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terleukin-8, a critical proinflammatory chemokine, by neo-

natal PMNs – a previously unrecognized facet of neonatal 

inflammation.  Following TLR1/2 (PAM3CSK4) stimulation, in-

terleukin-8 secretion by neonatal PMNs, whether term or 

preterm, substantially exceeds that of adult PMNs assayed in 

parallel.  Conclusions:  These studies provide new insights 

relevant to the inflammatory biology of neonates, both term 

and preterm, and implicate exaggerated PMN recruitment in 

neonatal syndromes of dysregulated inflammation such as 

necrotizing enterocolitis or neonatal chronic lung disease. 

 Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 Polymorphonuclear leukocytes (PMNs, neutrophils) 
are key innate immune effector cells with critical func-
tions in host defense and immune surveillance  [1] . They 
respond as the first leukocyte migrating into areas of tis-
sue injury and infection, and employ a repertoire of ac-
tivities to kill bacteria  [2] , including phagocytosis, de-
granulation of antimicrobial enzymes and peptides, the 
generation of reactive oxygen species with antimicrobial 
properties, and the formation of neutrophil extracellular 
traps  [3, 4] . They also play an important role in tissue re-
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 Abstract 

  Background:  Neonatal neutrophil dysfunction contributes 

to inflammatory tissue damage in newborn infants. Toll-like 

receptors (TLRs) activate the innate immune response 

through recognition of pathogen-associated molecular pat-

terns. Expression and function of TLRs by neonatal neutro-

phils has not well been characterized.  Objective:  We hy-

pothesized that, compared to polymorphonuclear leuko-

cytes (PMNs) isolated from adults, neonatal PMNs isolated 

from either term or preterm infants express and release dif-

ferent levels of inflammatory cytokines and chemokines in 

response to stimulation with TLR1–9 agonists.  Methods:  We 

stimulated PMNs isolated from preterm (n = 12) and term

(n = 10) infants as well as adults (n = 10) with agonists rec-

ognized by TLRs1–9 and quantified chemokine and cyto-

kine expression and secretion by ELISA and Luminex � 

multiplex quantification assay.  Results:  Neonatal and adult 

PMNs stimulated with agonists recognized by TLRs1–9 dif-

ferentially secrete inflammatory products. Signaling via 

TLR2 heterodimers is a potent mechanism for release of in-
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pair and integration of the innate and adaptive immune 
responses  [1] . If, however, these specialized, defensive re-
sponses to tissue damage or infection become dysregu-
lated, PMNs may paradoxically become agents of inflam-
matory tissue injury  [1, 5–10] .

  The developmental syndrome of neonatal neutrophil 
dysfunction  [4, 11, 12]  not only contributes to increased 
risk of infection in newborn infants but may also contrib-
ute to syndromes of dysregulated inflammation observed 
in newborns, especially those born prematurely. Epide-
miologic studies demonstrate that human infants, par-
ticularly premature babies, are at increased risk for severe 
infections  [13–15] . Human infants are also susceptible to 
syndromes of dysregulated inflammation, including sep-
sis  [15] , necrotizing enterocolitis (NEC)  [16] , and neona-
tal chronic lung disease  [17] . One potential mechanism 
that may partially account for the pronounced proin-
flammatory response in human neonates is exaggerated 
recruitment and/or activation of PMNs in affected tissues 
 [18] .

  Members of the family of toll-like receptors (TLRs) 
serve as key activators of the innate immune response
by recognizing pathogen-associated molecular patterns 
(PAMP)  [19, 20] . TLRs together with co-receptor mole-
cules recognize evolutionarily conserved PAMPs ex-
pressed in microbes, and in some cases, recognize ago-
nists generated by human cells and tissues  [19, 21] . Thus, 
TLRs can trigger both defensive and injurious inflamma-
tory responses. Studies in mice suggest the possibility 
that intervening in immune function with selected TLR 
agonists may be a beneficial strategy that can reduce mor-
tality in neonatal sepsis  [22] . Nevertheless, the patterns of 
signaling responses mediated by TLR expression by hu-
man neonatal PMNs have not been characterized. We, 
therefore, used multiplex sandwich capture assays and 
ELISA to characterize the responses of adult and neonatal 
PMNs, both term and preterm, to a panel of agonists that 
cover the family of TLRs1–9.

