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ABSTRACT

Viral recognition programs DCs to express Signal 3
molecules that promote the differentiation of effector
CD8" T cells. Besides IL-12, another DC-derived IL-12
family member, IL-27, has been reported to contribute
herein, but its specific role is not well understood. Here,
we show that whereas IL-12 potently induces inflamma-
tory cytokines (i.e., IFN-y and TNF-q, but not IL-2), IL-27
excels in inducing proliferation and a cytotoxic profile
(GrB, cytotoxicity of target cells) in human naive CD8* T
cells. Compared with bacterial cell-wall peptidoglycan,
viral dsRNA-mimic poly (I:C) is superior in priming hu-
man BDCA1" peripheral blood DCs to produce IL-12 and
IL-27, which promote inflammatory cytokines and a cy-
totoxic profile in differentiating CD8" T cells, respec-
tively. These data support the concept that viral
dsRNA-activated human DCs produce IL-27 to act as a
specialized procytotoxic, antiviral cytokine in the devel-
opment of effector CD8" T cells. J. Leukoc. Biol. 92:
605-610; 2012.

Introduction

DCs assess invasion of pathogens through PRRs that recognize
structures associated with certain classes of pathogens. For ex-
ample, cell surface PRRs recognize a variety of molecules asso-
ciated with extracellular bacteria, whereas endosomal and cyto-
plasmic PRRs recognize ds- or ssRNA or -DNA from intracellu-
lar bacteria and viruses [1]. An important function of DCs is
to produce Signal 3 molecules that tailor effector T cell-medi-
ated immunity to the class of invading pathogen. In case of
virus infection, DCs call for the expansion of CD8" T cells
with an enhanced ability to kill infected target cells and to
produce IFN-y. DC-derived IL-12 has classically been regarded
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as a key third signal-cytokine for the development of effector
CDS8™ T cells [2]. However, humans deficient in the IL-12 and
IL-23 subunit p40 or the BIR subunit of the IL-12R and IL-
23R may suffer from reduced protection against mycobacte-
rium and certain intracellular bacteria, but they generally do
not have problems defying viruses [3]. This suggests that in
antiviral immunity, IL-12 and IL-23 are redundant, and their
roles may be replaced by other molecules. Among more re-
cently defined DC-derived factors contributing to development
of CD8" T cell responses is the IL-12 family cytokine I1L-27,
which was originally described to induce IFN-y in naive CD4"
T cells in synergy with IL-12 [4, 5]. A large series of studies
have shown that whereas IL-27 in this way favors early Thl dif-
ferentiation, IL-27R-deficient mice exhibit enhanced, long-
term Thl responses after microbial infection and enhanced
Th17 development, resulting in exacerbated encephalomyelitis
of autoimmune or infectious origin (reviewed in refs. [6, 7]).
This IL-27-mediated suppression of Th1/Thl7-mediated pa-
thology is explained by the ability of IL-27, in concert with
TGF-B, to induce in CD4" and CD8" T cells the production
of IL-10 [6, 7], which blocks inflammatory cytokines in my-
eloid cells and Th17 cells [8, 9].

In case of virus infection, effector T cell-derived 11.-10
largely controls the magnitude of inflammation and tissue in-
jury during acute virus infection [10]. However, at the same
time, IL-10 affects CD8" T cell responses probably, mainly by
promoting and preserving the fate of memory precursor CD8"
T cells [11]. These data imply that IL-27, apart from being
anti-inflammatory, may have a profound antiviral function. In-
deed, innate IL-27 effectively inhibits replication of HIV [12]
and hepatitis C virus [13] in human T cells and macrophages.
Moreover, IL-27 drives adaptive antiviral immunity by amplify-
ing proliferation, IFN-y production, and/or cytotoxicity in
CD8™" T cells [14-17]. The amount of 1L-12 and 1L-27 pro-
duced by DCs varies according to the mode of DC stimulation

1. These authors contributed equally as first authors.

These authors contributed equally as last authors.

