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Responsiveness of human monocytes to the commensal
bacterium Staphylococcus epidermidis develops late in

gestation

Tobias Strunk', Amy Prosser?, Ofer Levy?, Victoria Philbin®, Karen Simmer?, Dorota Doherty*, Adrian Charles?, Peter Richmond?,

David Burgner®, Andrew Currie®

INTRODUCTION: Staphylococcus epidermidis (SE) rarely
causes infection in term infants but is a leading cause of late-
onset sepsis in preterm infants. We hypothesized that the
innate immune responses to SE in preterm infants are impaired
in a gestational age (GA)-dependent manner.

METHODS: Cord and peripheral blood mononuclear cells
(MNCs) were stimulated with SE bacteria, and a range of innate
immune responses were assessed, including phagocytosis,
intracellular killing, Toll-like receptor (TLR) pathway transcrip-
tional activation, cytokine production, TLR2 and TLR4 expres-
sion, and cell signaling.

RESULTS: Phagocytosis and intracellular killing of SE bacteria
were similar in neonatal and adult monocytes. Cytokine gene
expression and protein synthesis increased in a GA-dependent
manner, which was confirmed at the single-cell level. These
GA-related effects were not associated with differences in
expression of TLR2 or TLR4, nor with downstream activa-
tion of nuclear factor-kB or mitogen-activated protein kinase
pathways.

DISCUSSION: The expression of TLRs, phagocytic capacity,
and intracellular killing by monocytes develops early in fetal
development, whereas the ability to mount a bacteria-induced
cytokine response requires further maturation. The functional
immaturity of monocyte activation pathways in the preterm
infant may underpin their particular susceptibility to sepsis
with commensal bacteria.

taphylococcus epidermidis (SE), a ubiquitous commensal

bacterium of the skin and mucous membranes, is responsible
for ~50% of all late-onset neonatal septicemia (1,2). Extremely
preterm infants (<30wk gestational age (GA)) are uniquely
susceptible to SE infection, with 10-60% experiencing at least
one episode (3). Although direct mortality from SE infection
is lower than that from less common gram-negative bacteria
and fungi (4-7), SE septicemia is associated with an increased
risk of common adverse outcomes, prolonged hospital stay,
and increased costs (8-12). The immunologic mechanisms
underlying this increased susceptibility of preterm infants

to SE infections are poorly understood but are important in
developing effective preventive and therapeutic interventions.

Preterm infants have relatively deficient innate immunity,
including impaired phagocytosis, intracellular killing, and
cytokine production. However, most of the available data are
from studies using pathogens causing early-onset sepsis or
purified agonists such as lipopolysaccharide (LPS) (13-17).
The responses of the developing innate immune system to SE
have received less attention (18,19). The interactions between
SE and monocytes, which are central to early innate immune
responses and an essential link to adaptive immunity, are likely
to be of particular importance (19).

Here we report that human preterm monocytes exposed
to SE bacteria have normal levels of Toll-like receptor (TLR)
expression, phagocytic capacity, and intracellular killing but
reduced numbers of cytokine-producing monocytes, resulting
in broadly impaired cytokine transcription and translation.
These defects may contribute to the particular susceptibility of
preterm infants to SE infection.

RESULTS

SE-Induced TLR-Pathway Gene Expression Is Dependent on GA
We characterized the expression of neonatal and adult TLR-
pathway related genes in response to in vitro stimulation
of mononuclear cells (MNCs) with heat-killed SE (HKSE)
(Figure la-d). Direct comparison of gene expression pat-
terns between the groups demonstrated that both the num-
ber of upregulated genes and the degree of upregulation
were significantly lower in the most premature infants as
compared with moderately preterm infants, term infants,
and adults.

