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Summary

Although it is widely believed that interleukin (IL)-27 is anti-inflammatory,
its role in controlling human immune responses is not fully established. In
particular, its interactions with T helper type 17 (Th)17 cytokines are
unclear. Our aims were to establish the relationships between IL-27 and
proinflammatory cytokines, including IL-17A, in human sera and cultures of
peripheral blood mononuclear cells. Plasma IL-27 levels in 879 healthy
humans from 163 families varied widely, but with relatively low heritability
(19%). Despite IL-27 including a subunit encoded by Epstein–Barr virus-
induced gene 3 (EBI3), there was no correlation of levels with serological evi-
dence of infection with the virus. Although IL-27 has been reported to
inhibit IL-17A production, we demonstrated a strong positive correlation in
sera, but lower correlations of IL-27 with other proinflammatory cytokines.
We verified that IL-27 inhibited IL-17A production by human peripheral
blood T cells in vitro, but not that it stimulated IL-10 secretion. Importantly,
addition of IL-17A decreased IL-27 production by stimulated T cells but had
the opposite effect on resting T cells. Together, these data suggest a model
whereby IL-27 and IL-17A exerts complex reciprocal effects to boost inflam-
matory responses, but restrain resting cells to prevent inappropriate
activation.
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Introduction

Interleukin (IL)-27 is a heterodimeric cytokine that is com-
posed of the subunits p28 and Epstein–Barr-induced gene 3
(EBI3) [1]. Dendritic cells (DCs) and macrophages produce
interleukin (IL)-27 subunits in response to stimulation with
Toll-like receptor (TLR)-3, -4 or -9 agonists signalling via
myeloid differentiation primary response gene 88 (MyD88)
[2]. The IL-27 receptor (IL-27R) is also heterodimeric and
consists of WSX-1 (leucocyte-restricted expression) and
gp130 (ubiquitous expression), with the highest level of
IL-27R expression found on activated T cells and natural
killer (NK) cells [3]. IL-27 receptor ligation activates the
Janus kinase/signal transducer and activator of transcrip-
tion (JAK/STAT) pathway, particularly STAT-1 and STAT-3
[2]. Since the identification of IL-27, when it was initially
proposed to be proinflammatory, there has been a growing
consensus that its main role is anti-inflammatory.

Initial data following the identification of IL-27 suggested
that the cytokine had proinflammatory properties and was

able to induce production of interferon (IFN)-γ by naive
human or murine T cells [1]. However, mice lacking IL-27
receptor subunits suffer lethal inflammation in response to
infections, indicating that IL-27 has an immunosuppressive
phenotype [4]. For example, WSX-1−/− IL-27 receptor-
deficient mice infected with Toxoplasma gondii, despite pro-
ducing a protective T cell response and limiting parasite
replication, die of a T cell-mediated inflammatory disease
[4]. EBI3-deficient mice demonstrate enhanced delayed-
type hypersensitivity (DTH) responses [5]. Furthermore,
consistent with an anti-inflammatory role for IL-27, WSX-
1−/− mice are more susceptible to experimental autoimmune
encephalomyelitis (EAE) and generate more T helper type
17 (Th17) cells [6], effects that have been attributed to inhi-
bition of granulocyte–macrophage colony-stimulating
factor (GM-CSF) production by IL-27 [7].

It has been suggested that the anti-inflammatory proper-
ties of IL-27 result from effects on T cells, particularly naive
T cells. For example, IL-27 has been demonstrated in mice
to increase the production of the suppressive cytokine IL-10
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by CD4+ T cells, and to decrease the production of IL-17A
and GM-CSF [8]. IL-27 activation of STAT-1 has been
shown to inhibit IL-17 production [6], and recent data
suggest that the effect includes induction of programmed
death ligand 1 (PD-L1) to block bystander cell differentia-
tion to a Th17 phenotype [9]. Other mechanisms by which
IL-27 inhibits IL-17 have been identified, including direct
suppression of RAR-related orphan receptor (ROR)γt and
RORα, and the promotion of T cells secreting IL-10
[10,11]. This report also showed that IL-27 suppresses both
developing and committed Th17 cells and other Th17-
associated cytokines such as IL-22 and IL-21 [12].

