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Summary

Microbial infections are a major cause of infant mortality worldwide

because of impaired immune defences in this population. The nature of

this work was to further understand the mechanistic limitations of the

neonatal and infant immune response. Interleukin-27 (IL-27) is a heterodi-

meric cytokine of the IL-12 family that is produced primarily by antigen-

presenting cells and is immunosuppressive toward a variety of immune cell

types. We show that IL-27 gene expression is elevated in cord blood-

derived macrophages relative to macrophages originating from healthy

adults. We also evaluated the duration over which elevated IL-27 gene

expression may impact immune responses in mice. Age-dependent analysis

of IL-27 gene expression indicated that levels of IL-27 remained signifi-

cantly elevated throughout infancy and then declined in adult mice. Flow

cytometric analysis of intracellular cytokine-stained splenocytes further

confirmed these results. Interleukin-27 may be induced during pregnancy

to contribute to the immunosuppressive environment at the fetal–maternal

interface because we demonstrate dose-responsive gene expression to

progesterone in macrophages. Neutralization of IL-27 in neonatal macro-

phages improved the ability of these cells to limit bacterial replication.

Moreover, neutralization of IL-27 during incubation with the Mycobacteri-

um bovis bacillus Calmette–Gu�erin vaccine augmented the level of

interferon-c elicited from allogeneic CD4+ T lymphocytes. This suggests

that blocking IL-27 during vaccination and infection may improve immune

responses in newborn and infant populations. Furthermore, mice will be a

suitable model system to further address these possibilities.
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Introduction

Microbial infections remain a major cause of mortality in

early life, accounting for millions of infant deaths each

year.1 This is further complicated by impaired humoral

and cell-mediated adaptive responses to vaccines com-

pared with adults.2 Impaired immunity in infants may be

a remnant of the uterine environment where immunity is

suppressed to promote successful pregnancy, the product

of an immature immune system, or a combination of

both. New studies that compare primary cells from

infants and adults with a focus on individual cell types

and specific mechanisms are needed to further dissect

immune defects. This may lead to the development of

targeted interventions to improve defence against micro-

bial invasion and augment immune function.

Discrepancies in cytokine production between adult

and neonatal immune cells have been widely reported

and are generally biased toward T helper type 2 (Th2)

responses. Tumour necrosis factor-a production in

response to a subset of toll-like receptor ligands was

substantially reduced in neonatal cord blood monocytes

compared with cells taken from adults.3 Neonatal

innate cells produced significantly less interferon (IFN-

a), interleukin-12 (IL-12), and IFN-c, but more IL-23,

IL-6, IL-1b and IL-10 than their adult counterparts in

response to an array of toll-like receptor ligands.4

Consistent with this study and with low levels of

inflammatory cytokines, cord blood mononuclear cells

produce enhanced levels of IL-10 compared with adult

peripheral blood mononuclear cells in response to

lipopolysaccharide.5
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Induction of Th1 responses is also impaired in neo-

nates.6 This notion is reinforced by studies showing that

newborns mount lower Th1 responses than adults to

commonly administered viral vaccines while producing

elevated levels of Th2 cytokines.7–9 Similar outcomes are

extensively reported in response to allogeneic stimulation

during mixed leucocyte reactions.10–13 However, adult

antigen-presenting cells are able to promote Th1

responses from cord blood lymphocytes.10 This suggests

that the deficiency is not completely intrinsic to neonatal

lymphocytes; the neonatal antigen-presenting cells proba-

bly play a significant role in influencing the nature of the

T-lymphocyte response. While deficiency in IL-12 pro-

duction by cord blood mononuclear cells may contribute,

other factors may also be important.

Interleukin-27 is a heterodimeric cytokine of the IL-12

family that consists of the Epstein–Barr virus-induced

gene 3 (EBI3) and IL-27p28 proteins.14 The predominant

producers of IL-27 are antigen-presenting cells. Interleu-

kin-27 signals through a receptor that is a heterodimer of

WSX-1 and gp130 expressed on a number of cells of

immunological nature.15 The IL-27 is unique in that it

can both activate and suppress immune responses. It was

originally described as a pro-inflammatory cytokine that

promotes the differentiation of Th1 cells and production

of IFN-c.16,17 However, WSX-1-deficient animals mount

Th1 responses, suggesting that IL-27 is compensated for

in this regard.18–21 Since that time, the anti-inflammatory

nature of IL-27 has become more widely documented.