GA-Dependent Impairment of Cytokine Production in Response
to SE

We selected key cytokines from the reverse transcription PCR
array for further comparative analysis of the responses to SE, and
consistently found the lowest messenger RNA (mRNA) expres-
sion levels in the infants born at the lowest GA (Figure 2a) (n =5
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Figure 1. TLR-pathway associated gene expression in response to Staphylococcus epidermidis. (a—d) Log transformation plots of SE-stimulated gene
expression among preterm, term, and adult MNCs (n = 5 in each group). Central lines indicate equivalence; outer lines indicate a twofold difference in
gene expression. CXCL, chemokine CXC motif ligand; IFN, interferon; IL, interleukin; MNC, mononuclear cell; SE, Staphylococcus epidermidis; TLR, Toll-like

receptor; TNF, tumor necrosis factor.

per group). Furthermore, there was a proportional increase in
gene expression levels with increasing GA (P = 0.01, r* = 0.41
for interleukin (IL)1f; P = 0.005, r* = 0.47 for IL6; P = 0.007, r* =
0.44 for IL8; P =0.014, > = 0.38 for IL10; and P = 0.04, > = 0.28
for tumor necrosis factor (TNF)-a).

We then determined cytokine protein concentrations
in MNC culture supernatants. The concentration levels of
SE-induced IL1B, IL6, IL8, and TNF-a in MNCs of infants
with very low GA were significantly lower as compared with
those in adults (Figure 2b). In moderately preterm infants,
significantly lower levels of IL1p, IL6, and TNF-a were seen
relative to values in adults. In term infants, with the excep-
tion of TNF-a levels, which were lower than in adults, the
levels did not differ significantly from those in adults. Linear
regression analysis revealed significant increases in cytokine
responses with increasing GA with respect to IL6 (n = 45,
r*=0.25, P =0.005), TNF-a (n =37, r* = 0.19, P = 0.007), and
IL8 (n =15, * = 0.26, P = 0.05), and a similar trend for IL1f
(n=15,r"=0.22, P =0.08).

Copyright © 2012 International Pediatric Research Foundation, Inc.

Activation of Monocytes by SE Is GA-Dependent and Requires
Phagocytosis
We investigated the cellular source of SE-specific cytokine
responses and assessed whether reduced gene expression results
from a decrease in the number of cytokine-producing cells and/
or reduced expression of cytokine per cell (Figure 3). We used a
method recently developed by our laboratory that allows for reli-
able simultaneous detection of intra-phagolysosomal bacteria
and intracellular cytokine content (17). Monocytes were found
to be the sole source of TNF and IL-6 in all the groups tested
(data not shown). There was an overall GA-dependent response;
both the total number of cytokine-producing monocytes and the
cytokine production per cell were significantly lower in infants
with the lowest GA as compared with adults (Figure 3a,b).
Flow cytometry revealed that only monocytes that were pos-
itive for intracellular SE produced IL6 and TNF-a, suggesting
that phagocytosis was an absolute requirement for cytokine
induction. However, not all phagocytic cells produced cytok-
ines (Figure 3¢,d).
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Figure 2. Cytokine expression in response to Staphylococcus epidermidis in neonatal MNCs. (a) Cytokine gene expression in response to stimulation with
Staphylococcus epidermidis in MNCs of extremely preterm (<30 wk GA, white), moderately preterm (31-33 wk GA, light gray), and term infants (37-41 wk
GA, dark gray) in comparison to adults (n = 5/group). Data are presented as mean + SEM, *P < 0.05, **P < 0.01, 'P < 0.001. (b) Production of cytokine pro-
tein after stimulation with Staphylococcus epidermidis by neonatal and adult MNCs. Graphs show mean + SEM (IL6, TNF-a, n = 14-20 per group; IL1B, IL8, n
=4-6 per group). *P < 0.05, **P < 0.01, 'P < 0.001. GA, gestational age; IL, interleukin; MNC, mononuclear cell; TNF, tumor necrosis factor.

Phagocytic and Intracellular Killing Capacity of Monocytes Is
GA-Independent
To determine whether the differences in cytokine produc-
tion observed were attributable to reduced bacterial uptake
by monocytes in preterm infants, we examined the kinetics
of nonopsonic and opsonic phagocytosis. We found similar
kinetics and phagocytic indexes in all the groups (Figure 4a).
Furthermore, opsonization of SE with rabbit serum signifi-
cantly and equivalently increased the uptake of SE bacteria by
monocytes in all groups (Figure 4b).

