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A B S T R A C T

Interleukin (IL)-27 is a pleiotropic cytokine that initially was described as being pro-inflammatory and an in-
ducer of T helper (Th)1 cells. In contrast, it has also been described as an anti-inflammatory cytokine in that it
suppresses pro-inflammatory Th17 cells and induces anti-inflammatory IL-10 producing T regulatory (Tr)1 cells.
While the majority of studies have been focused on the effects of IL-27 on T cells, human antigen-presenting cells
express high levels of the IL-27 receptor ex vivo, in addition to being the major producer of IL-27. We report here
that human monocytes are repressed by endogenous IL-27, in that the addition of an anti-IL-27 neutralizing
antibody increases the production of pro-inflammatory cytokines ex vivo. We observed that neutralizing
monocyte-derived IL-27 leads to increased IL-17A production by CD4+ T cells and a down-regulation of the IL-
17 modulating ectonucleotidase CD39 on monocytes. The locus that contains the IL27 gene has been linked to
susceptibility for type 1 diabetes (T1D). Interestingly, ex vivo monocytes from subjects with T1D produce more
IL-27 suggesting this upregulation of IL-27 acts as a negative feedback loop to attempt to counterbalance the pro-
inflammatory immune response in the disease state. In summary, we provide evidence that IL-27 is an en-
dogenous regulator of human monocytes and has consequences on CD4+ T cell phenotype, particularly Th17
cells.

1. Introduction

Antigen presenting cells (APCs), and specifically monocytes appear
to be the major producers of IL-27 [1]. IL-27 is a heterodimeric cytokine
composed of two subunits, the IL-27p28 and Epstein-Barr virus-induced
gene 3 (EBI3) chains [1]. Consistent with IL-27 being a pleiotropic
cytokine, many different cell types express the receptor [2], including
the majority of human circulating monocytes [3]. The IL-27 receptor
(IL-27R) is a heterodimer composed of the IL-27Ra (WSX-1/TCCR)
subunit and the gp130 subunit [2]. IL-27Ra is unique for the binding of
IL-27, while gp130 is shared with a number of other cytokines including
IL-6 [4].

Genome Wide Association Studies (GWAS) have shown linkage of
the locus that contains the IL27 gene to type 1 diabetes (T1D) [5],

however, the mechanism by which IL-27 may influence disease course
in humans has not been elucidated. Examining the role of IL-27 in
mouse models of autoimmunity has shown IL-27 to function as both a
pro-inflammatory [6,7] and immunomodulatory cytokine [8–10], in
agreement with its known pleiotropic functions and widely distributed
receptor expression [2]. Extensive analyses in mouse models of auto-
immunity have shown that IL-27 can be a potent immunosuppressive
cytokine that inhibits development of pathogenic T helper (Th)17 cells
and induces IL-21 and IL-10 producing Tr1 cells [8,11,12]. In diabetic
mouse studies, the results have been conflicting with two reports sug-
gesting IL-27 has a pathogenic effect [13,14], and one study suggesting
it is beneficial [15].

IL-27 upregulates the expression of CD39, an immunoregulatory
ectonucleotidase that hydrolyzes ATP and ADP to AMP, in mouse
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dendritic cells [16]. It has also been shown that human monocytes and
monocyte-derived cells respond to exogenous IL-27, by inducing pro-
inflammatory cytokines [2,17]. In other contradictory studies, it was
shown that while pre-treatment with exogenous IL-27 augments toll-
like receptor (TLR) induced cytokine production [18], it also sup-
pressed TNF-α and IL-1β induced cytokines [19]. Here, rather than
examining the effect of exogenous IL-27, we examined the effect of
endogenously-produced IL-27 on human monocytes.

2. Materials and methods

2.1. Study subjects

Peripheral venous blood was obtained in compliance with protocols
approved by the Institutional Review Boards of Partners Healthcare or
the Joslin Diabetes Center. The PhenoGenetic Project recruited healthy
subjects 18 to 50 years old who are free of known inflammatory and
chronic infectious diseases. This living tissue bank that consists of
healthy subjects from the general population of Boston, MA. The
median age was 24, with 62.7% of subjects being women. For our ex-
periments comparing these control subjects with those with T1D, per-
ipheral venous blood was obtained from 20 recent-onset (< 1 year from
disease onset) T1D subjects (mean age +/− SD, 26.3± 12.0 years;
35% female), 22 long-term (>1 year from disease onset) T1D subjects
(mean age+/-SD, 26.5± 5.8 years; 50% female), and 32 healthy
subjects (mean age+/-SD, 26.7± 7.1 years; 55% female) from the
Joslin Diabetes Center and PhenoGenetic Project. Peripheral blood
mononuclear cells (PBMCs) were separated using density centrifugation
on Ficoll-Hypaque (GE Healthcare). PBMCs were frozen at a con-
centration of 1–3 × 10^7/mL in 10% DMSO (Sigma-Aldrich)/90% FCS
(Atlanta Biologicals). After thawing the PBMCs were washed in PBS.