Interleukin-27 inhibits Th1, Th2 and Th17 lymphocytes

in both mice and humans.19,22–24 It is also involved with

the generation of anti-inflammatory T cells (Tr1) that

produce large amounts of the immune suppressive cyto-

kine IL-10.25 In addition, anti-inflammatory activity of

IL-27 toward murine and human macrophages has been

shown.21,26–28 Interleukin-27 limits inflammatory signal-

ling and cytokine production with consequences of reduc-

ing control of bacterial growth.26,28 Increased WSX-1

expression has been associated with immunosuppressive

macrophage phenotypes.29

Given the immunosuppressive nature of IL-27, we

explored a potential involvement of this cytokine in neo-

natal immune responses. Human cord blood-derived

macrophages express IL-27 at elevated levels compared

with adult counterparts. In mice, this elevated expression

is maintained through infancy. In vitro neutralization of

IL-27 in neonatal macrophages improved control of bac-

teria and augmented the level of IFN-c elicited from

CD4+ T lymphocytes. This suggests that blocking IL-27

during vaccination and infection may improve immune

responses in newborn and infant populations. Further-

more, the results here also demonstrate that age-depen-

dent mouse studies will be a useful model to further

evaluate the immunobiology of IL-27 in paediatric

populations.

Materials and methods

Mycobacterium bovis BCG culture

Mycobacterium bovis bacillus Calmette–Gu�erin (BCG) was

purchased from the American Type Culture Collection

(ATCC, Manassas, VA). The bacteria were maintained in

Middlebrook 7H9 broth supplemented with ADC enrich-

ment media (Albumin, Dextrose, Catalase) at 37° with

5% CO2. For infections, mycobacteria were pelleted,

diluted in Dulbecco’s modified Eagle’s medium (DMEM),

and passed through a 27-gauge needle to disrupt clumped

bacteria.

Cell culture

Human umbilical cord blood was obtained under Institu-

tional Review Board approval from the Department of

Obstetrics and Gynecology at the University of South Caro-

lina and Palmetto Health Richland Hospital or Magee

Women’s Hospital in Pittsburgh, PA. All donations were

from healthy infants of gestational age � 37 weeks. Adult

peripheral blood mononuclear cells were isolated from

human buffy coats purchased from the New York Blood

Center (New York, NY). Eligible donors were 16 years of

age or older, at least 50 kg, and in good physical health. All

blood donors were anonymous and de-identified. The cord

blood was centrifuged at 1500 g for 15 min to isolate the

buffy coat. Adult or cord blood-derived buffy coats were

subjected to Ficoll (GE Healthcare, Waukesha, WI) density

gradient centrifugation to isolate peripheral blood mono-

nuclear cells. Monocytes were subsequently isolated from

mononuclear cells by OptiPrep (Axis-Shield, Dundee,

Scotland) density gradient centrifugation as described

previously.26 Monocytes were allowed to adhere to plastic

culture dishes for 1 hr in serum-free DMEM supplemented

with 2 mM glutamine and 25 mM HEPES. Non-adherent

cells were removed and the medium was replaced with

DMEM supplemented with 2 mM glutamine, 25 mM

HEPES, 20% fetal calf serum and 10% human serum. For

experiments, the medium was replaced with DMEM

supplemented with 2 mM glutamine, 25 mM HEPES and

1% human serum.

Macrophage infection and enumeration of BCG

Human macrophages cultivated in 96-well dishes

(5 9 104/well) were treated with medium alone or solu-

ble receptor to neutralize IL-27 (sIL-27R, 10 lg/ml) and

infected with BCG (~ multiplicity of infection 1). The

sIL-27R was purchased from R&D Systems (Minneapolis,

MN) and contains amino acids 34–516 of the IL-27Ra

(WSX-1) chain fused through a linker domain with

amino acids 100–330 of human IgG1 (50% neutralization

dose = 1–4 lg/ml). Infected cultures were incubated for
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5 days at 37° with 5% CO2. Culture supernatants were

removed and macrophages were permeabilized with

0�05% saponin to release bacteria. Ten-fold serial dilu-

tions were plated on Middlebrook 7H10 agar supple-

mented with OADC (Oleic Acid, Albumin, Dextrose,

Catalase) enrichment and incubated 15 days at 37° with

5% CO2.