  Materials and Methods 

 Reagents 
 A human TLR1–9 agonist panel was obtained from InvivoGen 

(www.invivogen.com). Additional reagents were purchased as 
follows: anti-CD15 impregnated microbeads (www.miltenyibio-
tec.com), IL-8 Duoset ELISA (www.rndsystems.com), Medi-
um-199 (Lonza Biologics; M-199).

  PMN Isolation 
 Following approval by the University of Utah IRB (Protocol 

Nos.: 11919, 392), we collected EDTA-anticoagulated umbilical 
cord blood from preterm or healthy term infants and ACD-an-
ticoagulated peripheral blood from healthy adults ( tables 1 ,  2 ). 
We detected no significant differences in interleukin-8 (IL-8) 
secretion by adult PMNs whether isolated from EDTA or ACD 
anticoagulated peripheral blood (data not shown). In order to 
obtain  1 95% pure PMN sample preparations with adequate 
yields from preterm infant cord blood samples, we isolated the 
PMNs via positive magnetic immunoselection as previously de-
scribed  [4] . Although the potential exists for PMN activation 
associated with positive immunoselection, we have not found 
this to be the case in adult or neonatal PMNs assayed at baseline 
(data not shown)  [23, 24] . The PMNs were resuspended and in-
cubated in solution at a concentration of 2  !  10 6 /ml in serum-
free M-199.

  PMN Stimulation with TLR Agonists 
 The following TLR agonists  [21]  were added to freshly isolated 

PMNs with final concentrations as recommended and referenced 
by the manufacturer (InvivoGen): PAM3CSK4 (TLR1/2 dimer, 
0.5  � g/ml); HKLM (TLR2, 10 8  cells/ml); Poly(I:C) (TLR3, 10  � g/
ml);  Escherichia coli K12  LPS (TLR4, 5  � g/ml);  Salmonella ty-

Table 1.  Neonatal patient cohort demographics

Characteristic Preterm (n = 12) Term (n = 10)

Gestational age (range), weeks 281/7 (250/7–296/7) 393/7 (371/7–413/7)
Birth weight (range), g 1,125 (700–1,640) 3,566 (2,935–4,070)
Male sex 6 (50%) 5 (50%)
Cesarean section delivery 8 (66%) 2 (20%)
5-Minute Apgar score (range) 7.9 (6–9) 8.9 (8–9)
Antenatal steroids given 11 (92%) 0 (0%)

Table 2.  Indications for preterm delivery

Indication Preterm (n = 12)

Prolonged premature rupture of membranes 6 (50%)
Maternal chorioamnionitis 2 (17%)
Pregnancy-induced hypertension 3 (25%)
Preterm labor 8 (67%)
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phimurium  Flagellin (TLR5, 2.5  � g/ml); FSL-1 (TLR6/2 dimer, 
0.5  � g/ml); Imiquimod (TLR7, 2.5  � g/ml); ssRNA40 (TLR8, 5  � g/
ml); ODN2006 (type B; TLR9, 5  �  M ). PMN suspensions were then 
incubated at 37   °   C and 5% CO 2 /95% air for an 8-hour time course. 
Supernatants were collected, aliquoted, and frozen at –20   °   C.

  Quantification of Chemokine and Cytokine Protein 
Expression via the Luminex  �   Multiplex Assay 
 To assess the response of PMNs from all three study groups to 

TLR1–9 agonists, we used a multiplexed sandwich capture assay 
for the quantification of 13 chemokines and cytokines developed 
at the ARUP Institute for Experimental and Clinical Pathology at 
the University of Utah as previously described  [25] . The chemo-
kines or cytokines assayed included: CD40 ligand, interferon- � , 
IL-10, IL-12, IL-13, IL-1 � , IL-2, IL-2 receptor, IL-4, IL-5, IL-6, IL-
8, and tumor necrosis factor- �  (TNF- � ).