2.2. Neutralization of endogenous IL-27

Monocytes were isolated from PBMCs by negative selection
(Miltenyi Biotec). 5 × 10^4 monocytes/well were incubated with or
without 10 μg/mL neutralizing anti-IL-27 antibody (R&D Systems or
Shenandoah Biotechnology) for 40 h in 96-well polypropylene plates
(Corning, 3879) in HL-1 medium supplemented with 2 mM L-glutamine,
5 mM HEPES, 100 U/mL penicillin and 100 μg/mL streptomycin,
0.1 mM each nonessential amino acids, 1 mM sodium pyruvate (all
from Lonza), and 1% heat-inactivated human male AB serum (Omega
Scientific) at 37 °C/5% CO2. Supernatants were examined for secreted
cytokines using the Luminex bead-based assay (Millipore). The mean
fluorescence intensity (MFI) of CD39 surface expression was measured
at 24 h by flow cytometry using an anti-CD39 antibody (Biolegend). For
gene expression analysis, 1 × 10^5 monocytes were incubated with or
without 10 μg/mL neutralizing anti-IL-27, 10 μM BMS-345541 (Sigma
Aldrich) or isotype antibody (R&D Systems). For the time-course ex-
periments, the monocytes were also incubated with or without the
addition of 0.5 μg/mL IL-1Ra (R&D Systems) for 4, 8 or 24 h in 96-well
polypropylene plates. RNA was isolated using the RNAeasy kit (Agilent
Technologies, Palo Alto, CA) and converted to cDNA via reverse tran-
scriptase by random hexamers and Multiscribe reverse transcriptase
(Life Technologies, Foster City, CA). The primers used for this study
were purchased from Life Technologies. The values are represented as
the difference in Ct values normalized to β2-microglobulin for each
sample as per the following formula: relative RNA expression = (2–dCt)
x10^3. Five samples were analyzed using a custom nanostring codeset
[20] (NanoString Technologies).

2.3. Pre-treatment with anti-IL-27/rIL-27

1 × 10^5 monocytes/well were incubated with either 10 μg/mL
neutralizing anti-IL-27 antibody, or 25/100 ng/mL recombinant IL-27
(R&D Systems) for 16 h in supplemented HL-1 media at 37 °C/5% CO2

and then activated with 10 ng/mL LPS (Sigma) for 4 h in 96-well
polypropylene plates. Gene expression was analyzed using real-time
PCR.

2.4. T cell/monocyte co-culture assays

Monocytes and CD4+ T cells were isolated from PBMCs by negative
selection (Miltenyi Biotec). T cells were cultured with monocytes (1:1)
in the presence of 1 μg/mL plate-bound anti-CD3 Ab (OKT3, BD
Bioscience) in complete HL-1 medium and 5% human serum for 5 days
with or without neutralizing anti-IL-27 antibody in polystyrene plates
(Corning, 3799). Alternatively, the monocytes were pre-incubated with
anti-IL-27 or anti-CD39 for 2 h, washed and then incubated with the
CD4+ T cells. After 5 days, the T cells were transferred to a new 96-
well plate and incubated with rIL-2 (20 U/mL) for an additional 7 days.
The T cells were then stimulated with PMA (50 ng/mL) and ionomycin
(250 ng/mL) (Sigma Aldrich) in the presence of GolgiStop (BD
Biosciences) for 3 h. Cells were fixed with 4% paraformaldehyde and
permeabilized with PBS containing 1% FBS and 0.1% saponin. The cells
were then stained with allophycocyanin-IL-17A (eBioscience). The data
were acquired on a FACSCalibur (BD Biosciences) and analyzed with
FlowJo software (Tree Star).

2.5. IL-27 protein and RNA measurements

5 × 10^4 monocytes/well were incubated in the presence of
Golgistop (BD Bioscience) for 16 h in 96-well polypropylene plates at
37 °C/5% CO2. Cells were fixed with 4% paraformaldehyde and per-
meabilized with PBS containing 1% FBS and 0.1% saponin. The
monocytes were then stained with PE-anti-IL-27 antibody (Abcam). The
data were acquired on a FACSCalibur machine and analyzed with
FlowJo software. To measure IL-27p28 and EBI3 mRNA levels, 1 × 10^5

monocytes were re-suspended in RNA lysis buffer immediately after
monocyte isolation.