In many human autoimmune diseases, IL-27 and IL-17
have been shown to be involved in disease progression or
failure of resolution. In mouse models of experimental
autoimmune uveitis (EAE), WSX-1 mice have reduced
clinical scores [13] and in EAE up-regulated expression of
IL-27p28 and EBI3 by antigen-presenting cells (APC) in the
central nervous system (CNS) [14]. In active Crohn’s
disease, mucosal expression of IL-27p28 and EBI3 is higher
than in non-inflammatory bowel disease (IBD) control sub-
jects, and in rheumatoid arthritis (RA) increased levels of
IL-27 are found in the synovial fluid compared to osteoar-
thritis patients [2]. IL-17 serum levels have been shown to
be elevated in patients with RA [15], systemic lupus
erythematosus [16] and Crohn’s disease [17] compared to
healthy controls. IL-17 mRNA is increased in mononuclear
cells in the blood of multiple sclerosis patients. This overlap
in disease associations, as well as the effects of IL-27 on
Th17 differentiation, indicates that the inter-relationships
between these two cytokines requires clarification.

Despite the extensive interest in the immune properties
of IL-27, and its potential role in disease, much of the
biology of the cytokine has yet to be determined, particu-
larly in humans. Variations in IL-27 concentrations between
individuals may influence immune responsiveness and con-
tribute to disease susceptibility, but the circulating levels in
healthy human populations have not been measured sys-
tematically. Our first aim was therefore to measure plasma
IL-27 in a large cohort of healthy human donors and to
address the open question as to whether any individual
variation results from genetic or environmental factors.
Given the inter-relationships between IL-27 and other
cytokines in mice, particularly with IL-17, we also wished to
determine whether their levels are associated in humans,
and to identify any reciprocal effects on T cells of varying
the concentrations of these cytokines.

Materials and methods

Donors

Healthy volunteer donors were recruited from the Univer-
sity of Aberdeen, and samples for preparation of serum or
peripheral blood mononuclear cells (PMBC) taken by

venepuncture, respectively, into plain or lithium heparin
Vacutainers (Becton Dickinson, Oxford, UK). The NHS
Grampian Ethical Committee approved the study, and all
donors gave informed consent. Plasma samples for analyses
of heritability of cytokine levels were obtained from a
cohort recruited in 1993–96 as part of a study into the
genetic basis of hypertension, as described previously
[18,19]. Ethical approval for participant recruitment was
obtained from the Central Oxford Research Ethics Commit-
tee. Families with at least four members and at least one
member with idiopathic hypertension were recruited. All
participants were of self-reported British Caucasian ances-
try and aged more than 18 years. Blood was immediately
placed on ice and transported to a central facility for cen-
trifugation, generally within 2 h of blood draw. Plasma was
frozen at −80°C until assays were performed.

EBV and CMV serostatus assays

Semi-quantitative determination of IgG antibodies to
Epstein–Barr virus (EBV) nuclear antigen (EBNA)-1 in
human plasma was performed by indirect enzyme immu-
noassay Is-EBNA-1 IgG Test Kit (Diamedix Corporation,
Hialeah, FL, USA), according to the manufacturer’s instruc-
tions. The qualitative detection of immunoglobulin (Ig)G
antibodies to cytomegalovirus (CMV) in human serum was
performed by bioenzyme-linked immunosorbent assay
(bioELISA) CMV IgG (Biokit, Barcelona, Spain), according
to the manufacturer’s instructions.

Cell culture

PBMC were isolated from whole blood by density gradient
centrifugation [20]. CD4+ T cells, CD45RA+ naive CD4+ T
cells or CD45RO+ memory CD4+ T cells were isolated using
commercially available negative selection kits (Miltenyi
Biotec, Bergisch Gladbach, Germany). The purity of the
fractions was 85–95%, as determined by flow cytometric
analysis using anti-CD4 phycoerythrin-cyanin7 (PE-Cy7),
anti-CD45RO PE-Cy5 or anti-CD45RA fluorescein
isothiocyanate (FITC). PBMCs, CD4+ T cells, naive CD4+ T
cells or memory CD4+ T cells were cultured in RPMI-1640
(Gibco, Carlsbad, CA, USA) containing 10% fetal calf
serum (FCS), 2% penicillin streptomycin and 1%
L-glutamine at a concentration of 1 × 106 cells/ml in 24-well
plates. T cells were stimulated with plate-bound anti-CD3
and anti-CD28 antibodies (precoated at 0·1 μg/ml; R&D
Systems, Minneapolis, MN, USA). Where indicated, recom-
binant human (rh) IL-27 or rhIL-17A (both R&D Systems)
was added.