  IL-8 ELISA 
 To confirm and extend the chemokine results obtained using 

the multiplex sandwich capture assay, quantification of IL-8 in 
supernatants and cell lysates was performed by IL-8 ELISA assays 
(R&D Systems, Inc.) as per the manufacturer’s instructions.

  Results 

  IL-8 Is a Major Product of Neonatal and Adult PMNs 
following Stimulation with TLR Agonists   
 We studied a cohort of 12 preterm and 10 term infants 

with clinical data collection occurring throughout their 
initial hospitalization ( tables 1–3 ). All adult PMN donors 
were generally healthy 18- to 45-year-old males or fe-
males without chronic medications with the exception of 
thyroid hormone supplementation.

  We determined the secretion of 13 individual chemo-
kines and cytokines by PMNs isolated from healthy 
adults, preterm, or term infants in response to treatment 
with specific agonists for each of 9 different TLRs using 
a Luminex �  multiplex detection and quantification as-
say. IL-8 was, overwhelmingly, the predominant media-
tor of these classes secreted by PMNs stimulated with 
TLR agonists in this analysis ( fig. 1 ,  table 4 , and data not 
shown). In parallel multiplex determinations, stimula-
tion with agonists for each of the TLRs induced differen-
tial IL-8 secretion by PMNs isolated from newborn in-
fants as compared to those isolated from healthy adults 
( fig.  1 ). Although not statistically significant in these 
screening assays, for all of the TLR agonists, PMNs iso-

Table 3.  Preterm neonatal cohort short-term outcomes

Outcome Preterm
(n = 12)

Respiratory distress syndrome 11 (92%)
Surfactant 8 (66%)
Mechanical ventilation 8 (66%)
Ventilator days (range) 15.6 (1–58)

Chronic lung disease (O2 at 36 weeks CGA) 5 (42%)
Sepsis (culture +) 5 (42%)
Necrotizing enterocolitis (≥stage 2) 2 (17%)
Retinopathy of prematurity (≥stage 2 in zone 2) 2 (17%)
Intraventricular hemorrhage (PVL or ≥ grade 3) 1 (8%)
Patent ductus arteriosus (medical Rx or ligation) 4 (33%)
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  Fig. 1.  Agonists recognized by TLR1–9 induce secretion of IL-8 
by adult, term, and preterm PMNs. The levels of secreted IL-8 by 
human PMNs isolated from adults, term infants, and preterm 
infants following 8 h of stimulation with each of 9 TLR agonists 
were determined by Luminex �  multiplex chemokine and cyto-

kine quantification. Levels shown are mean values  8  SEM. One-
way ANOVA statistical analysis demonstrated no statistically sig-
nificant differences. This figure illustrates results from 3 separate 
experiments with PMNs from 3 different donors in each subject 
group. 
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lated from newborn infants, whether term or preterm, 
secreted greater or equal amounts of IL-8 compared to 
PMNs isolated from adults, a result not due to differential 
PMN expression of TLRs 1, 2, or 4 (data not shown). In-
terestingly, the agonists recognized by TLR2 heterodi-
mers (PAM3CSK4 – TLR1/2; FSL-1 – TLR2/6) induced 
the highest levels of secretion of the chemokine ( fig. 1 ). 
We next repeated multiplex assays following treatment of 
PMNs from neonates and adults with an agonist specific 
for TLR1/2 (PAM3CSK4;  table 4 ). Here, we found signif-
icantly elevated levels of IL-8 secreted by preterm PMNs 
as compared to PMNs isolated from either healthy term 
infants or adults, with term neonatal PMNs also secreting 
significantly elevated amounts of IL-8 as compared to 
healthy adult PMNs. These findings confirmed our re-
sults in the focused survey of TLR agonists ( fig. 1 ). The 
patterns for IL-1 � , IL-6, and TNF- �  were different in in-
cubations of stimulated PMNs from each subject group 
and, although for these screening experiments not statis-
tically significant, suggestive of differential regulation of 
these products ( table 4 ). Nevertheless, with the exception 
of TNF- �  secretion by term neonatal PMNs, the levels 
released by neutrophils from newborn infants were great-
er than those released by adult PMNs ( table 4 ). As expect-
ed, we detected very low levels of the other chemokines 
and cytokines – which are not generally considered PMN 