w 1o

. Correspondence: Dept. of Cell Biology and Histology, Academic Medical
Center, University of Amsterdam, Meibergdreef 15, 1105-AZ Amsterdam,
The Netherlands. E-mail: m.l.kapsenberg@amc.uva.nl

Volume 92, September 2012  Journal of Leukocyte Biology 605


mailto:m.l.kapsenberg@amc.uva.nl
http://www.jleukbio.org

JIB

and is determined predominantly by the levels of the IL-12p35
and IL-27p28 subunits, respectively. Previous studies have indi-
cated that IL-12 and IL-27 are produced readily by DCs acti-
vated by poly (I:C) [18, 19], a synthetic mimic of viral dsRNA,
and a TLR3 ligand that is crucial in the initiation of an antivi-
ral CD8™* T cell response [20, 21]. At present, it is unclear to
what extent and in what way virus-stimulated DCs set the tone
for CD8™ T cell development. We here show that viral dsRNA
programs DCs to produce IL-12 and IL-27 that exert different
effector functions in developing CD8" T cells.

MATERIALS AND METHODS

Reagents

Human rIL-12 and rIL-27 were purchased from Strathmann (Germany)
and R&D Systems (Minneapolis, MN, USA), respectively. Neutralizing mAb
to human IL-12 (20C2) and control antibodies were purchased from U-
Cytech Biosciences (The Netherlands). Blocking antibodies against CD130
(B-T2) and control antibodies were purchased from Gen-Probe Diaclone
SAS (France). All human cultures were performed in IMDM (Life Technol-
ogies, Carlsbad, CA, USA), containing 10% FCS (HyClone, Thermo Scien-
tific, Logan, UT, USA), supplemented with gentamycin (86 ug/ml, Duch-
efa, The Netherlands).

Isolation of human naive CD8" T cells and DCs

Isolation of human naive CD8* T cells. Untouched CD8™ T cells were
isolated from PBMCs to high purity (>98%, as assessed by flow cytometry)
using a MACS isolation kit (Miltenyi Biotec, Germany). Next, naive CD8"
T cells were FACS-sorted on a FACSAria (BD Biosciences, San Jose, CA,
USA) using CD27-PE, CD45RA-FITC, CD45RO-APC, and CD8-APC-Cy7 (BD
Biosciences).

Isolation of BDCA1* DCs. PBMCs from healthy volunteers were en-
riched by Percoll gradient centrifugation, and BDCA1™ DCs were isolated
form PBMCs to high purity (>98%, as assessed by flow cytometry; Supple-
mental Fig. 1) by FACSsorting using BDCA1 (BD Biosciences) and the lin-

eage markers CD3, CD14, CD16, CD19, CD20, and CD56, BDCA1-APC
(Miltenyi Biotec).

Cytokine production by BDCA1™ DCs

BDCA1* (5%10* cells) DCs were stimulated with 10 ug/ml PGN (Sigma,
St. Louis, MO, USA) or 20 pg/ml poly (I:C) (Sigma) in 96-well round-bot-
tom culture plates (Costar, Corning, NY, USA). Supernatants were har-
vested after 24 h and stored at —20°C until the levels of IL-12, 11-27, 1L-6,
IL-1B, and TNF-a secretion were measured by sandwich ELISA, as de-
scribed previously [22] or according to the manufacturer’s protocol (IL-27
ELISA kit, eBioscience, San Diego, CA, USA).