Age-dependent mouse experiments

Breeding colonies of C57BL/6 mice were maintained at the

University of South Carolina Center for Colon Cancer

Research Mouse Experimentation Core Facility. Male and

female mice were used for experiments. Consistent with

previous literature, mice in this study are defined as neo-

nates until 8 days of life, infants up to 2 weeks, and are

adults at 6 weeks.30 Animals were identified at the appro-

priate age (n = 6 for gene expression analysis, n = 4 for

cytokine staining) for the study and killed using humane

procedures to harvest the spleen. All procedures were car-

ried out with the approval of the University of South Caro-

lina’s Institutional Animal Care and Use Committee. The

spleen was placed in RNA stabilization solution (RNAlat-

erTM, QIAGEN, Germantown, MD) and stored at �80°.

RNA isolation and quantitative PCR

Human macrophages or mouse spleens were lysed or

homogenized in PureZOLTM (Bio-Rad, Hercules, CA).

RNA was isolated according to commercial product pro-

tocol. First-strand cDNA synthesis was performed using

iScript (Bio-Rad) cDNA synthesis reagents according to

protocol. Real-time cycling of reactions that included

cDNA diluted 20-fold, gene-specific primer-probe sets

(Life Technologies, Carlsbad, CA), and iQTM Supermix

(Bio-Rad) was performed in duplicate using an iQ5TM

cycler (Bio-Rad). WSX-1 expression assays were per-

formed with unlabelled forward and reverse primers

described previously in a reaction similar to above with

SsoFastTM EvaGreen� Supermix (Bio-Rad).31 Glyceralde-

hyde phosphate dehydrogenase (GAPDH) and b-actin
were used as internal reference genes for human and

mouse assays, respectively. For IL-27 and WSX-1 compar-

ison between human neonates and adults, all donors were

normalized relative to the lowest expresser across each

age group for p28 or EBI3. For mouse gene expression,

all age groups were normalized to the mean data obtained

from mice at 4 days.

Immunolabelling and flow cytometry

To label murine splenocytes, single-cell suspensions were

prepared by crushing the spleens in mesh baskets (40-µm
pore size). The splenocytes were collected with PBS and

pelleted by centrifugation at 400 g for 5 min. The cell

pellet was suspended in 5 ml ACK red blood cell lysis

buffer (Quality Biologicals, Gaithersburg, MD) and incu-

bated at room temperature for 5 min. The splenocytes

were subsequently washed with PBS, pelleted and sus-

pended in serum-free DMEM. The splenocytes were

enriched for loosely adherent cells by panning in 24-well

plates for 4 hr with serum-free DMEM that contained

monensin (10 lM). Splenocytes were harvested, washed

with PBS, and suspended in flow stain buffer (PBS sup-

plemented with 0�5% BSA and 0�1% sodium azide). All

subsequent steps were performed at room temperature.

