macrophages via both adenosine A2A receptor-dependent (42)
and independent mechanisms (45), thereby implicating additional adenosine receptors in the
effects observed. Of note, adenosine (43,46,47) and its metabolites (48) can also act via the
A3 receptor to inhibit LPS-induced expression of TNF—o. in human and murine macrophages
and LPS-induced expression of tissue factor in primary human monocytes. Indeed, our study
focusing on human newborns implicates the neonatal A3 adenosine receptor as central to
inhibition of BLP-induced TNF-a production by human neonatal CBMCs.

The selective effects of the neonatal adenosine system on TLR-mediated TNF-a production
apparently arise from two mechanisms: a) greater basal plasma adenosine concentrations in
neonates (Fig. 8) and b) greater sensitivity of neonatal (vs. adult) MCs to the effects of
adenosine, as demonstrated by the selective enhancing effect of adenosine A3 receptor
inhibitors on BLP- (Fig. 5) and microbe- (Fig. 7) induced neonatal TNF-a synthesis, the more
consistent inhibition of TLR2-induced neonatal TNF-a production (Fig. 6), and to the greater
adenosine A3 receptor-mediated accumulation of intracellular cAMP in neonatal CBMCs (Fig.
10). These results indicate that the adenosine system of human MCs has a distinct functional
expression at birth. In addition to its anti-inflammatory potential, adenosine has also recently
been found to play important roles in fetal and neonatal organ development (49), lending further
conceptual support for the distinct function of the adenosine system during the perinatal period.

The more recently identified A3 receptor is broadly expressed yet regulates intracellular cAMP
synthesis in a tissue-specific manner (50). Although the A3 receptor is coupled to inhibitory
G proteins in some tissues (51), the A3 receptor has been found to be positively coupled to
adenylate cyclase in primary human leukocytes (52). Kinetics of adenosine exposure may also
play a role in some cell types in that brief exposure to adenosine can result in A3 receptor-
mediated inhibition of cCAMP synthesis (51) whereas prolonged exposure of cardiovascular
cells to adenosine results in A3 receptor-mediated enhancement in coupling of stimulatory G
proteins (Gs) to adenylate cyclase resulting in increased cAMP synthesis (53).

Although it has often been assumed that neonatal cytokine responses are generally impaired,
recent evidence suggests that, with few exceptions (54), the pattern of stimulus-induced
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neonatal cytokine production is cytokine-specific, revealing a Th2-bias of the neonatal immune
response (6). In accordance with such observations, we now demonstrate that, whereas BLP-
and whole microbe-induced TNF-a is markedly impaired (7), production of IL-6, a cytokine
with anti-inflammatory (15) and Th2-polarizing properties (17), is actually greater in neonates
than adults. It has been recently demonstrated that neonatal MCs exposed to herpes simplex
virus-1, that activates cells via TLR2, produce more I1L-6 than do PBMCs of adults (55).
Interestingly, responses of neonatal MCs to an array of microbial gastrointestinal flora are
characterized by relatively high IL-6 production (56), further evidence that the pattern we have
discovered for neonatal responses to purified BLPs and to whole microbial particles likely
extends to a broad array of complex stimuli. In aggregate, these studies indicate that in response
to multiple microbial stimuli, neonatal mononuclear cells produce lower amounts of TNF-a
but higher amounts of IL-6 relative to adult cells.

What is the teleological rationale for the bias of neonatal mononuclear cells in cord blood to
synthesize low amounts of TNF—a but high amounts of IL-6 in response to BLPs and to whole
microbial particles? Given that IL-6 has some anti-inflammatory (15) and Th2-polarizing
(16,17) properties, such a pattern might protect the fetus from excessive inflammatory
responses that drive allo-immune reactions and premature delivery (57). Given the inhibitory
properties of 1L-6 toward neutrophil migration (15), the relatively high IL-6 production in
newborns is of interest with respect to the tendency of neonates with overwhelming sepsis to
have reduced neutrophil recruitment to inflammatory sites (2). The distinct functional
properties of TNF-o and IL-6 provide a teleological basis for the distinct transcriptional
regulation of their genes (39,58).

During gestation, adenosine is produced by the placenta (59) and, as a vasodilator, contributes
to the maintenance of uterine placental vessels (60). Of note, adenosine is known to cross the
placenta into the fetal circulation (61) and plasma levels of adenosine are known to increase
with stress, including that associated with vaginal delivery (62). These observations imply an
important physiologic role for adenosine and place this immunomodulator at anatomic sites
where it may be poised to play important roles in modulating fetal and neonatal responses to
TLR agonists. The duration of the neonatal adenosine system's inhibitory effects on TLR-
mediated TNF-a production remains to be defined. It is also likely that additional maternal-
and neonatal-derived factors contribute to inhibition of Th1-polarizing immunity (63,64).
Nevertheless, our study demonstrates a profound inhibitory effect of the human neonatal
adenosine system on TLR-mediated TNF-a production during the perinatal period, when the
newborn is first exposed to many new antigens (65) and, potentially, to maternal-derived
pathogens, including enteric or urinary bacteria as well as viruses such as herpes simplex virus
and cytomegalovirus (1).