Table 4. H uman PMNs secrete IL-8 as a predominant inflamma-
tory gene product following stimulation with the TLR1/2 agonist 
PAM3CSK4

Adult Term Preterm

CD40L 0.5080.32 0.7080.23 1.6080.31
INF-� 0.0080.01 0.0080.03 0.1080.03
IL-10 0.0080.00 0.0080.00 0.0080.02
IL-12 0.0080.00 0.1080.06 0.2080.06
IL-13 0.5080.32 1.0080.21 2.1080.44
IL-1� 2.2080.92 3.2081.86 42.30813.58
IL-2 0.1080.07 0.4080.23 0.6080.14
IL-2R 1.1080.44 1.2080.11 1.5080.33
IL-4 0.0080.00 0.0080.00 0.0080.00
IL-5 0.1080.04 0.1080.10 0.2080.04
IL-6 0.7080.67 4.6084.06 11.0085.95
IL-8 189.808

119.59
4,468.308
2,889.66**

7,548.808
2,691.22*, **

TNF-� 0.2080.17 0.1080.05 2.3081.15

Q uantification of chemokines and cytokines was performed 
via Luminex� multiplex analysis using PMNs stimulated with the 
TLR1/2 agonist PAM3CSK4 for 8 h. Levels shown are mean values 
in pg/ml 8 SEM. Three separate experiments were performed 
using PMNs from 3 different donors in each subject group. Statis-
tical significance: * p < 0.05 preterm vs. term; ** p < 0.001 preterm 
and term vs. adult. The one-way ANOVA with Bonferroni mul-
tiple comparisons posttest was employed.
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  Fig.  2.  Synthesis and secretion of IL-8 by neonatal PMNs are
increased following stimulation via TLR1/2 when compared to 
adult PMNs.  a  The total amount of IL-8 synthesized by 2  !  10 6  
PMNs isolated from adults and term and preterm infants follow-
ing stimulation with PAM3CSK4, a TLR1/2-specific agonist, was 
determined by combining IL-8 concentrations from PMN cell
lysates and supernatants using ELISA. Results are expressed as 
mean per 2  !  10 6  PMNs  8  SEM. Statistical significance:  *  p  !  
0.05. The one-way ANOVA with Bonferroni’s multiple compari-
son posttest was employed. This panel summarizes results from 4 

separate experiments using PMNs from 4–6 different donors 
from each subject group.  b  Secreted concentrations of IL-8 pro-
tein were determined by ELISA following stimulation with 
PAM3CSK4 over an 8-hour time course. Results are expressed as 
mean in pg/ml  8  SEM. Statistical significance:  *  *  p  !  0.01, 4 h 
preterm vs. 4 h term;  †  p  !  0.001, 4 and 8 h term and 8 h preterm 
vs. 4 and 8 h adult. The one-way ANOVA with Bonferroni’s mul-
tiple comparison posttest was employed. This figure summarizes 
results from 4 separate experiments using PMNs from 4 different 
donors from each subject group. 
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products – in measurements by the multiplex assay, sug-
gesting that PMNs, and not other contaminating leuko-
cytes, were the source of the secreted chemokines and 
cytokines  [26]  ( table 4 ).