Given that the uptake of SE bacteria is equivalent in neo-
natal monocytes and in adult monocytes, we investigated

12 Pediatric RESEARCH Volume 72 | Number 1 | July 2012

the ability of neonatal monocytes to control in vitro infec-
tion with live SE bacteria. Employing a recently described
method for assessment of intracellular killing capacity (20),
we observed similar efficiency in killing of bacteria in all
the GA groups, with <0.01% of the original number of SE
bacteria remaining viable after 1 h of incubation with MNCs
(Figure 5).

Monocyte Surface Expression of TLRs

To investigate the differential expressions of innate immune
receptors potentially involved in the recognition of SE, we ana-
lyzed mRNA and protein expression of TLRs. There were no

Copyright © 2012 International Pediatric Research Foundation, Inc.
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Figure 3. GA-dependent maturation of heat-killed SE-induced intracellular cytokine production. (a,b) Percentage of IL6- and TNF-a-positive monocytes
according to GA, respectively (a: r* = 0.32, P < 0.05; b: r* = 0.38, P < 0.05) (n = 5/group). Representative flow cytometry plots demonstrate (c) the percentage
of monocytes that phagocytose pHrodo-labeled SE bacteria and (d) the percentage of pHrodo-positive monocytes that produce TNF-a. GA, gestational age;
FITC, fluorescein isothiocyanate; HKSE, heat-killed Staphylococcus epidermidis; IL, interleukin; SE, Staphylococcus epidermidis; TNF, tumor necrosis factor.
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Figure 4. Equivalent phagocytosis of heat-killed SE by neonatal and adult mononuclear cells. (a) Kinetics of uptake of pHrodo-labeled SE (HKSE +ve) in
extremely preterm (circles) and term infants (squares) as compared with adults (triangles) (n = 5/group). (b) Phagocytic index of monocytes of extremely
preterm (<30wk GA, white), moderately preterm (31-33 wk GA, light gray), and term infants (37-41 wk GA, dark gray) in comparison to adults (black) (n =

5/group). Graphs show mean + SEM. GA, gestational age; HKSE, heat-killed Staphylococcus epidermidis; SE, Staphylococcus epidermidis.

significant differences in gene expressions of TLR2, TLR4, or
TLR6 between preterm infants and term neonates (Figure 6a—c).
We next determined the expression levels of TLR2 and TLR4
proteins on monocytes, using flow cytometry (Figure 6d,e). We
observed a trend toward increasing numbers of TLR4-positive
monocytes with increasing GA; however, this association was not
statistically significant. Furthermore, we did not find differences

Copyright © 2012 International Pediatric Research Foundation, Inc.

between the GA groups in the median fluorescence intensities of
either the TLR2-positive or the TLR4-positive monocytes.

We next examined the downstream signaling events asso-
ciated with TLR-dependent activation. We found that the
numbers of phospho-p65-positive, phospho-p38-positive, and
JNK-positive monocytes after stimulation with SE were similar
among the groups (Figure 7).
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DISCUSSION
We have demonstrated that, even in extremely preterm infants,
SE is efficiently phagocytosed, but that subsequent activation of
innate immune responses is significantly impaired. It is likely
that these GA-related deficiencies contribute to the heightened
susceptibility of extremely premature infants to SE infection.
Early-response cytokines (IL1P, IL6, IL8, and TNF-a) are
initiated by activation of nuclear factor-kB (16). In keeping
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Figure 5. Similar intracellular killing capacity of neonatal and adult
mononuclear cells. Capacity of intracellular killing by mononuclear cells in
extremely preterm (<30 wk GA, white), moderately preterm (31-33 wk GA,
light gray), and term infants (37-41 wk GA, dark gray), and adults (black)
(n = 5/group). The logarithmic graph shows the mean number of viable SE
bacteria/ml + SEM in relation to the inoculated number of bacteria (start-
ing dose) in the presence/absence of baby rabbit complement (RbC) and
cytochalasin D (CD). CFU, colony-forming units; GA, gestational age; SE,
Staphylococcus epidermidis.
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with the limited data on SE responses in preterm infants (19),
our results indicate a significant GA-dependent deficiency in
cytokine production by neonatal MNCs after SE stimulation.
This was evident at both the transcriptional and translation
levels. This finding suggests a profound impairment in the
innate inflammatory response to SE in preterm infants.