Splenocytes were mixed for 15 min with unlabelled

mouse IgG (0�5 lg/ml) to block Fc receptors and then

surface-labelled with 1 lg rat anti-mouse F4/80 conju-

gated with phycoerythrin (clone BM8; eBioscience, San

Diego, CA) or rat IgG2a isotype control in a volume of

100 ll for 1 hr with gentle rocking. Unbound antibody

was removed by washing with flow stain buffer. Spleno-

cytes were then fixed with 4% PBS-buffered paraformal-

dehyde for 20 min. Following a wash step, the cells were

perforated with permeabilization buffer (flow stain buffer

that contained 0�5% saponin) for 10 min. Splenocytes

were then labelled with 1 lg rat anti-mouse IL-27 conju-

gated with fluorescein (clone 234205; R&D Systems) or

IgG2b isotype control in a volume of 100 ll for 1 hr with

gentle rocking. Unbound antibody was removed by wash-

ing with permeabilization buffer. Splenocytes were again

fixed with 4% paraformaldehyde. Cells were collected

with a FACScan flow cytometer (Becton Dickinson,

Franklin Lakes, NJ). A minimum of 15 000 gated events

were collected for each sample group. To label human

macrophages, cells cultured as described above were

removed from culture dishes with PBS that contained

5 mM EDTA and 17 mM lidocaine. The cells were washed

with PBS and pelleted by centrifugation at 400 g for

5 min. Fc receptors (FcR) were blocked with human FcR

blocking reagent (20 ll/107 cells; Miltenyi, Bergisch Glad-

bach, Germany) diluted in flow stain buffer for 15 min

with gentle rocking. Macrophages were then labelled with

1 lg anti-human CD14 conjugated with FITC (eBio-

sciences) or IgG1 isotype control in a volume of 100 ll
for 1 hr with gentle rocking. Unbound antibody was

removed by washing with flow stain buffer. Macrophages

were fixed with 4% paraformaldehyde. A minimum of

5000 events were collected.

Allogeneic mixed leucocyte reactions and CD4+ T-cell
stimulations

These assays were performed in 96-well plates. For mixed

leucocyte reactions, macrophages (4 9 104/well) were

treated for 24 hr with medium alone or sIL-27R (10 lg/
ml) and then infected with M. bovis BCG (multiplicity of

infection ~1) for an additional 24 hr. CD4+ T cells iso-

lated from cord blood mononuclear cells by negative
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antibody selection (Human CD4 Subset columns; R&D

Systems) were then overlaid onto macrophage cultures.

Five days following mixed culture, the supernatants were

collected and IFN-c concentration was measured by

ELISA.

ELISA

Supernatants were collected from mixed leucocyte reac-

tions and T-cell stimulation assays described above. Anal-

ysis of IFN-c concentrations was carried out using the

human IFN-c DuoSet (R&D Systems) according to the

manufacturer’s instructions.

Statistical analysis

Statistical comparisons were performed using an unpaired

samples t-test, Mann–Whitney U-test, paired sample

t-test, or Friedman test of repeated measures depending

on the nature and distribution of the data set. The appro-

priate test is indicated in the figure legend. The P values

� 0�05 were considered statistically significant.

Results

IL-27 gene expression is elevated in cord
blood-derived macrophages

Our laboratory has demonstrated anti-inflammatory activ-

ity of IL-27 toward primary human adult macrophages

during mycobacterial infection.26–28 Interleukin-27 limits

inflammatory cytokine production and inflammatory

cytokine receptor expression.26–28 Cumulatively, these

activities compromise control of M. tuberculosis in human

macrophages.26,28 Hence, we examined whether IL-27 may

contribute to suboptimal immune responses in neonatal

macrophages. Because the level of circulating macrophages

was not sufficient to perform these experiments, mono-

cytes were isolated from individual human umbilical cord

or adult blood donors and differentiated to macrophages.

To confirm the cellular phenotype, cord blood and adult

cells were labelled for CD14, a marker of human mono-

cytes/macrophages. As shown in Fig. 1, the labelling of

cord blood and adult cells is comparable and a nearly

homogeneous population of macrophages is found. These

profiles are consistent with our previous report.26 RNA

was isolated from steady-state macrophages and IL-27

gene expression was measured by real-time PCR. Expres-

sion of p28 and EBI3 was significantly elevated in the cord

blood population (Fig. 2a,b). WSX-1 is the ligand-binding

chain of the IL-27 receptor and is associated with immu-

nosuppressive macrophage populations.29 The cord blood

population did not exhibit a meaningful increase in WSX-

1 gene expression compared with adults (Fig. 2c).

Interleukin-27 expression is elevated throughout
infancy

Elevated levels of IL-27 may impact immune responses

in the newborn population. We therefore wanted to

Figure 1. CD14 labelling of human macro-

phages. The cord blood or adult cells examined

were labelled with FITC-conjugated anti-CD14

or isotype control as described in the Materials

and methods. Dot plots for representative

donors are shown; an equivalent analysis was

carried out on separate donors at least three

times.
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determine whether the elevated expression of IL-27 in

cord blood macrophages was a transient event in the

transition of the fetus from the uterine environment, as

suggested by the above results, or a more prolonged

aspect of the infant immune response. To address this

question in a controlled study where IL-27 expression

would not be influenced by infection or other confound-

ing conditions, we used an age-dependent mouse model.