Co-culture assays

PBMC without T cells and T cell-only cultures were created
using a CD2-positive isolation kit (Miltenyi Biotec). The

M. A. Forrester et al.

374 © 2014 British Society for Immunology, Clinical and Experimental Immunology, 178: 373–383



purity of the fractions was 90% for T cells only and PBMC
without T cells 99%, as determined by flow cytometric
analysis using anti-CD3 FITC. Both PBMC without T cells
and T cells were cultured in RPMI-1640 containing 10%
FCS, 2% penicillin streptomycin and 1% L-glutamine at a
concentration of 1 × 106 cells/ml in 24-well plates. T cells
were stimulated with plate-bound anti-CD3 and anti-CD28
antibodies (precoated at 0·1 μg/ml). Where indicated,
100 ng/ml rhIL-27 or rhIL-17A was added for 24 h. T cells
and PBMC without T cells were washed and the T cells were
then added back to the PBMC without T cells and cultured
for a further 3 days before IL-17A or IL-27 ELISAs were
performed.

Cytokine assays

ELISA determined cytokine levels in serum samples, with
cell-based ELISAs (celELISA) [21] used to measure cytokine
production by PBMC after 5 days of culture (unless differ-
ent timing specified). The levels of IFN-γ, IL-10, IL-4 or
transforming growth factor (TGF)-β1 were measured, using
antibody pairs from BD Pharmingen (San Jose, CA, USA),
and IL-17A using antibodies from eBioscience (San Diego,
CA, USA). The concentrations of IL-27 in cultures or sera
were determined using the Duoset ELISA Development
System for human IL-27 (R&D Systems). If cytokine levels
were below the assay sensitivity level, values of 4 pg/ml for
IL-10 and IL-17A and 8 pg/ml for IL-27, IFN-γ and TGF-β1
were allocated, representing half of the lowest detectable
values for the respective cytokines. In the cases where the
level of cytokine detected was above the range of the stand-
ard curve, then the highest standard concentration was
assigned.

Real-time quantitative reverse
transcription–polymerase chain reaction (qRT–PCR)

Total RNA was extracted from cultured PBMC with the
RNAeasy Mini Kit and QIAshredder (Qiagen, Valencia, CA,
USA) according to the manufacturer’s instructions. First-
strand cDNA was synthesized from isolated RNA using
Superscript® III First Strand Synthesis Supermix (Life Tech-
nologies, Carlsbad, CA, USA). qRT–PCR was used to quan-
tify transcripts with the StepOnePlus System (Applied
Biosystems, Carlsbad, CA, USA) using primers designed
using the Universal ProbeLibrary Assay Design Center
(Roche, Indianapolis, IN, USA) for TBX21, related orphan
receptor C (RORC), STAT-3, STAT-4 and glyceraldehyde
3-phosphate dehydrogenase (GAPDH). The housekeeping
gene, GAPDH, was used to normalize mRNA abundance.

Statistical analysis

The heritability of plasma IL-27 levels and evidence for
genetic association with genotyped single nucleotide
polymorphisms (SNPs) was calculated using merlin soft-
ware [22].

The comparisons of serum concentrations were analysed
using the non-parametric Mann–Whitney U-test. The asso-
ciations between cytokine serum concentrations were deter-
mined by Spearman’s rank correlation. Changes in cytokine
production were analysed by Wilcoxon’s signed-rank tests.
Two-tailed P-values lower than 0·05 were considered
significant.