The clinical correlates of GA-related differences in innate
responses to SE are increasingly being recognized. Erythema
toxicum neonatorum, which manifests as rash and fever in
term neonates (21,22) is thought to result from a inflamma-
tory response to SE bacteria that penetrate the dermis via hair
shafts (23). Furthermore, IL6 levels significantly increase dur-
ing the first weeks of life in noninfected term neonates, possi-
bly reflecting immune recognition of initial colonization with
commensal bacteria such as SE (24). Although all neonates are
ubiquitously colonized with SE within days after birth (18),
erythema toxicum neonatorum is exceptionally rare in pre-
term infants (21), suggesting significant GA-related differences
in innate immune responses in vivo. Furthermore, although
term infants rarely develop invasive SE infection, this organ-
ism represents the most common cause of late-onset septice-
mia in preterm infants (4).

Engagement of phagocyte surface receptors, phagocytosis,
and intracellular bacterial killing are key to the initial innate
immune response. Phagocytosis and intracellular killing by
neonatal monocytes are comparable to those achieved by
adult MNCs (25-29). However, these data are derived from
stimulation studies using early-onset sepsis pathogens or latex
particles; there are no analogous data on phagocytosis of SE
by monocytes in preterm infants. Our results are the first
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Figure 6. Neonatal and adult mononuclear cells express similar amounts of TLR2, TLR4, and TLR6. (a-c) Mean normalized gene expression levels + SEM
of TLR2, TLR4, and TLR6, respectively, in extremely preterm (<30 wk GA, white), moderately preterm (31-33 wk GA, light gray), and term infants (37-41 wk
GA, dark gray), and adults (black) (n = 5/group). Monocyte surface expression of TLR2 and TLR4. (d) The number of monocytes positive for TLR2 and TLR4,
and (e) shows the specific median fluorescence intensity (MFI) of TLR-positive monocytes in extremely preterm (<30 wk GA, white), moderately preterm
(31-33wk GA, light gray), and term infants (37-41wk GA, dark gray), and adults (black) (n = 5/group). Positive TLR expression was defined by a fluores-
cence signal greater than matching isotype control for each donor. Data are presented as mean + SEM. GA, gestational age; TLR, Toll-like receptor.
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Figure 7. Cell signaling in response to Staphylococcus epidermidis (SE). (a-c) Depict the percentage of monocytes positive for p65, p38, and JNK accord-
ing to time post-exposure to SE in extremely preterm (circles) and term infants (squares) in comparison to adults (triangles) (n = 5/group). Data are

presented as mean + SEM.

to demonstrate similar phagocytic capacities of monocytes
(percentage of SE-phagocytosing monocytes and number of
ingested bacteria) in preterm neonates, mature neonates, and
adults. Crucially, the induction of TNF-a and IL6 was observed
only in monocytes containing ingested SE bacteria, irrespec-
tive of GA. Furthermore, the MNCs of preterm infants were
able to counter in vitro infection with live SE bacteria as effec-
tively as those of term infants and adults.

Given that preterm infants are commonly hypocomple-
mentemic, we assessed monocyte phagocytosis of SE bac-
teria in the absence and presence of complement. Although
opsonization resulted in increased efficiency of bacterial
uptake in all groups, it failed to normalize cytokine produc-
tion by monocytes of infants with very low GA. Furthermore,
there was no difference in the numbers of phospho-p65-
positive monocytes in preterm infants as compared with
term infants and adults. Therefore the marked reductions in
cytokine levels that are seen in preterm infants in response
to SE are not the result of insufficient uptake or intracellular
killing of the bacteria or from reduced activation of secondary
phosphokinases. The defect that results in reduced phagocy-
tosis-induced cytokine responses in infants with very low GA
may reflect distinct features of neonatal signaling pathways
that blunt cytokine production. Examples of these are rela-
tively high neonatal plasma concentrations of immunomodu-
latory adenosine and relatively high concentrations of cyclic
adenosine monophosphate in MNCs, or other impairments
that may lie downstream of nuclear factor-kB activation (30).
Of note, we were able to detect some cytokine production in
response to SE even in extremely premature infants, further
indicating that the MNCs of preterm infants are able to recog-
nize and engage SE bacteria. This is in keeping with the clini-
cal observation of raised concentrations of C-reactive protein
(which is transcriptionally regulated by IL6) in SE sepsis in
very premature infants (31,32).