If neonatal immunity is indeed biased against Th1-type responses in order to avoid potentially
harmful inflammation, then the distinct functional properties of the neonatal adenosine system
may serve as a key component of this protective polarization. However, such impairment in
perinatal TNF-a production may render neonates more susceptible to microbial infection and
impair neonatal responses to some vaccine—adjuvant combinations. Thus, our study suggests
that modulation of the adenosine system, and in particular the A3 receptor, may present novel
opportunities to enhance innate, and thereby acquired, immunity in the human newborn.
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FIGURE 1. BLPs induce low TNF-a but high IL-6 production in newborn cord blood

The triacylated BLP Pam3Cys-SSNA (TLR 1/2) or the diacylated BLP MALP (TLR2/6) were
added to citrated whole blood at the indicated concentrations and incubated for 5 h at 37°C.
Production of TNF-a (A) and IL-6 (B) was measured by ELISA or by flow cytometry using
a cytometric bead array (BD Biosciences). Values represent the mean + SEM, N = 13 - 19, *p
<0.05, **p<0.01, ***p <0.001. To demonstrate the marked discrepancy in neonatal and adult
ratios of IL-6 to TNF—a, TNF—a is plotted as a function of IL-6 for neonatal (N = 3) and adult
(N = 3) whole blood stimulated with Pam3-Cys-SSNA (C) or MALP (D) at 1 or 10 pg/mL.
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FIGURE 2. Neonatal plasma contains a low molecular-weight inhibitor of BLP-induced TNF-a.
production

(A) Adult hemocytes (washed blood cells, prepared as described in Methods) derived from
citrated blood were cultured in 10% autologous plasma and an increasing percentage (vol/vol)
of adult or neonatal plasma prior to addition of Pam3Cys-SSNA (1pg/ml) and measurement of
TNF-a production (representative experiment). The dagger symbol (1) at 90% neonatal plasma
indicates the condition for the pooled analysis, shown in panel (B), that exerted a significant
inhibition relative to the effect of adult plasma (N = 4). (C) Newborn or adult citrated plasma
was dialyzed (10kDa cut-off) against 1X PBS and the dialysate added to hemocytes prior to
addition of MALP (10 pg/mL). After 5 hours of incubation the extra-cellular medium was
collected for TNF—a and IL-6 ELISAs. For comparison of the effects of dialyzed newborn vs.
dialyzed adult plasma, a pooled analysis of cytokine responses of newborn and adult cells under
each plasma condition is depicted, representing the mean £ SEM of the ratio of cytokine
concentrations in the dialyzed to the normal plasma conditions. N = 4; * p < 0.05.
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FIGURE 3. Neonatal serum enhances cellular cAMP content

A) Newborn CBMC or adult PBMCs (10° cells/mL) were briefly (~ 5min) cultured in 100%
autologous serum then lysed in hydrochloric acid for cAMP measurement by competitive
immunoassay (R&D Systems, Minneapolis, MN). Differences between newborns (N = 5) and
adults (N = 5) were significant (P = 0.01). B) Newborn CBMCs (N) or adult PBMCs (A) were
incubated in 100% autologous or heterologous serum for 5 minutes prior to measurement of
intracellular cAMP. ** p < 0.01.
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FIGURE 4. Accumulation of cAMP in mononuclear cells inhibits BLP-induced TNF-a but not
BLP-induced IL-6

Neonatal CBMCs or adult PBMCs (10%/mL) were cultured in 100% autologous serum prior
to the addition of the cell-permeable analog dibutyryl-cAMP (10 uM). After a 5 h exposure to
MALP (10 pg/ml), cytokine production was measured by ELISA. Cytokine activity was
calculated by dividing the concentration of cytokine in the presence of db-cAMP by the
concentration of cytokine in the presence of control buffer. Values represent the mean £ SEM;
N = 4. db-cAMP significantly inhibited both adult and neonatal TNF-a. production, with a
greater inhibitory effect on neonatal cells. *p < 0.05.
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FIGURE 5. A3 adenosine receptor antagonists selectively enhance BLP-induced TNF-a production
in neonatal cord blood