2.6. Statistics

Significant differences were calculated with Prism 5.0 software
(GraphPad) using standard paired two-tailed t-tests or one-way
ANOVA. The Nanostring data was analyzed using a t-test as well. To
correct for potential batch effects we have also applied an Empirical
Bayes priors distribution estimation framework (Combat v. 2.0) [21], as
implemented in Gene Pattern [22] using a parametric method.

3. Results

3.1. IL-27 acts as an endogenous repressor of monocytes

As monocytes are known to be a major producer of IL-27 [1], we
examined the effect of endogenously produced IL-27 on human
monocytes. We found that blocking IL-27 using a neutralizing anti-IL-27
antibody (R&D Systems) resulted in increased production of a panel of
cytokines from negatively-purified, non-stimulated monocytes (Fig. 1A-
H), while antibodies blocking GM-CSF and IL-1 receptor antagonist (IL-
1Ra) as well as the addition of recombinant IL-1Ra itself had little effect
on cytokine production from the resting monocytes (Supplemental
Fig. 1A-G) at 40 h. Indeed, blocking IL-27 significantly increased
monocyte protein production of GM-CSF, IL-1α, IL-1β, IL-6, MIP-1β,
and TNF-α, while marginally reducing IL-1Ra, the naturally produced
inhibitor of IL-1, as measured by a bead-based Luminex assay. Kinetic
studies demonstrated that by four hours of treatment, IL6 and IL1β
mRNA levels have peaked in response to neutralization of IL-27 (Fig. 1I,
J). We confirmed the increase of pro-inflammatory cytokine mRNA
production in response to IL-27 neutralization with an additional IL-27
blocking antibody (Shenandoah Biotechnology) (Supplemental Fig. 2A-
C). We conclude from this data that IL-27 functions as an endogenous
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constitutive repressor in the steady-state.
Surprisingly, IL-10 protein production was also significantly in-

creased with neutralization of IL-27 at 40 h (Fig. 1H). We hypothesize
that the increase in IL-10 production is a secondary effect occurring in
response to the increase of the pro-inflammatory cytokines, not in re-
sponse to the blockade of IL-27 signaling directly, and indeed we found
that the kinetics of IL10 mRNA up-regulation was delayed in compar-
ison to IL6 and IL1β, and was not significantly increased at 4 h with
neutralization of IL-27 (Fig. 1K). The addition of IL-1Ra was able to
reverse some of the effect of blocking IL-27, reducing the mRNA ex-
pression of IL1β and IL6, and reverting the expression level of IL10 to
the untreated levels (Fig. 1I-K), suggesting that the upregulation of IL-
10 is secondary to induction of pro-inflammatory cytokines.

To investigate the mechanisms that mediate the effects of en-
dogenous, monocyte-derived IL-27 on monocytes, we utilized a nano-
string codeset of 386 genes, designed for examining activation path-
ways of innate immune cells [20]. We identified 45 genes that are
significantly up-regulated with neutralization of IL-27 and two genes
that are down-regulated (Supplemental Fig. 3A). We confirmed our
findings of increased inflammatory cytokines like IL1β and IL6 mRNA
expression with neutralization of IL-27. We found that inhibition of
endogenous IL-27 led to the increase of a number of IkB/NfKB pathway
members, such as NFKB1. Therefore, we inhibited the pathway using
BMS-345541, an I kappa B kinase inhibitor, and found that the addition

of the inhibitor blocked the anti-IL-27 increase in IL1β and IL6 ex-
pression (Supplemental Fig. 3B,C).

3.2. IL-27 decreases IL-17A production

To further explore the influence of IL-27 on innate immune re-
sponses, monocytes were pre-treated with either neutralizing antibody
or recombinant IL-27 protein followed by LPS stimulation. We found
that pre-treatment with neutralizing antibody enhanced mRNA pro-
duction of cytokines that support Th17 differentiation, IL6 and IL23p19,
while reducing the anti-Th17 cytokine, IL27, measured by quantitative
PCR. Pre-treatment with recombinant IL-27 protein enhanced the Th1
and IL-21 inducing cytokines, IL12p35 and IL27 mRNA. The enhance-
ment of IL-27 expression following pre-treatment with recombinant IL-
27 protein suggests a positive feedback loop (Fig. 2A-D).