We have previously shown that SE bacteria engage the
innate immune system through TLR2-dependent as well as

Copyright © 2012 International Pediatric Research Foundation, Inc.

TLR2-independent signaling (33). We next examined the
expressions of TLR2 and TLR4 in neonatal MNCs (34), both
at the mRNA and cell surface protein levels. The monocytes
of preterm infants showed abundant TLR2 expression, sim-
ilar to that in term infants and adults. TLR4 was expressed
on a smaller subset of monocytes in preterm infants, but the
expression was also equivalent across groups. Similar levels
of mRNA and of protein expressions of TLR2 and TLR4 are
reported in neonatal cells of term infants and in adult cells
(35), whereas another study found that TLR4 expression
increased with increasing GA (36). We conclude that differ-
ences in responses to SE in preterm infants are unlikely to
result from GA-related increases in TLR2 expression.

In summary, our findings represent the most comprehen-
sive assessment of innate immune responses to SE in infants to
date. We demonstrate that monocytes from infants born early
in gestation express TLR2 and TLR4 at levels similar to those
in adults, and that they phagocytose and kill SE bacteria to an
extent comparable to those of monocytes of term infants and
adults. However, this is not reflected in the form of mature
cytokine responses, despite appropriate activation of phospho-
p65. Delineation of the maturational steps necessary for com-
pletely engaging transcriptional activation of cytokine and other
genes will be important in developing diagnostic, preventive, and
therapeutic strategies to reduce the infectious disease burden in
highly susceptible populations such as preterm infants. In addi-
tion to in vitro experiments utilizing sophisticated techniques in
isolated cells, it will be essential to investigate the complex innate
immune responses to SE infection in vivo.

METHODS

Blood Sampling and Preparation

Cord blood and placental samples were prospectively collected as
described earlier (17,37). The human research ethics committee of
Princess Margaret and King Edward Memorial Hospitals approved
the study, and written informed consent was obtained from all par-
ticipants. The histology of extraplacental membranes, umbilical cord,
chorionic plate, and placenta was examined (38), and only MNCs
from pregnancies without chorioamnionitis were used.

Volume 72 | Number 1 | July 2012 Pediatric RESEARCH 15
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Cord blood was collected from cord vessels and placental sur-
face immediately after delivery, after cleaning with an alcohol
swab. Neonates were divided into three groups, corresponding to
GA-related risk of bacterial infection (39): (i) very preterm infants,
<30wk GA, (ii) moderately preterm infants, 31-33 wk GA and (iii)
term, 37-41 wk GA. The total leukocyte and monocyte counts for
the groups were similar on manual differential examination. Control
blood samples were collected from healthy nonpregnant adults by
venipuncture.

Blood samples were mixed 1:1 with heparinized RPMI 1640 culture
medium (Gibco, Paisley, Scotland). MNCs were isolated by lymphop-
rep gradient centrifugation (Nycomed Pharmacia, Elverum, Norway)
and cryopreserved using an established method that does not signifi-
cantly affect cell viability or function (40). For all the experiments,
equal numbers from all age groups were batch-analyzed to reduce
experimental variation.

Bacterial Culture

SE strain 1457, an invasive clinical isolate, provided by Dr Michael
Otto (National Institute of Allergy and Infectious Diseases, MT), was
grown to mid-log phase in brain-heart infusion broth (PathWest,
Perth, Western Australia) (41). Bacteria were heat-killed for 15min
at 80°C, then washed and resuspended in sterile phosphate-buffered
saline (PBS) at 2.5 x 10° colony-forming units (CFU)/ml; the aliquots
were stored at —20°C. Lack of viability was confirmed by plating
serial dilutions of bacterial suspensions onto blood agar. The pres-
ence of LPS contamination of SE preparations was excluded by means
of Limulus amoebocyte lysate assay (Associates of Cape Cod, East
Falmouth, MA) and by lack of response of TLR4-transfected HEK293
cells (Invivogen, San Diego, CA).