In vitro activation of DC and T cell assays

After BDCA1™ DCs were stimulated as described above for 24 h, DCs were
cocultured with sorted, naive CD8 T cells at a ratio of 1:4 (5000 BDCA1™"
DCs with 20,000 T cells) in the presence of 1 pg/ml superantigen SEB
(Sigma). In cultures without DCs, naive CD8" T cells were stimulated with
plate-bound anti-human CD3 (16A9; Sanquin, The Netherlands; 0.1 ug/
ml) and anti-human-CD28 (15E8; Sanquin; 0.1 pg/ml) in flat-bottom
plates (Corning, Corning, NY, USA). Proliferation of cells was analyzed by
overnight *H-thymidine incorporation at Day 3. Expression of GrB was
measured by intracellular staining using anti-GrB-PE (Sanquin) on cells
fixated with 3.7% paraformaldehyde after saponine permeabilization. For
intracellular cytokine staining, cells were restimulated on Day 6 for 4 h
with PMA/ionomycin in the presence of Brefeldin A and after fixation and
permeabilization, stained with IFN-y-PE (BD Biosciences), TNF-a-APC (BD
Biosciences), and IL-2-FITC (BD Biosciences) and analyzed by FACS, as
described previously [22]. To determine cytokine secretion, 1 X 10° cells
were restimulated on Day 6 for 24 h with anti-human-CD3 (16A9; Sanquin;
0.1 pg/ml) and anti-human-CD28 (15E8; Sanquin; 0.1 ug/ml) in round-
bottom plates (Corning). Supernatants were harvested and stored at —20°C
until the levels of IL-2, IFN-y, and TNF-« secretion were measured by sand-
wich ELISA, as described previously [22]. Cytotoxicity was measured by
chromium release assay, as described before [23], using as target cells an
EBV-transformed B cell line JY labeled with 51Cr (Perkin Elmer, Waltham,
MA, USA), loaded with SEB (5 ng/ml).
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Figure 2. Induction of IL-12 and T-bet expression in naive CD8* T
cells by IL-12 and IL-27. Naive CD8" T cells were activated with plate-
bound anti-CD3 and anti-CD28 in the presence of recombinant cyto-
kines IL-12 (10 ng/ml), IL-27 (30 ng/ml), or both (as indicated in the
figure). After stimulation, cells were lysed at different time-points (as
indicated in the figure), and relative expression of T-bet and IL-1232
mRNA was measured by RT-PCR. At 24 h, significance was calculated
between IL-12 and IL-27. Data are shown as means * sp of three inde-
pendent experiments. ***P < 0.0001.

Real-time quantitative RT-PCR analyses

Quantitative RT-PCR on DCs was performed using an iCycler (Bio-Rad,
Hercules, CA, USA), based on specific primers and general SYBR Green
(iQ Supermix, Bio-Rad) fluorescence detection, as described previously
[24]. Prior to analysis, the concentration of mRNA was determined and
adjusted. A panel of multiple appropriate reference genes was used, and
data were analyzed using the AA comparative threshold method.

Primers used include: T-bet, forward CCT ACC AGA ATG CCG AGA
TTA CTG; reverse GAT GCT GGT GTC AAC AGA TGT GTA C; IL-12Rg,
forward CAG GTG ACC TTG CAG GAG CT; reverse GTC GAC TCC GTA
GCC AGT TTA; IL-12p40, forward ACG TTT CAC CTG CTG GTG GCT;
reverse CTC CGC ACG TCA CCC CTT GG; IL-12p35, forward AGT GCC
GGC TCA GCA TGT GTG; reverse GTG GCC ACG GGG AGG TTT CT;
EBI3, forward CGT GCC TTT CAT AAC AGA GCA; reverse GAC GTA
GTA CCT GGC TCG G; and IL-27p28, forward GCT CCC TGA TGT TTC
CCT GAC G; reverse AAG GGC TGA AGC GTG GTG GA.

Statistical analysis

Where indicated, results from independent experiments were pooled and
significance was calculated using a two-tailed paired Student’s ¢ test.