Spleens were harvested from C57BL/6 mice at various

increments of age from the neonatal period through

adulthood (n = 6 per age group) and RNA was isolated

for quantitative gene expression analysis. Data were

expressed relative to the mean gene expression of 4-day-

old pups; however, it is important to indicate that IL-27

transcripts were detected at this age. An overall change in

expression for both EBI3 and p28 was observed with the

age of mice (P = 0�038 and 0�026, respectively). EBI3 and

p28 gene expression increased sharply over the first

8 days of life (Fig. 3). Expression of EBI3 continued to

increase modestly for 3 weeks and then decreased sharply

as the mice transitioned to adults (Fig. 3). In contrast,

p28 expression increased again from 8 to 12 days and

then was maintained into adulthood (Fig. 3).

The pattern of IL-27 gene expression in mice was com-

parable to that of the human system for EBI3 but not

p28. However, if EBI3 expression becomes a limiting fac-

tor for the assembly of IL-27, then functional IL-27 may

be reduced in adult mice. We tested this hypothesis by

immunolabelling splenocytes from different age mice for

IL-27 followed by flow cytometric analysis. Additionally,

the splenocytes were labelled for F4/80 to determine the

level of macrophage-specific expression. Consistent with

the gene expression analysis, the number of macrophages

producing IL-27 (Fig. 4a,b) as well as the overall protein

level (Fig. 4a,c), was increased in neonatal mice compared

with adults and peaked toward the end of infancy.

Importantly, a striking number of splenocytes that were

negative for F4/80 also produced IL-27 in neonatal and

infant mice (Fig. 4a,d). Some of these cells may be popu-

lations of macrophages that do not label for F4/80 or

dendritic cells; this is later discussed in more detail.

Together, these data demonstrate that although the mur-

ine system is not a precise replicate of the human pri-

mary macrophages, neonatal mice do produce greater

levels of IL-27 that are maintained throughout infancy.

Progesterone induces IL-27 expression

During pregnancy, fetal trophoblasts must invade deep

into the uterine lining without activating the maternal

immune system. Meanwhile the decidual tissue of the

uterus contains mononuclear cells capable of responding

to the semi-allogeneic fetus throughout pregnancy.

Hence, successful human pregnancy is a situation in

Figure 2. Interleukin-27 (IL-27) gene expres-

sion is elevated in cord blood macrophages.

Monocytes were isolated from umbilical cord

blood or adult buffy coats (n = 16) and differ-

entiated to macrophages as described in the

Materials and methods. Steady-state 7-day

macrophages were harvested for RNA. Quanti-

tative analysis of p28 (n = 16), Epstein–Barr

virus-induced gene 3 (EBI3; n = 16), and

WSX-1 (n = 14 cord blood, n = 12 adult)

transcripts is presented as the log2 change in

gene expression relative to GAPDH. Each sym-

bol represents an individual donor. A Mann–

Whitney U-test was used to establish statistical

significance between donor groups in the 95%

confidence interval; the corresponding P-values

are indicated.
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which immunological tolerance must be initiated and

maintained at the fetal–maternal interface. Progesterone

levels that increase throughout pregnancy have been

shown to skew immune responses in the Th2 direction

and decidual tissue in successful pregnancy has been well

characterized as immunosuppressive.32,33 We considered

the possibility that IL-27 may be regulated by progester-

one and expressed at elevated levels in the neonatal popu-

lation as a consequence of the maternal environment. To

investigate IL-27 expression in response to progesterone,

we used macrophages from adult donors that were con-

sidered naive to this hormone. If progesterone regulates

IL-27, the neonatal population may be insensitive to

added levels. Progesterone levels are highest during preg-

nancy in the third trimester.34 Pregnant women were

excluded from the donor pool. In these macrophage

donors (n = 4), exposure to progesterone for 72-hr

induced expression of both p28 and EBI3 in a dose-

responsive manner (Fig. 5). These results suggest that IL-

27 may be expressed at elevated levels in neonates as a

consequence of the progesterone-rich environment during

pregnancy.