MNC Cultures

Cryopreserved MNCs were thawed rapidly at 37°C, resuspended in
RPMI 1640, centrifuged, and resuspended to a total volume (vol) of
1 mlin AIM-V (Gibco) supplemented with 2-mercaptoethanol (2-ME,
Sigma, Sydney, Australia), as described (42). Experimental conditions
were optimized for bacterial dose and time of cytokine production,
using MNC:s from all age groups. The MNCs were counted and cul-
tured at 10° live cells/ml in RPMI 1640 with 10% fetal calf serum in
polypropylene 96-well plates (Corning, Corning, NY). SE bacteria
were added at indicated final concentrations and the cell cultures were
incubated at 37°C/5% CO,. Culture supernatants were harvested and
stored at —80 °C until batch analysis.

TLR-Pathway Gene Expression Array

Mononuclear pellets from cultures stimulated with SE bacteria at
10%/ml for 6h were resuspended and stored in RNAprotect Cell
Reagent (Qiagen, Doncaster, Australia) at—-80°C until RNA iso-
lation. Cellular lysates were prepared using a QIAshreddar spin
column (Qiagen) and total RNA was isolated using the RNeasy kit
(Qiagen). From each sample, 50ng of RNA was then transcribed
into cDNA using the reverse transcription PCR array First Strand
Kit (SA Biosciences, Frederick, MD) and analyzed on the human
TLR-pathway array (SA Biosciences) using the real-time SYBR
green/fluorescein PCR master mix (SA Biosciences). Reverse tran-
scription PCR was performed on an ABI Prism 7000 (ABI, Foster
City, CA) per the manufacturer’s instructions. Gene expression was
normalized using multiple housekeeping genes and the data were
analyzed using the AAC method (43). The multiple of change in
gene expression was calculated in SE-stimulated cells with reference
to unstimulated cells.

Cytokine Assays

Cytokines were measured using commercial enzyme-linked immuno-
sorbent assay (for IL1B, IL8; eBioscience, San Diego, CA) or in-house
time-resolved fluorometry assay (for IL6, IL10, TNF-a) in accordance
with the manufacturer’s instructions or established protocols (42).

Flow Cytometry of Surface Expression of TLR2 and TLR4,
Phagocytosis, and Intracellular Cytokines

After thawing, the MNCs were used directly (for basal expression of
TLRs) or cultured for analysis of phagocytic capacity and cytokine
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induction, as described earlier in this paper. For TLR staining, the
MNCs were washed in fluorescence-activated cell sorter (FACS) buf-
fer (1x PBS, 2% fetal calf serum, 2% bovine serum albumin, and 0.01%
NaN,) and stained with phycoerythrin- and allophycocyanin-labeled
antibodies (Abs) against TLR2 and TLR4 (eBioscience), respectively,
or matched isotype controls for 30 min at 4°C in the dark. This was
followed by a final wash and fixation in 1x BD stabilizing fixative
solution (BD Biosciences).

pHrodo Labeling of SE

For phagocytosis and intracellular cytokine experiments, SE bac-
teria were labeled with the pH-sensitive fluorescent dye, pHrodo
(Invitrogen, Carlsbad, CA). Labeled bacteria fluoresce brightly only
in the phagosome at pH <4.0. HKSE bacteria (2.5 x 10° per reaction)
were incubated for 1 h with 0.5 mmol/l of pHrodo succinimidyl ester
and extensively washed to remove unbound dye, in accordance with
the manufacturer’s instructions. pHrodo-labeled SE bacteria were
thoroughly dispersed before use by rapid vortexing for 30 s followed
by 5min in an ultrasonic water bath.

For the phagocytosis assay, MNCs were cultured for 1h in the pres-
ence of pHrodo-labeled SE bacteria (100 bacteria/MNC) at 37°C.
After harvesting, the cells were washed and incubated in FACS buffer
and permeabilized (BD Biosciences). The cells were incubated, and
nonadherent bacteria were removed by washing twice with 2ml of
ice-cold PBS (500¢, 5 min) before fixing in 2% (vol/vol) formalin solu-
tion (in PBS) for flow cytometry.