It has been shown that recombinant IL-27 directly reduces IL-17A
production from purified T cells as well as expression of the Th17 as-
sociated transcription factor RORc/gt [23,24]. Our data indicate that
monocytes deprived of endogenous IL-27 produce more Th17-polar-
izing cytokines upon LPS stimulation. To examine the influence of en-
dogenously-produced IL-27 on monocyte-induced T cell polarization,
CD4+ T cells were co-cultured with monocytes from allogenic subjects
in the presence of anti-CD3, with or without neutralizing antibody to IL-
27. Consistent with the published data showing the influence of

Fig. 1. Neutralization of endogenous IL-27 leads to increased cytokine production. (A-H) Negatively isolated monocytes from healthy subjects were incubated with
an IL-27 neutralizing antibody for 40 h. Supernatants were collected and cytokine production was measured using the Luminex platform. (IeK) IL1β, IL6 and IL10
mRNA was analyzed at 4, 8 and 24 h after incubation with the neutralization antibody with or without the addition of IL-1Ra. Each individual is represented as a
symbol. *p < .05; **p < .01; ***p < .001.
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exogenous IL-27 on purified T cells [23,24], neutralization of mono-
cyte-derived IL-27 results in an increased frequency of IL-17A-produ-
cing cells. We found the frequency of both IL-17A+ single-positive and
IL-17A + IFNγ+ double positive T cells increased with neutralization
of IL-27, while the frequency of IFNγ+ single-positive cells was un-
changed (Fig. 3A-C). The increase of IL-17A+ T cells was confirmed
with an additional neutralizing antibody (Supplemental Fig. 4). Both
the T cells and the monocytes express IL-27R, therefore the neu-
tralization of IL-27 prevents signaling in both the T cell and the
monocyte, suggesting two different and compliementary mechanisms of
IL-17A modulation; directly on the T cells and through modulation of
monocyte cytokine production. To address this, monocytes were pre-
treated with the IL-27 neutralizing antibody, washed and then cultured
with CD4+ T cells. Monocytes deprived of IL-27 were able to increase
the frequency of IL-17A producing T cells independent of the effect of
IL-27 directly on the T cells (Fig. 3D), consistent with our finding that
pre-treatment of monocytes with anti-IL-27 increased pro-Th17 cyto-
kines upon activation (Fig. 2A, B).

IL-27, in addition to polarizing mouse dendritic cells away from a
pro-Th17 phenotype, was also shown to upregulate the expression of
CD39, and pretreatment of CD39-deficient mouse dendritic cells with
IL-27 is unable to decrease IL-17A production [16]. Therefore, we ex-
amined the effect of neutralizing IL-27 on monocyte expression of
CD39. Blocking the effect of IL-27 on monocytes led to a modest, but
significant decrease in CD39 surface expression at 24 h and mRNA
expression at 4 h after treatment (Fig. 4A, B). Since CD39 expression is
critical for the phenotype of IL-27 conditioned mouse dendritic cells, we
hypothesized that reduced human monocyte CD39 expression may be
part of the mechanism for increased IL-17A T cell production upon
blockade of monocyte-produced IL-27. Co-culture of T cells with
monocytes that had been pre-incubated with neutralizing anti-CD39
antibody led to an increased frequency of IL-17A+ T cells, similar to
the increase found with neutralization of IL-27 (Fig. 4C).

Monocytes from Type 1 Diabetic Subjects Produce More IL-27.
Monocytes from T1D subjects have an activated phenotype [25–27],

and activation of monocytes induces IL-27 expression [28], therefore it
is also possible that monocytes from T1D subjects are making more IL-
27, as they do pro-inflammatory cytokines such as IL-1β [26,27]. We
found that a higher frequency of unstimulated monocytes from recent-
onset T1D subjects are producing IL-27 than monocytes from long-term
T1D subjects or healthy control subjects (Fig. 5A), consistent with
previous reports of increased serum levels of IL-27 in patients with T1D
[29,30]. We also compared the gene expression of both chains of IL-27
from ex vivo monocytes from T1D subjects and healthy control subjects.
The expression levels of IL27p28 was increased in the recent-onset T1D
subjects compared to the long-term T1D subjects and the healthy con-
trol subjects (Fig. 5B), while EBI3 was unchanged (Fig. 5C). Finally, we
also examined the response of the monocytes from T1D subjects to in-
hibition of endogenously-produced IL-27. The monocytes from T1D
subjects had a trend of a reduced response to inhibition of endogenous
IL-27 compared to monocytes from healthy control subjects, with the
exception of IL-1α and MIP-1β, which were both significantly reduced
(below 0.0007 with Bonferroni correction) in response to inhibition of
IL-27 (Supplemental Fig. 5). This is consistent with the concept that
monocytes from individuals with T1D are in a slightly activated state ex
vivo, as it is known that stimulation such as LPS induces IL-27 pro-
duction [1] and we found that LPS stimulated monocytes did not re-
spond to the inhibition of IL-27 as ex vivo monocytes did. (data not
shown).