Results

Peripheral blood cytokine concentrations

The initial aim was to establish the range of serum IL-27
concentrations in healthy human sera. Measurements from
43 volunteer donors indicated that, while most values lay
between 100 and 1000 pg/ml (n = 27), a substantial minor-
ity of individuals had very high concentrations (>2000 pg/
ml; n = 12). Our initial hypothesis was that such variation
was genetically determined. We therefore measured plasma
IL-27 concentrations from 879 healthy individuals from 163
families who had already been genotyped at multiple loci
[23]. Again, a minor proportion of donors exhibited high
values, with 10% more than four times the median IL-27
concentration (>2000 pg/ml), with 4·4% >6000 pg/ml
(Fig. 1). Several environmental covariates (smoking, exer-
cise, sex) were tested for association with IL-27 levels, of
which only non-smoking versus other and no exercise versus
some exercise were correlated significantly and positively.
However, together these only accounted for 1·6% of vari-
ance. Heritability was calculated using merlin software at
19·4%.

Given the relatively low heritability of IL-27 levels, we
investigated chronic infection as a possible environmentally
determined factor. A number of pieces of circumstantial
evidence led us to focus on EBV. The EBI3 subunit of IL-27
is induced by EBV [24]; >90% of individuals are infected
and the virus has a profound and persistent effect on the
immune system [25]. When we tested whether or not infec-
tion with EBV was correlated with IL-27 levels using the
family samples (Fig. 2a), no correlation was observed
(P = 0·91, Mann–Whitney). Previous infection with CMV
was also investigated, as this virus is also known to exert
widespread and persistent effects on the immune system
[26]. However, there was also no difference between the two
donor groups for IL-27 (P = 0·98, Fig. 2b).

We next tested whether high IL-27 values were indicative
of an ongoing inflammatory response, by measuring IL-6,
TNF-α and C-reactive protein (CRP) levels in the above
familial samples. However, the correlations between IL-27
values and each of the three parameters (IL-6 R2 = 0·00011,
P = 0·744; TNF-α R2 = 0·019, P ≤ 0·001; CRP R2 = 0·00038,
P = 0·539) were low (Supporting information, Fig. S1). Cor-
relations of IL-27 with IL-10, IFN-γ and in particular
IL-17A were also determined in a more restricted set of
donors, (Fig. 3), as these cytokines have been described
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previously to interact with IL-27 [27]. Furthermore, IL-17A
levels have been associated with some of the same autoim-
mune diseases as IL-27 [28]. The presence of high concen-
trations of IL-27, and published evidence that IL-27
decreases the concentration of IL-17A produced by T cell
cultures [6], suggested that high levels of IL-27 would be
associated with low levels of IL-17A. In contrast to this pre-
diction, a strong positive correlation was seen between
IL-27 and IL-17A concentrations in the panel of sera
(R2 = 0·65, P ≤ 0·001, Fig. 3a). IL-27 and IL-10 concentra-
tions were also correlated positively, but less strongly
(R2 = 0·34, P ≤ 0·001, Fig. 3b), while IL-27 and IFN-γ were
only poorly correlated (R2 = 0·17, P = 0·008) (Fig. 3c). The
inter-relationships between these cytokines were also illus-
trated by the findings that IL-17A was also correlated posi-
tively with IL-10 (R2 = 0·59, P ≤ 0·001) (Supporting
information, Fig. S2a) and, less strongly, with IFN-γ
(R2 = 0·34, P ≤ 0·001) (Supporting information, Fig. S2d).

IL-27 affects the production of IL-17A, IL-10 and IFN-γ
by PBMC cultures

The positive correlation between IL-27 and IL-17A in sera
raised the question as to whether the relationship was
causal, so we tested the effects of each cytokine on produc-
tion of the other in cultures of PBMC. We first demon-
strated that rhIL-27 addition decreased the production of
IL-17A in human PBMC cultures (Fig. 4). All experiments
were performed on PBMC from donors with low
(<1000 pg/ml) IL-27 serum concentrations. IL-17A concen-
trations were measured on days 1, 3, 5 and 7 of culture to
investigate if there were any differences in early responses to
rhIL-27 compared to established activation, as some studies
have suggested that the effects of IL-27 differ when compar-
ing committed and naive T cells [8]. In unstimulated
cultures, IL-17A levels increased slightly in response to
rhIL-27, but the increase was not significant (0 versus
100 ng/ml: day 1, P = 0·317, day 3, P = 0·317, day 5,
P = 0·285, day 7, P = 0·917, Wilcoxon’s signed-rank tests;
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Fig. 2. Comparison of interkeukin (IL)-27 plasma concentrations