Citrated neonatal cord or adult peripheral whole blood was pre-incubated with adenosine
antagonists for 30 min at 37°C prior to addition of LPS (1 ng/mL) or MALP (1 pug/mL) and
subsequent 5 h stimulation. A) MALP-induced TNF-o production (pg/mL) in a representative
experiment demonstrates that addition of the A1/A3 selective antagonist XAC (in this example,
1 uM) or the A3-selective antagonist MRS1220 (1 uM) substantially increased MALP-induced
TNF-a in newborn cord blood with a much more modest effect on adult peripheral blood. As
an example, the percent increase in TNF-a production in the presence of XAC, defined as (the
ratio of the concentration of TNF—a in the presence of the adenosine antagonist divided by the
concentration of TNF—a in the presence of an equivalent amount of the ethanol solvent) —
100%, is calculated below the panel demonstrating a 400% increase in neonates but only a
10% increase in adults. B) Composite analysis of data (normalized as in panel A) reveals that
XAC or MRS1220, but not DPCX (Al antagonist), dramatically enhanced MALP-induced
TNF-a from newborn but not adult blood (N = 2-6; * p < 0.05). The A2A antagonist ZM
exerted a significant but modest enhancing effect on LPS-induced adult TNF-a production
(arrow). C) Supernatants from samples pre-incubated with XAC or MRS1220 and stimulated
with MALP were also analyzed for IL-6 by ELISA (R & D Systems). The y—axis range for %
increase in cytokine production is kept the same to facilitate comparison between effects on
TNF-a (panel B) and IL-6 (panel D). Values represent the mean £ SEM (N = 3-6); * p < 0.05;
**p < 0.01; ***p < 0.001.
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FIGURE 6. Adenosine inhibits BLP-induced production of TNF-a but not of IL-6

Neonatal CBMCs or adult PBMCs (10%/mL) were cultured in 5% autologous plasma and pre-
incubated with the indicated concentrations of adenosine for 30 min prior to stimulation with
1 ug/mL PamgCysSSNA (N =4 - 6). (A) Adenosine significantly inhibited TNF-o production
by newborn CBMC:s (at both 0.1 and 1 uM) and adult PBMCs (0.1 pM). (B) In contrast,
production of IL-6 was unaffected. Values represent the mean £ SEM. Statistical comparison
of each mean with the 100% value was made using a two-sided one-sample t test; **p < 0.01,

***p < 0.001.
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FIGURE 7. Neonatal pattern of low TNF-a but high IL-6 production extends to whole microbial
particles and is reversed by an A3-adenosine receptor-selective antagonist

Citrated neonatal cord whole blood (open bars) or adult peripheral whole (filled bars) was
incubated for 5 h at 37°C with heat-killed E. coli (HK-EC), heat killed L. monocytogenes (HK-
LM) or zymosan (ZYM) particles at the indicated concentrations prior to collection of the
extracellular medium for determination of A) TNF-o and B) IL-6 by ELISA. N =4-5. To
determine the effect of adenosine antagonism on microbe-induced cytokine production,
neonatal cord or adult peripheral blood were pre-incubated for 30 min with the A3 adenosine
receptor-selective antagonist MRS1220 at the indicated concentrations prior to addition of HK-
EC (108 bacteria/mL), HK-LM (10° bacteria/mL), or zymosan (0.1 ug/mL). After 5 h
incubation to allow cytokine production, the extracellular medium was recovered for
subsequent ELISA measurement of TNF-o. (C) and IL-6 (D). N = 4-5. Statistical comparisons
were made using the Student's t test (1 tailed; *p < 0.05, **p < 0.01, ***p < 0.001).
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FIGURE 8. Neonatal blood plasma contains a relatively high concentration of adenosine
Neonatal cord (N = 8) and adult peripheral blood (N = 9) was collected in the presence of
heparin, dipyridamole and EHNA to preserve adenosine levels. Plasma was subjected to
organic extraction and the aqueous phase analyzed for adenosine content by HPLC as described
in Methods. Mean plasma adenosine concentrations, represented + SEM, were significantly
higher in neonates than adults: 150.3 + 64.5 and 52.0 = 10.8 nM, respectively; ***p < 0.001.
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FIGURE 9. Addition of adenosine deaminase to neonatal plasma enhances BLP-induced TNF-a.
production

Adult PBMCs (106 cells/mL) were resuspended in neonatal cord- or adult peripheral blood-
derived plasma that had been pre- incubated with buffer control or with adenosine deaminase
(ADA) enzyme for 5 min at 37°C. MALP (1 pg/mL) was then added and incubated for 5 h to
allow for cytokine production. Production of TNF-o was greater in the presence of adult than
in neonatal plasma. Pre-incubation of neonatal plasma with ADA resulted in a substantial
increase in MALP-induced TNF-a production. N = 3. *p < 0.05, ** p < 0.01.
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FIGURE 10. Engagement of the adenosine A3 receptor enhances accumulation of CAMP in
neonatal, but not adult, mononuclear cells

Newborn CBMCs or adult PBMCs (108/mL) were cultured in 5% autologous plasma in the
presence of adenosine (1 uM), adenosine with the A3 receptor inhibitor MRS 1220 (100 puM),
or in the presence of the A3R-selective agonist IB-MECA (100uM). After a 35 min incubation
at 37°C, cells were collected and lysed for measurement of CAMP by competitive
immunoassay. (A) Representative experiment demonstrating actual cAMP concentrations
(pmol/10° cells), (B) Composite analysis of normalized data expressed as a percent increase
in CAMP concentration. Values represent the mean £ SEM (N =4); ** p < 0.01; *** p <0.001.

J Immunol. Author manuscript; available in PMC 2010 June 7.