4. Discussion

The importance of IL-27's role in attenuating autoimmunity, speci-
fically by promoting regulatory Tr1 and suppressing Th17 cells has
been identified [9,16], however IL-27 has also been shown to promote
autoimmunity through modulation of Th1 and CD4 + Foxp3+

Fig. 2. Neutralization of endogenous IL-27 leads to
increased pro-Th17 cytokines. (A-D) Ex vivo mono-
cytes were pre-treated with either IL-27 neutralizing
antibody or recombinant IL-27 protein for 16 h and
then activated with LPS for 4 h. Relative expression
of IL6, IL23p19, IL27p28 and IL12p35 were measured
by Taqman PCR. Each dot represents an individual.
**p < .01; ***p < .001.
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regulatory T cells populations [7,14,31] in murine models. This evi-
dence led to the classification of IL-27 as having both pro-inflammatory
and immune-regulatory functions. With the exception of a few studies
[16,32] the focus of these murine reports has been on the response of T
cells to IL-27, not innate immune cells, such as monocytes. However,
human monocytes are not only major producers of IL-27, but also act as
IL-27 responder cells as they express both chains of the receptor [2,3]
[33].

While a number of studies have examined the response of primary
human monocytes and the THP-1 monocytic cell line to recombinant IL-
27, finding both a pro-inflammatory role increasing cytokines such as
IL-1β, IL-6 and TNF-α2,17,33 as well as an immune-regulatory role in-
ducing IL-1Ra, there is little known about the response of monocytes to
endogenous monocyte-produced IL-27. Here the ex vivo monocyte

response to endogenous IL-27 was examined using a neutralizing anti-
body. Of note, polypropylene plates were used to minimize plastic ad-
herence-induced activation of the monocytes while in culture. Our
findings suggest a role for monocyte-derived IL-27 as a constitutive
suppressor of pro-inflammatory responses from ex vivo monocytes,
keeping the monocytes in a quiescent state.

Since IL-27 is a known inducer of IL-10,23 our finding of increased
IL-10 protein production at 40 h upon neutralization of IL-27 was
perhaps surprising. However, our kinetic studies demonstrate that the
upregulation of IL10 mRNA is not observed at four hours as is the case
with IL1β and IL6. The expression of IL10 is increased at eight hours,
suggesting that the induction of its expression could be secondary to the
induction of the pro-inflammatory cytokines. IL-10 induction is nor-
mally delayed compared to the pro-inflammatory cytokines after

Fig. 3. Neutralization of endogenous IL-27 leads to
increased CD4 + IL-17+ T cells. (A-C) The fre-
quency of (A) IL-17 + IFNg- and (B) IL-17 + IFNg+,
but not (C) IL-17-IFNg+ T cells is increased after
incubation with an anti-IL-27 antibody in the pre-
sence of monocytes. (D) The frequency of IL-17 po-
sitive T cells is increased when incubated with
monocytes that were pre-treated with the anti-IL-27
antibody compared to untreated monocytes.
*p < .05; **p < .01; ***p < .001.

Fig. 4. Neutralization of IL-27 leads to a reduction of
CD39 (ENTPD1) expression. (A) The geometric mean
of CD39 expression is reduced on monocytes after
incubation with anti-IL-27 for 24 h, as determined by
flow cytometry. (B) Monocyte ENTPD1 gene ex-
pression is reduced after 4 h of incubation with anti-
IL-27. (C) The frequency of IL-17 positive T cells is
increased when incubated with monocytes that were
pre-treated with anti-CD39 compared to untreated
monocytes. Each dot represents an individual.
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monocyte activation with stimuli such as LPS, as it works as a negative
feedback loop, reducing the production of the pro-inflammatory cyto-
kines.34 When we add IL-1Ra, an inhibitor of IL-1 signaling, we find
that neutralization of IL-27 is unable to increase Il10 mRNA at any of
the time points measured, consistent with it being induced secondarily
to the pro-inflammatory cytokines.

The priming effects of exogenous IL-27 on monocytes have been
previously measured. It has been shown that pre-treatment of mono-
cyte-derived macrophages with IL-27 before TLR stimulation lead to
enhanced production of pro-inflammatory cytokines such as TNF-α and
IL-6.19,35 We also examined the effect of pre-treatment of monocytes
with neutralizing antibody or recombinant IL-27, focusing on cytokines
which are important for Th17 and Th1 differentiation. Contrary to the
published findings, we found that production of IL6 was not increased
with recombinant IL-27 pre-treatment, but was in fact increased with
priming by IL-27 neutralizing antibody. It is unclear what experimental
differences account for the variation, possibly our use of polypropylene
plates, which reduces background activation, or that we are examining
monocytes while the published papers used monocyte-derived macro-
phages.