between Epstein–Barr virus (EBV) and cytomegalovirus

(CMV)-seropositive and -seronegative donors. The seropositivity for

EBV and CMV was determined by indirect enzyme immunoassay and

bioELISA, respectively, and IL-27 concentration by enzyme-linked

immunosorbent assay (ELISA). (a) EBV-seropositive (n = 380) and

-seronegative (n = 63) demonstrate no difference in IL-27

concentrations. (b) CMV-seropositive (n = 240) and -seronegative

(n = 233) demonstrate no difference in IL-27 concentrations. P-values

determined by Mann–Whitney U-test.
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Fig. 4a). However, in the stimulated cultures on all days
tested, rhIL-27 addition resulted in a decrease in production
of IL-17A (Fig. 4b). This effect was only seen when
10 ng/ml or more rhIL-27 was added. These results confirm
that rhIL-27 decreases the production of IL-17A in our
system.

We also measured the production of IL-10 and IFN-γ in
unstimulated and stimulated cultures on day 5, when these
cytokine responses peak [29] (Fig. 5). In unstimulated cul-
tures, the concentration of IL-10 did not change signifi-
cantly in response to the addition of rhIL-27 (0 versus
100 ng/ml, P = 0·131), but the production of IFN-γ
increased significantly (0 versus 10 ng/ml, P = 0·043, 0 versus
100 ng/ml, P = 0·008) (Fig. 5a). However, in stimulated cul-
tures, the concentration of IL-10 changed with the addition
of rhIL-27 with, in contrast to other reports [27,30], IL-10
levels falling rather than rising, even at low concentrations
(for example, 1 ng/ml) of added rhIL-27 (Fig. 5b). The pro-
duction of IFN-γ did not alter significantly with the addi-
tion of rhIL-27 to stimulated cultures (0 versus 100 ng/ml,
P = 0·807). The concentrations of cytokines TGF-β and IL-4
were also measured in response to rhIL-27 addition and did
not display any consistent changes (data not shown).

In order to indicate which transcriptional pathways are
involved in these changes, we performed qPCR for the tran-
scription factors T-bet, ROR-γt, STAT-3 and STAT-4 (Sup-
porting information, Fig. S3). The results are consistent
with the effects of IL-27 on IFN-γ or IL-17A production
being mediated via T-bet and ROR-γt, respectively. Thus,
reflecting the changes in IFN-γ production illustrated in
Fig. 5, T-bet mRNA levels increased after IL-27 treatment of
unstimulated PBMC, while there was there was less effect in
anti-CD3 anti-CD28-stimulated cultures. Furthermore,
IL-27 inhibited the induction of ROR-γt by anti-CD3 anti-
CD28, while there was little inhibition in unstimulated
PBMC, consistent with changes to IL-17A levels shown in
Fig. 4. STAT-3 and STAT-4 mRNA levels showed no changes
after IL-27 treatment of stimulated or unstimulated PBMC
cultures, although these data do not exclude involvement
of these transcription factors via, for example,
phosphorylation status.

The cell type that decreased its production of IL-17A as a
result of the addition of rhIL-27 was not determined from
the initial PBMC cultures. Most of the literature on the
decrease of IL-17A production by the addition of IL-27 sug-
gests that this effect only occurs when added to naive CD4+

T cells [8]. To establish whether the decreases in IL-17A
levels were a consequence of changing production by CD4+

T cells, either naive or memory, PBMC were fractionated
into CD4+, CD4+CD45RA+ (naive) and CD4+CD45RO+

(memory) cultures. None showed any marked changes in
the production of IL-10, IFN-γ, TGF-β or IL-4 (data not
shown) when rhIL-27 was added. Although rhIL-27
decreased the concentration of IL-17A produced from both
naive and memory CD4+ T cells (Supporting information,
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Fig. S4), the changes were not statistically significant. These
data are not conclusive, but suggest that both naive and
memory CD4+ T cells may decrease their production of
IL-17A as a result of culturing with rhIL-27.