   Neonatal PMNs Synthesize and Secrete Significantly 
More IL-8 following TLR1/2 Stimulation in vitro than 
Do PMNs Isolated from Adults   
 To further characterize the pattern of IL-8 synthesis 

and secretion by neonatal PMNs, we next quantified total 
and secreted IL-8 by PAM3CSK4-stimulated neonatal
or adult PMNs over an 8-hour time course measured
by ELISA. We demonstrated significantly increased total 
IL-8 synthesis in PAM3CSK4-stimulated preterm neona-
tal PMNs at 8 h as compared to adult PMNs assayed in 
parallel, with a trend towards significantly increased total 
IL-8 synthesis in term PMNs assayed in parallel as com-
pared to those isolated from adults ( fig. 2 a). Consistent 
with previous results in studies of adult PMNs, the base-
line levels of combined IL-8 in the supernatants and cell 
lysates in these experiments were very low, suggesting 
that neither neonatal nor adult PMNs store significant 
amounts of pre-synthesized IL-8  [24]  (data not shown). 
We also found significantly increased secretion of IL-8 by 
term and preterm neonatal PMNs at 4 and 8 h as com-
pared to PMNs isolated from healthy adults ( fig. 2 b). This 
confirmed the measurements of IL-8 secretion by the 
multiplex analysis ( table 4 ), and demonstrated the same 
pattern at the earlier time point in the kinetic analysis 
( fig.  2 b). Thus, independent assays demonstrated en-
hanced synthesis and release of IL-8 by neonatal PMNs 
activated by engagement of TLR1/2. Of interest, a similar 
pattern was detected in multiplex analysis when PMNs 
were stimulated with agonists for other TLR2 heterodi-
mers (HKLM, FSL-1;  fig. 1 ).

  Discussion 

 In this report, we examined responses of adult and 
neonatal PMNs, both term and preterm, to a panel of ag-
onists that cover the family of TLRs 1–9. This represents 
the first characterization of purified, newborn infant 
PMN responses to agonists for all of the TLRs with known 
agonists. Given the importance of neutrophil-derived 
chemokine and cytokine synthesis in modulation of the 
acute inflammatory response  [26] , our characterization 
of the 11 neutrophil-associated analytes assayed by our 
study represents a significant advance towards under-
standing the differences observed in the inflammatory 

states of newborn infants compared to adults. We found 
that IL-8, a potent neutrophil chemoattractant, is the
predominant chemokine or cytokine secreted by puri-
fied human PMNs in response to TLR1–9 engagement. 
Furthermore, in comparison with PMNs isolated from 
healthy adults, PMNs isolated from human preterm and 
term neonates synthesize and secrete significantly in-
creased levels of IL-8 in response to in vitro stimulation 
with PAM3CSK4 ( table 4 ), an agonist for the TLR1/2 het-
erodimer. This issue is critical given the importance of 
TLR1/2 in recognition of PAMPs from a broad range of 
Gram-positive bacteria and other pathogens  [19, 21] .

  Others have studied IL-8 synthesis and secretion by 
neonatal PMNs. Zentay et al.  [18]  reported a similar pat-
tern of differential increases in IL-8 secretion levels after 
6 h of LPS stimulation in purified PMNs isolated from 
term infants as compared to healthy adults with even 
more dramatic differences noted at an 18-hour time 
point. While their levels of IL-8 secretion following LPS 
stimulation differ slightly in magnitude around the 
8-hour time point ( fig. 1 ), the pattern of increased IL-8 
secretion by neonatal PMNs as compared to adult PMNs 
remains consistent between the two studies. More recent-
ly, Caron et al.  [25]  assessed cytokine and chemokine se-
cretion in term neonatal cord blood stimulated with ago-
nists for TLRs 1–6. While their study in whole blood dif-
fers significantly in methodology from our report of 
chemokine and cytokine synthesis and secretion by puri-
fied neonatal (term and preterm) and adult PMNs, their 
findings of significant increases in IL-1 � , IL-6, and IL-8 
are consistent with neonatal PMNs contributing signifi-
cantly to the circulating levels of proinflammatory me-
diators following TLR engagement. Levy et al.  [27]  re-
cently demonstrated robust activation of antigen-pre-
senting cells such as macrophages and dendritic cells 
along with increased synthesis of TNF- �  in assays con-
ducted in TLR8 agonist-stimulated cord blood obtained 
from healthy term infants. Since our results in purified 
neonatal and adult PMNs demonstrate very little TNF- �  
secretion by comparison at 8 h following PAM3CSK4 
stimulation, we conclude that neutrophils contribute but 
minimally by comparison with antigen-presenting cells 
to the secretion of TNF- �  following TLR2 engagement; 
however, studies evaluating PMN TNF- �  secretion fol-
lowing TLR8 stimulation are warranted.