We also examined the influence of monocyte-produced IL-27 on the
production of IL-17A and IFNγ from CD4+ T cells. As predicted, we
found that neutralization of monocyte-derived IL-27 led to an increased
frequency of IL-17 producing CD4+ T cells, both IL-17A + IFNγ+ and
IL-17A + IFNγ-. However, we saw no difference in the frequency of IL-
17A-INFγ+ T cells with neutralization of IL-27. This finding in our co-
culture system examining naturally produced IL-27 differs from a
published finding using recombinant IL-27 on purified human T cells,
which found increased IFNγ production, upon stimulation with IL-27.23

Our finding of CD39 expression as part of IL-27's mechanism to reduce
IL-17A is in agreement with a previous report demonstrating that CD39
was induced by IL-27, and these IL-27 pre-treated dendritic cells in-
duced fewer IL-17A producing T cells after LPS stimulation.16

GWAS studies have implicated the IL27 locus as a susceptibility risk
factor for T1D,5 suggesting that it may be an important cytokine for
T1D. Therefore, we examined the frequency of IL-27+ monocytes in
recent-onset T1D patients and long-term T1D patients compared to age-
and sex-matched healthy control subjects at both the protein and RNA
levels and found an increase in IL-27 production in the recent-onset
T1D subjects. This is consistent with previous reports that found in-
creased levels of IL-27 in serum from individuals with T1D.29,30 We had
previously found that there is an increase in the frequency of IL-6 and
IL-1β positive monocytes in individuals with T1D.26 This shows the
complexity of monocyte cytokine production in terms of Th17 cell
differentiation in T1D, an increase of two IL-17 inducing cytokines and
one IL-17 inhibitory cytokine.

Our previous study demonstrated an increase of IL-17 positive T

cells in the periphery of individuals with long-standing T1D26 and an-
other correlation study showed an increase of IL-17+ β-cell–specific
autoreactive CD4+ T cells in individuals with T1D.36 The role of IL-17
has also been investigated in mouse models of T1D. Th17 cells appear
to only induce T1D once they convert to INF-γ producing Th1 cell in
murine models.37,38 We found that pre-treatment of human monocytes
with recombinant IL-27 led to an increase of the Th1 inducing cytokine
IL-12 upon activation of the monocytes. This could be a potential
function of IL-27 producing monocytes in T1D.

In conclusion, our report examined the endogenous function of
monocyte-derived IL-27 in human monocytes and found that IL-27
behaves as a constitutive suppressor, limiting pro-inflammatory cyto-
kine production. It also modifies the ability of monocytes to induce
differentiation of CD4+ T cells to the Th17 phenotype.

Funding

These studies were supported by grants from the American Diabetes
Association (7-12-JF-09), the Boston Area Diabetes Endocrinology
Research Center (P30DK057521), the Diabetes Research Center
(P30DK036836) and the JDRF (10-2009-603).

Acknowledgment

We would like to thank the PhenoGenetic and T1D subjects for their
participation in this study. We would like to acknowledge Philip De
Jager for access to the PhenoGenetic cohort and Vijay Kuchroo for his
thoughtful insights on this project.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.clim.2020.108498.

References

[1] S. Pflanz, et al., IL-27, a heterodimeric cytokine composed of EBI3 and p28 protein,
induces proliferation of naive CD4(+) T cells, Immunity 16 (2002) 779–790.

[2] S. Pflanz, et al., WSX-1 and glycoprotein 130 constitute a signal-transducing re-
ceptor for IL-27, J. Immunol. 172 (2004) 2225–2231.

[3] R. Schneider, T. Yaneva, D. Beauseigle, L. El-Khoury, N. Arbour, IL-27 increases the
proliferation and effector functions of human naive CD8+ T lymphocytes and
promotes their development into Tc1 cells, Eur J Immunol 41 (2010) 47–59.

[4] M. Hibi, et al., Molecular cloning and expression of an IL-6 signal transducer,
gp130, Cell 63 (1990) 1149–1157.

[5] J.C. Barrett, et al., Genome-wide association study and meta-analysis find that over
40 loci affect risk of type 1 diabetes, Nat. Genet. 41 (2009) 703–707.

[6] M. Batten, et al., IL-27 supports germinal center function by enhancing IL-21 pro-
duction and the function of T follicular helper cells, J. Exp. Med. 207 (2010)
2895–2906.