IL-17A affects the production of IL-27 by
PBMC cultures

The decreased production of IL-17A in response to rhIL-27,
but a positive correlation between the serum concentrations
of the two cytokines, appeared paradoxical and raised the
possibility that IL-17A may influence IL-27 production. To
investigate this possibility, the effects of rhIL-17A addition
on the production of IL-27 by PBMC in resting and stimu-
lated cultures were examined over a period of 7 days
(Fig. 6). The culture conditions were the same as for the
IL-27 addition experiments. The PBMC IL-27 responses to
rhIL-17A depended on the activation status of the T cells.
In unstimulated cultures, the addition of rhIL-17A to the
culture medium increased the production of IL-27. In con-
trast, when stimulated with anti-CD3 and anti-CD28 in the
presence of rhIL-17A, during early responses (before day 5)
the production of IL-27 decreased, but later in the culture
period these differences were lost. During these experiments
the production of IL-10 and IFN-γ were measured on day 5
and no significant differences were identified (0 versus
100 ng/ml: IL-10 unstimulated, P = 0·144; stimulated,
P = 0·345; IFN-γ unstimulated, P = 0·893; stimulated,
P = 0·225; Fig. 7). Taken together, these data suggest that
rhIL-17A has opposing effects on the production of IL-27,
depending on the activation status of the T cells within the
culture. The apparent counter regulation of IL-27 and IL-17
raises the question as to whether these effects are mediated
via APC or T cells, Both populations appear to be necessary,
as criss-cross experiments with reciprocal cytokine treat-
ment of purified T cells and PBMC depleted of T cells
showed that neither fraction responded as strongly as
unfractionated PBMC (data not shown).

Discussion

In this study we report that plasma concentrations of IL-27
are highly variable between human subjects. Genetic influ-
ence was assessed to not be the main determinant and IL-27
levels failed to correlate with the presence of antibodies to
either EBV or CMV. When investigating the relationship
between IL-27 and IL-17A, we found a positive correlation
between the serum levels of these cytokines. However, we
also confirmed previous reports that rhIL-27 inhibits
IL-17A production by T cells in vitro. These apparently
paradoxical findings led us to examine the effects of IL-17A
on IL-27 production. The results reveal a complex relation-
ship between the two cytokines, with rhIL-17A increasing
production of IL-27 in unstimulated cultures, but exerting
the opposite effect when T cells were stimulated.
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Fig. 6. Interleukin (IL)-27 concentrations in peripheral blood

mononuclear cell (PBMC) cultures in response to the addition of

recombinant human interleukin (rhIL)-17A. PBMC were isolated

from healthy donors and cultured in the presence of varying

concentrations of rhIL-17A (0, 1, 10 or 100 ng/ml). On days 1, 3, 5

and 7 the concentration of IL-27 in the supernatant was determined

by enzyme-linked immunosorbent assay (ELISA). (a) PBMC were left

unstimulated, significant differences were observed on days 1, 3 and 7.

Day 1, 0 versus 1 ng/ml P = 0·003; 0 versus 10 ng/ml P = 0·005; 0 versus

100 ng/ml P < 0·001. Day 3, 0 versus 10 ng/ml P = 0·005; 0 versus

100 ng/ml P = 0·012. Day 7, 0 versus 100 ng/ml P = 0·003. n = 15. (b) T

cells within the PBMC were stimulated by plate-bound anti-CD3 and

anti-CD28. Significant differences were observed on days 1 and 3. Day

1, 0 versus 1 ng/ml P = 0·003; 0 versus 100 ng/ml P,0·001. Day 3, 0

versus 1 ng/ml P = 0·027; 0 versus 10 ng/ml P = 0·006; 0 versus

100 ng/ml P < 0·001. n = 15. The graph demonstrates percentage level

compared to 0 ng/ml ± standard error of the mean. Wilcoxon’s

signed-rank test, *P < 0·05; **P < 0·01, ***P < 0·001.
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Several studies have indicated associations between IL-27
serum concentrations and autoimmune disease. Patients
with systemic luous erythematosus (SLE) have significantly
lower IL-27 serum concentrations than healthy controls
[31]. Over-expression of WSX-1 in a mouse model of SLE
has been shown to be associated with the development of

autoimmune disease [32]. In contrast, elevated IL-27 serum
concentrations have been found in patients with psoriasis
compared with healthy controls, with the severity of disease
correlating with IL-27 concentration [33]. Similarly, in
patients with systemic sclerosis there are higher concentra-
tions of IL-27 in the serum compared to healthy controls,
concentrations correlating with extent of fibrosis [34].
Ischaemic heart disease has also been shown to associate
with increased concentrations of serum IL-27 [35].
However, these associations may be secondary to disease-
associated immune processes and IL-27 concentration may
not be a causal or contributory factor.