For the intracellular cytokine assay, MNCs were cultured with
pHrodo-labeled SE for 1h. The cells were incubated for a further
4h at 37°C in the presence of 6 pg/ml of Brefeldin A (eBioscience)
and then transferred to a polystyrene 96-well plate. They were then
washed twice with ice-cold PBS (500¢, 5min) and immediately fixed
using FACS-lyse solution (BD Biosciences) in accordance with the
manufacturer’s instructions. The cells were permeabilized using 1x
permeabilization buffer for 10min (BD Biosciences), washed, and
resuspended in FACS buffer. They were then incubated with fluores-
cein isothiocyanate- or allophycocyanin-labeled antibodies against
TNF-a, IL-6 (eBioscience), or isotype controls for 30 min at 4°C in
the dark, before two final washes and fixation in 1x stabilizing fixative
solution (BD Biosciences).

To normalize for the potential effect of opsonization on phago-
cytosis, especially given that preterm infants are often hypocomple-
mentemic (44), phagocytosis, intracellular killing, and intracellular
cytokine assays were performed both with and without 10% baby rab-
bit complement (PelFreeze, Rogers, AR).

For all the assays, a minimum of 5,000 monocytes, identified
by their forward/sideward scatter characteristics, were acquired
uncompensated, using a FACSCalibur flow cytometer (BD
Biosciences). BD CompBeads were used for all antibodies at acqui-
sition to allow post hoc compensation, and data were analyzed
using Flow]Jo software (Treestar, Ashland, OR ). For TLR expres-
sion analysis, the median fluorescence intensity of the isotype was
subtracted from the median fluorescence intensity after staining
with TLR-specific Abs. For the phagocytosis assay, the proportion
of monocytes positive for SE ingestion was determined by setting a
threshold marker of 1.5% of unstimulated monocytes. Phagocytosis
was quantified from the median fluorescence intensity of the posi-
tive monocyte population. For intracellular cytokine staining, posi-
tively stained cells were identified by setting a threshold marker of
1.5% of isotype-labeled cells.

Intracellular Killing Assay

MNCs were cultured as described and inoculated with 10° CFU/
ml of live SE bacteria for 30 min in the presence or absence of baby
rabbit complement or cytochalasin D (10 pg/ml, Sigma). The cells
were washed twice with ice-cold PBS (500g, 5min) to remove non-
internalized bacteria and incubated for 2h before being lysed by
resuspension for 5min in sterile water with 1% ethylene glycolate
deoxycholate (Fluka AG, Buchs, Switzerland). The cell lysates were
serially diluted, plated onto blood agar, and incubated at 37°C/5%
CO,. After 48 h, viability was measured in terms of CFUs by manual
counting.

Copyright © 2012 International Pediatric Research Foundation, Inc.
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Cell Signaling Studies

Monocytes were isolated from whole MNCs using negative magnetic
selection using a human monocyte enrichment kit without CD16
depletion (EasySep, Tullamarine, Australia). Purified monocytes
(>85%) were incubated with the following stimuli; pHrodo-labeled
SE bacteria (4 x 107 CFU/ml) with 10% baby rabbit complement,
10ng/ml LPS (Alexis, Lausen, Switzerland), or 100ng/ml FSL-1
(Invivogen). The cells were harvested by transfer to 2ml of ice-cold
PBS at 15, 30, 60, 90, 120, and 150 min. Unstimulated cells and those
stimulated with LPS or FSL-1 were incubated only for 30 min. After
transfer, the cells were centrifuged and washed with ice-cold PBS
and fixed in 1.5% (vol/vol) formaldehyde in PBS for 10 min at room
temperature before permeabilization and further fixation with metha-
nol for 10min at 4°C. The cells were washed twice with FACS buffer
before staining with phycoerythrin-labeled anti-nuclear factor-xB
Abs, Alexa488-labeled anti-p38 Abs (BD Biosciences), and Alexa 647-
labeled anti-JNK Abs (Cell Signaling Technology, Danvers, MA), or
matched fluorophore-labeled isotype control Abs, and analyzed on a
FACSCalibur flow cytometer.

Statistical Analysis

Comparisons between groups were performed using the Kruskal-
Wallis test with Dunn’s post-test, using Prism 5 for Mac (GraphPad,
La Jolla, CA). For analysis of correlation, the Spearman r-test was
used. Differences were considered significant at P < 0.05.
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