  While IL-8 proved the predominant chemokine or
cytokine induced by the TLR agonists studied, with the 
most robust IL-8 response documented for agonists en-
gaging TLR2 heterodimers, the level of other cytokines 
and chemokines including IL-1 � , IL-6, and TNF- �  were 
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elevated in neonatal PMNs as compared to adult PMNs 
( table 4 ), although these did not reach statistical signifi-
cance. Of interest, increased levels of IL-1 �  secretion by 
neonatal versus adult PMNs have been previously ob-
served  [28] . While these results emphasize the impor-
tance of the PMN as a potential source of cytokine syn-
thesis and secretion, they also highlight one of the limita-
tions of our in vitro study, that of small preterm and term 
infant cohort size. We anticipate that follow-up examina-
tions using more neonatal and adult PMN samples will 
demonstrate significant increases in these neutrophil-
derived cytokines and chemokines. With this study, we 
were also unable to perform multiplex chemokine and 
cytokine analysis over an extended time course; we rec-
ognize that early increases in cytokines like TNF- �  or 
IL-6 may have been missed. Follow-up studies aimed at 
further characterizing PMN secretion of these important 
inflammatory mediators over time are planned.

  Given the population of preterm infants studied, the 
effect of antecedent events associated with or causal of 
delivery at  ! 30 weeks’ gestation, must be recognized,
but cannot be eliminated as confounding aspects of this 
study. Nevertheless, the response to TLR1/2 stimulation 
by both preterm and term neonatal PMNs with increased 
IL-8 secretion regardless of the antenatal inflammatory 
state suggests a developmental tendency towards the pro-
inflammatory state in newborn infants as compared to 
adults. Along those lines, we also detected no differences 
in IL-8 secretion following PAM3CSK4 stimulation of 
PMNs isolated from infants born by cesarean section ver-
sus vaginal delivery (data not shown) consistent with pre-
vious studies  [29] , although a difference might have been 
expected given more recent reports  [30, 31] .

  Recognition of PAMPs by TLRs expressed on PMNs 
with subsequent downstream signaling leads to cellular 
activation and de novo gene expression to aid in clearance 
of infectious agents and restoration of tissue homeostasis. 
Secretion of the chemokine IL-8 by activated PMNs re-
cruits other PMNs to areas of tissue damage and inflam-
mation, thus amplifying the acute inflammatory re-
sponse. Engagement of TLR4 by lipopolysaccharide also 
extends the life span of the activated PMNs, leading to 
increased PMN accumulation in areas of inflammation 
 [32] . Given the potential for PMN-mediated tissue dam-
age resulting from dysregulated responses to infection or 
tissue damage, our finding that PMNs isolated from new-
born infants respond to agonists for several TLRs in ad-
dition to TLR4 with IL-8 secretion ( fig. 1 ) is intriguing. 
This observation suggests that enhanced generation of 
this chemokine may be a key contributor to dysregulated 

PMN recruitment and activation leading to inflamma-
tory tissue damage in newborn infants associated with 
syndromes of dysregulated inflammation such as NEC 
and chronic lung disease in those born prematurely. In-
deed, the short-term, clinical outcomes in this cohort of 
prematurely born infants, confirm that these patients are 
at risk for such syndromes of dysregulated inflammation 
( table 3 ). Recent data using an animal model of NEC sug-
gest a prominent role for altered TLR signaling and cyto-
kine elaboration in gut tissue prior to clinical manifesta-
tion of bowel necrosis  [33] .
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