Few studies have been performed on heritability of
cytokine levels [36,37]. We found heritability of plasma
IL-27 concentrations to be 19%, indicating that genetic
factors are not the main determinants of the high levels we
observed in certain subjects. This is notable, given that
polymorphisms within IL-27 genes have been associated
with several diseases, including inflammatory bowel disease,
chronic obstructive pulmonary disease, asthma and
colorectal cancer [33].

Given the EBV-inducible nature of one of the IL-27
subunits (EBI3), one hypothesis to be tested was whether
infection with the virus was a factor in IL-27 serum concen-
trations. EBV has been shown previously to affect cytokine
responses, with the peripheral T and NK cell populations
losing expression of IL-15Rα after infectious mononucleo-
sis (IM) even when tested 14 years later [25]. Co-infection
with CMV is thought to alter the immune response to EBV
[26], so we also tested for CMV serostatus. However, neither
EBV nor CMV infection status was correlated with IL-27
levels. Although hepatitis B virus infection has been shown
to be associated with elevated serum IL-27 levels [38], our
data indicate that EBV and CMV do not have this effect.

The identification of high IL-27 concentrations in sub-
jects without raised levels of IL-6, TNF-α or CRP indicates
that these subjects do not have a generalized immune acti-
vation. However, IL-27 and IL-17A are correlated strongly
within serum, suggesting a complex relationship between
IL-27 and IL-17A that may well involve mutual regulation.
The reduction in IL-17A production by activated PBMC
cultures in response to rhIL-27 addition reported here is in
line with numerous reports on the effects of IL-27
[8,10,27]. Our data demonstrate that both naive and
memory CD4 cells respond in this way, supporting a previ-
ous study [12]. These findings of reduced IL-17 production
by T cells do not exclude a possible effect on non-CD4+ T
cells, but given that the highest expression of IL-27R is
found on activated T cells [3], it is likely that they dominate
the IL-27 response in PBMC cultures.

Despite demonstrating a decrease in IL-17A production
with the addition of rhIL-27 to PBMC cultures, indicating
that rhIL-27 was functional in our laboratory, we failed to
measure an increase in IL-10 production. An increase in
IL-10 production has been shown previously to occur in the
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Fig. 7. Interleukin (IL)-10 and interferon (IFN)-γ concentrations in

peripheral blood mononuclear cell (PBMC) cultures in response to

the addition of recombinant human interleukin (rhIL)-17A. PBMC

were isolated from healthy donors and cultured in the presence of

varying concentrations of rhIL-27 (0, 1, 10 or 100 ng/ml). On the fifth

day of culture the concentration of IL-10 and IFN-γ in the

supernatant was determined by enzyme-linked immunosorbent assay

(ELISA). (a) PBMC were left unstimulated; no significant differences

were observed for either cytokine, n = 5. (b) T cells within the PBMC

were stimulated by plate-bound anti-CD3 and anti-CD28. No

significant differences were observed, n = 5. The graph demonstrates

percentage level compared to 0 ng/ml ± standard error of the mean.

Wilcoxon’s signed-rank test.
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presence of IL-27 in mouse [11,30] and human [27] T cell
cultures, which is now reflected in the consensus as to the
role of IL-27 [33]. None the less, despite closely replicating
the conditions of Murugaiyan et al. [27], we failed to iden-
tify a similar increase in IL-10. Furthermore, other studies
have also not detected statistically significant increases in
IL-10 production in response to IL-27. In murine T cell cul-
tures, IL-27 was shown to decrease or not affect the concen-
tration of IL-10 produced by CD4+ T cells activated by
plate-bound anti-CD3 and soluble anti-CD28 [12,39]. It
has also been shown that there are site-specific reductions
in DNA methylation in murine, but not human, IL10 genes
in response to IL-27 [40]. Taken together, these results indi-
cate that induction of IL-10 from CD4+ T cells by IL-27 in
humans is not robust. Furthermore, Yoshimura et al. [39]
and Liu and Rohohsky-Kochan [12], as well as our study,
detected decreases in IL-17 production in response to IL-27,
despite not identifying increases in IL-10, suggesting that
the reduction in IL-17A production is not a result of the
inhibitory effect of IL-10.