Interleukin-27 influences human macrophages to
limit CD4+ T-cell proliferation and IFN-c production

Interleukin-27 is a paradoxical cytokine that has been

shown to contribute to differentiation of naive T cells

toward a Th1 phenotype and promotion of IFN-c.17 At

the same time, IL-27 has been demonstrated to limit

inflammatory responses associated with both T cells and

macrophages.35 To begin to understand how IL-27 may

influence neonatal and infant immune responses, we

investigated the biology of elevated IL-27 in the context

of both cell types. For these experiments, M. bovis BCG,

the live vaccine strain for M. tuberculosis, was chosen as a

model for both infection- and vaccination-induced

responses. Cord blood macrophages were left untreated

or treated with sIL-27R for 4 hr and then infected with

BCG for an additional 5 days. The macrophages were

then permeabilized and BCG was enumerated by standard

plate counts. As shown in Fig. 6(a), neutralization of IL-

27 before and during infection reduced the mycobacterial

recovery. There were no substantial differences in macro-

phage viability between treatment groups as measured

by an MTT assay (data not shown). In addition the

uptake of BCG is similar in macrophages under each

treatment condition (data not shown). These results are

consistent with published studies that show IL-27 opposes

innate immunity and control of bacteria.26,28

Cord blood mononuclear cells have been shown to be

impaired in the ability to stimulate IFN-c from neonatal

or adult lymphocytes.6 Hence, we evaluated the allogeneic

IFN-c response in the presence of a Th1 stimulus. BCG

has become one of the most used of all vaccines and is

administered to approximately 100 million newborns

worldwide each year.36 These numbers rank BCG among

the most prevalent vaccines given to newborns and chil-

dren.36,37 Moreover, in South Africa > 95% of infants are

vaccinated with BCG shortly after birth.38 Therefore, BCG

serves as a relevant model for vaccination and a stimulus

to drive a Th1 response. Cord blood macrophages were

left untreated or were treated with sIL-27R for 24 hr. The

macrophages were then left uninfected or infected with

M. bovis BCG for 24 hr to activate them as an antigen-

presenting cell. Following this initial period of infection,

heterologous CD4+ T cells were isolated and overlaid

onto macrophages for an additional 5 days. Supernatants

were then collected and the levels of IFN-c were mea-

sured by ELISA. The allogeneic response alone was mini-

mal, as reported previously by many groups (Fig. 6b).

Infection by BCG modestly increased the level of IFN-c
produced by CD4+ T cells (Fig. 6b). However, neutraliza-

tion of IL-27 led to an increase in IFN-c in every donor,

Figure 3. Interleukin-27 (IL-27) gene expression is elevated through-

out infancy in mice. C57BL/6 mice (n = 6) were killed at the indi-

cated time in days following birth. The spleens were removed and

RNA was isolated as described in the Materials and methods. Quan-

titative analysis of p28 and Epstein–Barr virus-induced gene 3

(EBI3) transcripts is presented as the log2 change in gene expression.

Expression levels within a sample were normalized to b-actin and

expressed relative to the mean expression at 4 days. A t-test was used

to establish statistical significance for the normally distributed data

set in the 95% confidence interval. Comparisons were made between

the indicated age group and adult mice within the p28 or EBI3 data

series (*P < 0�05, **P < 0�005).
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as well as a greater than fivefold mean increase in cyto-

kine compared with control (Fig. 6b).

Discussion

Newborns and infants exhibit increased susceptibility to

infectious agents. To improve immune responses to infec-

tious agents and vaccines in the newborn and infant pop-

ulation, it is important to fully understand the

mechanistic nature of the immunological limitations in

specific cell types. Interleukin-27 has emerged as a cyto-

kine that can limit inflammatory responses by macro-

phages and lymphocytes.35 It could contribute to

limitations in the immune response of newborns and

infants. However, this possibility was not previously

investigated.