[7] J.H. Cox, et al., IL-27 promotes T cell-dependent colitis through multiple

Fig. 5. Monocytes from subjects with recent-onset
type 1 diabetes produce more IL-27. (A) The fre-
quency of IL-27 positive monocytes was measured ex
vivo using flow cytometry. The frequency of IL-27
positive monocytes is increased in subjects with re-
cent-onset T1D compared to subjects with long-term
T1D and healthy controls. (B, C) Gene expression of
both chains of IL27 were measured by taqman PCR,
only IL27p28 was increased in monocytes from re-
cent-onset T1D subjects compared to healthy sub-
jects.

M. Frangieh, et al. Clinical Immunology 217 (2020) 108498

6

https://doi.org/10.1016/j.clim.2020.108498
https://doi.org/10.1016/j.clim.2020.108498
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0005
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0005
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0010
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0010
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0015
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0015
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0015
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0020
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0020
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0025
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0025
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0030
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0030
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0030
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0035


mechanisms, J. Exp. Med. 208 (2011) 115–123.
[8] A. Awasthi, et al., A dominant function for interleukin 27 in generating interleukin

10-producing anti-inflammatory T cells, Nat. Immunol. 8 (2007) 1380–1389.
[9] D.C. Fitzgerald, et al., Suppression of autoimmune inflammation of the central

nervous system by interleukin 10 secreted by interleukin 27-stimulated T cells, Nat.
Immunol. 8 (2007) 1372–1379.

[10] M. Batten, et al., Interleukin 27 limits autoimmune encephalomyelitis by suppres-
sing the development of interleukin 17-producing T cells, Nat. Immunol. 7 (2006)
929–936.

[11] C. Pot, et al., Cutting edge: IL-27 induces the transcription factor c-Maf, cytokine IL-
21, and the costimulatory receptor ICOS that coordinately act together to promote
differentiation of IL-10-producing Tr1 cells, J. Immunol. 183 (2009) 797–801.

[12] L. Apetoh, et al., The aryl hydrocarbon receptor interacts with c-Maf to promote the
differentiation of type 1 regulatory T cells induced by IL-27, Nat. Immunol. 11
(2010) 854–861.

[13] R. Wang, et al., The pathogenic role of interleukin-27 in autoimmune diabetes, Cell.
Mol. Life Sci. 65 (2008) 3851–3860.

[14] A.E. Ciecko, et al., Interleukin-27 is essential for type 1 diabetes development and
sjogren syndrome-like inflammation, Cell Rep 29 (2019) 3073–3086 e5.

[15] H. Fujimoto, et al., IL-27 inhibits hyperglycemia and pancreatic islet inflammation
induced by streptozotocin in mice, Am. J. Pathol. 179 (2011) 2327–2336.

[16] I.D. Mascanfroni, et al., IL-27 acts on DCs to suppress the T cell response and au-
toimmunity by inducing expression of the immunoregulatory molecule CD39, Nat.
Immunol. 14 (2013) 1054–1063.

[17] C. Guzzo, N.F. Che Mat, K. Gee, Interleukin-27 induces a STAT1/3- and NF-kappaB-
dependent proinflammatory cytokine profile in human monocytes, J Biol Chem 285
(2010) (24404–11).

[18] C. Guzzo, A. Ayer, S. Basta, B.W. Banfield, K. Gee, IL-27 enhances LPS-induced
proinflammatory cytokine production via upregulation of TLR4 expression and
signaling in human monocytes, J. Immunol. 188 (2012) 864–873.

[19] G.D. Kalliolias, R.A. Gordon, L.B. Ivashkiv, Suppression of TNF-alpha and IL-1
signaling identifies a mechanism of homeostatic regulation of macrophages by IL-
27, J Immunol 185 (2011) (7047–56).

[20] M.N. Lee, et al., Common genetic variants modulate pathogen-sensing responses in
human dendritic cells, Science 343 (2014) 1246980.

[21] W.E. Johnson, C. Li, A. Rabinovic, Adjusting batch effects in microarray expression
data using empirical Bayes methods, Biostatistics 8 (2007) 118–127.

[22] M. Reich, et al., GenePattern 2.0, Nat. Genet. 38 (2006) 500–501.
[23] G. Murugaiyan, et al., IL-27 is a key regulator of IL-10 and IL-17 production by

human CD4+ T cells, J. Immunol. 183 (2009) 2435–2443.

[24] C. Diveu, et al., IL-27 blocks RORc expression to inhibit lineage commitment of
Th17 cells, J. Immunol. 182 (2009) 5748–5756.

[25] S. Devaraj, et al., Increased monocytic activity and biomarkers of inflammation in
patients with type 1 diabetes, Diabetes 55 (2006) 774–779.