RESULTS

IL-12 and IL-27 differentially induce effector
functions in human naive CD8" T cells

The role of IL-12 and 1127 on CD8" T cell development was
assayed by adding increasing doses of recombinant cytokines
to purified human naive (CD45RA"CD45RO ™) CD8" T cells
stimulated by the combination of anti-CD3 and anti-CD28 anti-
bodies. In these experiments, IL-27 is steadily superior to IL-12
in inducing proliferation determined by thymidin incorpora-
tion (Fig. 1A and Supplemental Fig. 2A), in parallel to previ-
ous findings in naive mouse T cells [16]. Moreover, we here
show for the first time that IL-27 is highly superior to IL-12 in
inducing expression of GrB, as determined by intracellular
staining (Fig. 1B and Supplemental Fig. 2B), and cytotoxic
activity, as determined by the nonspecific killing of target cells
(Fig. 1C). In marked contrast, IL-12 appeared to be superior
to IL-27 in inducing the capability to express IFN-y and TNF-«
(but not IL-2; data not shown) in the effector CD8" T cells,
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both in terms of percentages of IFN-y- and TNF-a-producing
cells (Fig. 1D and Supplemental Fig. 2C) and secreted cyto-
kines (Fig. 1E), in line with the well-known, proinflammatory
role of IL-12 in CD4" T cells [25]. In all of these assay types,
the combination of IL-12 and IL-27 could be cumulative, but
no substantial synergism was found (Supplemental Fig. 1A-C),
except for secreted IFN-y (Fig. 1E). Altogether, these experi-
ments indicate a striking specialization of IL-12 and IL-27 in
the programming of naive CD8" T cells. Whereas 11-12 mainly
imprints naive CD8" T cells to become inflammatory IFN-y-
producing effector CD8" T cells, IL-27 predominantly induces
cytotoxicity in CD8" T cells. These data stress the general in-
flammatory nature of IL-12 and support the concept that IL-27
stands out as a procytotoxic, e.g., antiviral, cytokine.
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Figure 3. poly (I:C), but not PGN, promotes the capacity of BDCA1™*
blood DCs to initiate cytotoxic CD8" T cell responses. FACS-sorted
BDCA1" blood DCs were preactivated for 24 h in the presence of poly
(I:C) and cocultured with naive CD8" T cells in the presence of SEB
(1 pg/ml). Proliferation of CD8" T cells was measured at Day 3 (A).
GrB expression was determined at Days 3, 5, and 7 (C). Cytotoxicity
was determined at Day 5 (B); pooled data of three independent exper-
iments are shown at an E:T ratio of 30:1, besides a representative ex-
periment for all ratios tested. After 6 days, the frequency of IFN-y-,
TNF-a-, and IL-2-producing T cells was measured by intracellular FACS
staining (D). Data are shown as means * sp of three (A and B) or
more (D) independent experiments or as a representative of three
independent experiments (C). ¥*P < 0.05; ¥*¥P < 0.001; ***P <
0.0001.
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IL-27 induces transcription factor T-bet and IL-122 in
mouse CD4" [5] and CD8" T cells [16]. We confirmed these
data for human CD8" T cells and found that 1L-27 is superior
to IL-12 in this respect. However, addition of IL-27 enhanced
transcription of the T-bet gene significantly more but tran-
scription of the IL-1282 gene considerably earlier than IL-12
(Fig. 2). IL-12 and IL-27 do not substantially regulate IL-1281
and the two IL-27R chains (data not shown). The up-regula-
tion of the expression of the IL-1232, which is the IL-12R-spe-
cific chain [26], by IL-27 is in line with the observed synergy
between IL-27 and IL-12 in the priming for IFN-y production
(Fig. 1E).

poly (I:C) primes BDCA1* DCs to promote effective
cytotoxic CD8" T cell responses

As cytotoxic CD8 T cells are crucial in antiviral immunity, we
subsequently studied to what extent virus preferentially pro-
grams DCs to produce IL-27 and to selectively induce cytotox-
icity in developing naive CD8" T cells. To evaluate the general
concept that virus preferentially promotes CD8" T cell re-
sponses, human BDCA1" blood-derived DCs were primed ex
vivo for 24 h with poly (I:C) or a bacterial cell wall component
PGN and subsequently cocultured with allogeneic, naive CD8"
T cells. Clearly, poly (I:C)-primed DCs are superior compared
with PGN-primed DCs in inducing proliferation of CD8" T
cells (Fig. 3A), and these T cells contain markedly higher per-
centages of GrB-positive cells, as assessed by intracellular FACS
staining (Fig. 3B). In line with enhanced GrB, these CD8" T
cells exhibit an enhanced capacity to kill target cells (Fig. 3C).
In addition, the CD8" T cells induced by the poly (I:C)-
primed T cells harbor significantly higher percentages of cells
expressing the effector cytokines IFN-y and TNF-a but not
IL-2 (Fig. 3D).