A recent study showed that IL-17 injected into murine
synovial joints results in increased IL-27 expression, and
that in collagen-induced arthritis mice this response was
increased further [41]. In this study we demonstrate that
rhIL-17A affects the production of IL-27 in human PBMC
cultures. If T cells within a PBMC culture are left
unstimulated addition of rhIL-17A results in an increase in
IL-27, but when T cells are stimulated rhIL-17A has the
opposite effect. This indicates that the relationship between
IL-27 and IL-17A in humans is not unidirectional and is the
first evidence that activation status is a key factor in deter-
mining the response to IL-17A. One model to explain this
paradox is that IL-27 and IL-17A exert complex reciprocal
effects to boost inflammatory responses, but restrain resting
cells to prevent inappropriate activation. This model may
help to elucidate the pathogenesis of the growing number of
autoimmune diseases in which Th17 responses are impli-
cated [42].
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Fig. S1. Correlation between cytokine serum concentrations
in healthy donors. Enzyme-linked immunosorbent assays
(ELISAs) for interleukin (IL)-27, IL-6, tumour necrosis
factor (TNF)-α and C-reactive protein (CRP) were per-
formed on serum samples from familial donors. (a) IL-27
concentration compared to IL-6 concentration (n = 1133).
(b) IL-27 concentration compared to TNF-α concentration
(n = 1133). (c) IL-27 concentration compared to CRP
(n = 1000). Spearman’s rank correlation coefficients are
shown.
Fig. S2. Correlation between cytokine serum concentrations
in healthy donors. Enzyme-linked immunosorbent assays
(ELISAs) for interleukin (IL)-17A, IL-10, tumour necrosis
factor (TNF)-α, IL-6 and interferon (IFN)-γ were per-
formed on serum samples from healthy and familial
donors. (a) IL-17A concentration compared to IL-10 con-
centration (n = 40). (b) IL-17A concentration compared to
TNF-α concentration (n = 428). (c) IL-6 concentration
compared to TNF-α (n = 1184). (d) IL-17A concentration
compared to IFN-γ concentration (n = 40). (e) IL-7A con-
centration compared to IL-6 concentration (n = 428). (f)
IL-10 concentration compared to IFN-γ concentration
(n = 40). Spearman’s rank correlation coefficients are
shown.
Fig. S3. Gene expression of Tbet (TBX21), RAR-related
orphan receptor gamma t (ROR-γt) (RORC), signal trans-
ducer and activator of transcription 3 (STAT-3) and STAT-4
by peripheral blood mononuclear cell (PBMC) cultures in
response to the addition of recombinant human interleukin
(rhIL)-27. PBMC were isolated from healthy donors and
cultured in the presence of 100 ng/ml rhIL-27. The cultures
were stimulated with plate-bound anti-CD3 and anti-
CD28. On the fifth day of culture mRNA was isolated, con-
verted to cDNA and then quantitative polymerase chain
reaction (qPCR) performed. The graph demonstrates the
relative expression of the each gene normalized to
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glyceraldehyde 3-phosphate dehydrogenase (GAPDH) com-
pared to unstimulated 0 ng/ml ± standard error of the
mean; n = 3.
Fig. S4. Interleukin (IL)-17A, IL-10 and interferon (IFN)-γ
concentrations in peripheral blood mononuclear cell
(PBMC) cultures in response to the addition of recombi-
nant human interleukin (rhIL)-27. T cells were isolated
from healthy donors and cultured in the presence of
varying concentrations of rhIL-27 (0, 10 or 100 ng/ml). The

different T cell cultures were stimulated with plate-bound
anti-CD3 and anti-CD28. On the fifth day of culture the
concentration of IL-17A, IL-10 and IFN-γ in the superna-
tant was determined by enzyme-linked immunosorbent
assay (ELISA). (a) CD4+ T cells. (b) Naive CD45RA+CD4+ T
cells. (c) Memory CD45RO+CD4+ T cells. No significant dif-
ferences were observed; n = 3. The graph demonstrates per-
centage level compared to 0 ng/ml ± standard error of the
mean. Wilcoxon’s signed-rank test.
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