We show here that human cord blood-derived macro-

phages express genes for both subunits of IL-27 at an ele-

vated level compared with adult counterparts. Human

cord blood-derived dendritic cells do not express IL-27

genes without stimulation; however, they exhibit elevated

IL-27 gene expression compared with adults in response

to the combination of lipopolysaccharide and IFN-c.31

Although IL-27 gene expression was increased in the neo-

natal cohort, WSX-1 gene expression was not significantly

different from that in adult cells. This is in contrast to

neonatal dendritic cells and T cells, which exhibited a

substantial increase in WSX-1 transcripts compared with

cells from adults.31 This may suggest that neonatal mac-

rophages are programmed differently for IL-27 expres-

sion, and neonatal dendritic cells and T cells are

equipped for a high-efficiency response to IL-27. This fur-

ther highlights the need for cell-type-specific comparisons

to understand how immunological findings may influence

the complete immune response.

The significance of elevated neonatal IL-27 expression is

impacted by the duration of time in which a high level of

expression is maintained. Obtaining a sufficient sample

size from healthy paediatric volunteers to perform a reli-

able analysis is not feasible. Expression of IL-27 may be

skewed in paediatric patients seeking medical care for a

wide variety of conditions. We therefore used a mouse

model to address age-dependent IL-27 expression in a

controlled population. The expression of p28 increased

following birth, peaked during infancy, and was main-

tained through adulthood. Similarly EBI3 expression

increased following birth, was significantly higher in neo-

natal mice than adults, but continued to increase with age,

peaking during late infancy. Despite the absence of a

decline in p28 transcripts in adult mice, reduced EBI3

gene expression suggested the possibility that EBI3 may be

a limiting factor in the assembly of IL-27. Therefore, we

measured the levels of IL-27 protein by immunolabelling

in splenocytes. The number of IL-27-positive macrophages

Figure 4. Interleukin-27 (IL-27) protein is elevated throughout infancy in mice. C57BL/6 mice (n = 4) were killed at the indicated time in days

following birth. The spleens were removed and single cell suspensions were prepared. Splenocytes were labelled with phycoerythrin-conjugated

anti-F4/80 and fluorescein-conjugated anti-IL-27 heterodimer as described in the Materials and methods. (a) Two-colour dot plots for a represen-

tative mouse at each age are shown. (b) The double-positive population (A2 quadrant) is represented at as the mean % positive IL-27-producing

macrophages � SE for four combined mice at each age. (c) The mean level of IL-27 expression as indicated by mean fluorescence intensity

(MFI) of the double-positive (A2 quadrant) population � SE is represented for four combined mice at each age. (d) The total IL-27-positive

population (A2 + A4 quadrant) is represented at as the mean % positive IL-27-producing splenocytes � SE for four combined mice at each age.

The indicated statistical comparisons were made using the Mann–Whitney U-test (b, d) or unpaired samples t-test (c).
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was significantly increased in neonatal and infant mice

compared with adults. Likewise, the level of protein

expression (mean fluorescence intensity) was also

increased in this population of cells from neonatal and

infant mice. It is further evident that large numbers of IL-

27-producing cells that do not label with F4/80 are present

in neonatal and infant spleens. F4/80 is a common marker

of mature macrophages but does not label all popula-

tions.39 Splenic red pulp macrophages highly express F4/

80, but expression is more limited or absent on marginal

zone macrophages.39,40 It is, however, worth noting that

eosinophils can express F4/80; although this becomes

more pronounced during parasitic infection and tissue

remodelling, factors not relevant here.41,42 Therefore, the

F4/80-negative population may include some other popu-

lations of macrophages; there is no single marker that can

be used to uniformly identify this cell type. However, it

seems likely that dendritic cells and other cell types are

represented. Future experiments will further explore the

contribution to IL-27 production by individual cell types.

It will be important to do so as this population also exhib-

its age-dependent IL-27 expression. The mouse will be a

useful model system for these studies, and to explore the

complete impact of IL-27 in newborn and infant response

to vaccines and infection.

One explanation for the elevated IL-27 expression in

neonates would be transition from the immunosuppres-

sive environment in utero. Indeed progesterone, which

peaks during the third trimester of pregnancy,34 increased

IL-27 gene expression in a dose-dependent fashion.

Figure 5. Progesterone induces interleukin-27 (IL-27) gene expres-

sion. Adult macrophages were cultured with or without progesterone

at the indicated concentrations for 72 hr. Quantitative analysis of

p28 or Epstein–Barr virus-induced gene 3 (EBI3) transcripts is pre-

sented as the mean log2 change in gene expression of duplicate sam-

ples � SE for four combined donors. Values were normalized to the

mean expression of GAPDH and expressed relative to that of med-

ium alone (no progesterone). Significant changes in gene expression

were established as determined by the non-parametric Friedman test

of repeated measures; an asterisk indicates significance.