[26] E.M. Bradshaw, et al., Monocytes from patients with type 1 diabetes spontaneously
secrete proinflammatory cytokines inducing Th17 cells, J. Immunol. 183 (2009)
4432–4439.

[27] A.J. Meyers, R.R. Shah, P.A. Gottlieb, D. Zipris, Altered toll-like receptor signaling
pathways in human type 1 diabetes, J Mol Med (Berl) 88 (2010) 1221–1231.

[28] G. Fedele, et al., Lipopolysaccharides from Bordetella pertussis and Bordetella
parapertussis differently modulate human dendritic cell functions resulting in di-
vergent prevalence of Th17-polarized responses, J. Immunol. 181 (2008) 208–216.

[29] K. Alnek, et al., Increased blood levels of growth factors, Proinflammatory cyto-
kines, and Th17 cytokines in patients with newly diagnosed type 1 diabetes, PLoS
One 10 (2015) e0142976.

[30] Z. Parackova, et al., Enhanced STAT3 phosphorylation and PD-L1 expression in
myeloid dendritic cells indicate impaired IL-27Ralpha signaling in type 1 diabetes,
Sci. Rep. 10 (2020) 493.

[31] Y. Cao, P.D. Doodes, T.T. Glant, A. Finnegan, IL-27 induces a Th1 immune response
and susceptibility to experimental arthritis, J. Immunol. 180 (2008) 922–930.

[32] I.O. Peshkova, A.R. Fatkhullina, Z. Mikulski, K. Ley, E.K. Koltsova, IL-27R signaling
controls myeloid cells accumulation and antigen-presentation in atherosclerosis,
Sci. Rep. 7 (2017) 2255.

[33] C. Petes, et al., IL-27 enhances LPS-induced IL-1beta in human monocytes and
murine macrophages, J. Leukoc. Biol. 102 (2017) 83–94.

[34] R. de Waal Malefyt, J. Abrams, B. Bennett, C.G. Figdor, J.E. de Vries, Interleukin
10(IL-10) inhibits cytokine synthesis by human monocytes: an autoregulatory role
of IL-10 produced by monocytes, J. Exp. Med. 174 (1991) 1209–1220.

[35] G.D. Kalliolias, L.B. Ivashkiv, IL-27 activates human monocytes via STAT1 and
suppresses IL-10 production but the inflammatory functions of IL-27 are abrogated
by TLRs and p38, J. Immunol. 180 (2008) 6325–6333.

[36] S. Arif, et al., Peripheral and islet interleukin-17 pathway activation characterizes
human autoimmune diabetes and promotes cytokine-mediated beta-cell death,
Diabetes 60 (2011) 2112–2119.

[37] N. Martin-Orozco, Y. Chung, S.H. Chang, Y.H. Wang, C. Dong, Th17 cells promote
pancreatic inflammation but only induce diabetes efficiently in lymphopenic hosts
after conversion into Th1 cells, Eur. J. Immunol. 39 (2009) 216–224.

[38] D. Bending, et al., Highly purified Th17 cells from BDC2.5NOD mice convert into
Th1-like cells in NOD/SCID recipient mice, J. Clin. Invest. 119 (2009) 565–572.

M. Frangieh, et al. Clinical Immunology 217 (2020) 108498

7

http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0035
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0040
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0040
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0045
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0045
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0045
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0050
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0050
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0050
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0055
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0055
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0055
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0060
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0060
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0060
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0065
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0065
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0070
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0070
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0075
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0075
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0080
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0080
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0080
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0085
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0085
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0085
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0090
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0090
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0090
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0095
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0095
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0095
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0100
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0100
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0105
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0105
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0110
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0115
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0115
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0120
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0120
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0125
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0125
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0130
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0130
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0130
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0135
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0135
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0140
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0140
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0140
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0145
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0145
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0145
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0150
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0150
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0150
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0155
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0155
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0160
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0160
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0160
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0165
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0165
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0170
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0170
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0170
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0175
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0175
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0175
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0180
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0180
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0180
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0185
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0185
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0185
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0190
http://refhub.elsevier.com/S1521-6616(20)30156-X/rf0190

	IL-27: An endogenous constitutive repressor of human monocytes
	Introduction
	Materials and methods
	Study subjects
	Neutralization of endogenous IL-27
	Pre-treatment with anti-IL-27/rIL-27
	T cell/monocyte co-culture assays
	IL-27 protein and RNA measurements
	Statistics

	Results
	IL-27 acts as an endogenous repressor of monocytes
	IL-27 decreases IL-17A production

	Discussion
	Funding
	Acknowledgment
	Supplementary data
	References