Figure 6. Neutralization of interleukin-27 (IL-27) improves neonatal innate and adaptive immune responses. (a) Cord blood macrophages were

treated with sIL-27R or medium alone for 4 hr and then infected with bacillus Calmette–Gu�erin (BCG; multiplicity of infection ~ 1). Data are

represented as the mean colony-forming units (CFUs) recovered from infected macrophages � SE at 5 days for four independent experiments.

(b) Cord blood macrophages were cultured with sIL-27R or medium alone for 24 hr before infection with BCG (multiplicity of infection ~ 1).

Following infection for 24 hr CD4+ T cells from heterologous donors were added at a fivefold ratio. After 5 days, the IFN-c concentration in cul-

ture supernatants was measured by ELISA. Data shown are for five independent experiments; each symbol represents a separate experiment per-

formed with different macrophage and T-cell donors. A paired samples t-test (a) or Friedman test of repeated measures (b) was used to establish

statistical significance in the 95% confidence interval.
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Therefore, it was surprising that expression of IL-27 genes

increased in the week following birth. However, these

results do not contrast with the data observed from the

human macrophages; cord blood monocytes are cultured

for 7 days for differentiation to macrophages. We

acknowledge that this does not exactly simulate in vivo

parameters. Limitations exist in what can be done with

each model. We are unable to obtain sufficient quantities

of blood from 1-day-old murine neonates to differentiate

monocyte-derived macrophages as with human cells. Con-

versely, the numbers of circulating macrophages in human

cord blood are not sufficient for these studies and spleen

specimens are not readily available. Nonetheless, it is pos-

sible that a cue in the first week of life outside the uterine

environment stimulates IL-27 expression. This, however,

does not preclude progesterone as a stimulus for IL-27

expression in utero. This is supported by IL-27 detection

in placental tissues and in the vicinity of the trophoblast

in pregnant mice.43,44 Neutralization of IL-27 during mur-

ine pregnancy promoted abortion.43,44 The expression of

IL-27 may quickly subside when the neonate transitions

out of the progesterone-rich environment but increases

again over the first week of life. Clearly, some signal must

be responsible for the maintenance of high IL-27 levels

through infancy. Tissues from fetal and neonatal donors

of various ages will be necessary to fully address these pos-

sibilities.

We wanted to determine the influence of IL-27 on

neonatal macrophages. Interleukin-27 alone has not been

shown to drive an alternatively activated (M2)/immuno-

suppressive macrophage phenotype in human adult

cells.28 A gene expression profile indicates that the same

is true for neonatal macrophages (data not shown). To

begin to determine whether IL-27 opposes more optimal

responses in neonates, we neutralized IL-27 before and

during infection with a soluble receptor. BCG was used

as a dual model for infection and vaccination. Fewer

bacteria were recovered in macrophage cultures when

IL-27 signalling was blocked. This is consistent with

other reports regarding the influence of IL-27 on the

control of mycobacteria in adult mice and human

cells.20,21,26,28 Mixed leucocyte reactions with neonatal

cells have yielded only limited IFN-c production.6,10

Those findings are repeated here. Further stimulation of

the macrophages by BCG, particularly relevant to infant

vaccination, modestly increased IFN-c output. However,

this was increased more significantly by neutralization

before and during co-culture with CD4+ T cells. Cumu-

latively, these data demonstrate that IL-27 impedes

innate immune function to control BCG, and restricts

the production of IFN-c during allogeneic stimulation in

the presence of a Th1 polarizing stimulus. The latter is

independent of an antigen-specific response, but does

have important implications in vaccination approaches.

Combining improved microbial control with heightened

T-cell activity could also markedly augment protective

responses during infection. The nature of the effect of

IL-27 on neonatal T cells in this context remains to be

defined. However, future experiments in mice for which

IL-27 receptor-deficient animals and T-cell receptor

transgenic mice are available, will help to provide an

increased understanding of the impact of IL-27 in new-

born and infant immunology.
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