poly (I:C) primes BDCA1* DCs to produce high
amounts of IL-12 and IL-27

Whereas the different CD8" T cell responses are not related
to a different maturation status of the poly (I:C)- and PGN-
primed DCs (data not shown), these DCs show markedly dif-
ferent cytokine profiles. PGN-primed DCs express more IL-1f3,
whereas poly (I:C)-primed DCs express more IL-6, IL-12p70,
and IL-27 but express comparable levels of TNF-a (Fig. 4A)
[24]. With regard to IL-12 and IL-27, poly (I:C)-primed DCs
indeed show markedly enhanced expression of the critical IL-
12/p35 and 1L-27/p28 subunits, where poly (I:C) and PGN
induced comparable levels of the subunits p40 and EBIS3,
which are shared with IL-23 and IL-35, respectively (Fig. 4B),
further stressing that poly (I:C) is a potent inducer of IL-12
and IL-27.

poly (I:C)-primed DCs differentially use IL-12 and
IL-27 to promote different effector functions in
CD8" T cells

To study the relative contribution of IL-12 and IL-27 secreted
by poly (I:C)-primed DCs on CD8" T cell effector functions,
naive CD8" T cells were activated with poly (I:C)-primed DCs
in the presence of neutralizing antibodies against IL-12 and
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Figure 4. poly (I:C) and PGN induce differential cytokine expression
patterns. FACS-sorted BDCA1" blood DCs (A and B) were activated
with poly (I:C) for 24 h (A) or 0, 4, 8, and 16 h (B). Cytokine produc-
tion (IL-6, TNF-a, IL-1pB, IL-12p70, and IL-27) was measured by ELISA
(A). IL-12p35, IL12p40, I1-27p28, and EBI3 mRNA levels were mea-
sured by quantitive RT-PCR (B). Data are shown as means = sp of
three independent experiments (A and B). *P < 0.05; ***P < 0.0001.

IL-27R. Blocking of IL-27, but not blocking of IL-12, substan-
tially inhibited the elevated GrB expression (Fig. 5A) and cyto-
toxicity (Fig. 5B), whereas the ability to produce IFN-y was
blocked significantly only by anti-IL-12 (Fig. 5C). The results
of these experiments with primed DCs are in line with the
data obtained with recombinant cytokines by showing that hu-
man DC-derived IL-27 mainly supports the development of
cytotoxicity, and DC-derived IL-12 mainly supports the induc-
tion of IFN-y in naive CD8" T cells.
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Figure 5. Relative contribution of IL-12 and IL-27 in CD8" T cell ef-
fector functions. poly (I:C)-activated BDCAL™" blood DCs were cocul-
tured with naive CD8" T cells and neutralizing antibodies against IL-
12, IL-27R (CD130), or control antibodies in the additional presence
of SEB (1 pg/ml). Cells were analyzed at Day 3 for GrB expression
(A). Cytotoxicity was determined at Day 5 (B); pooled data are shown
for three independent experiments at an E:T ratio of 30:1, besides a
representative experiment for all ratios tested. After 6 days, cells were
restimulated, and the frequency of IFN-y-expressing T cells was deter-
mined by FACS (C). Graphs show results of four independent experi-
ments as mean percentage of control £ sp. *P < 0.05; ***P < (.0001.

DISCUSSION

Our data show that viral dsRNA programs DCs to produce
IL-12 and IL-27, which differentially contribute to the develop-
ment of effector CD8" T cells. Whereas 1L-12 is important for
the induction of cytokines, e.g., IFN-y and TNF-«, IL-27 is su-
perior to IL-12 in the induction of proliferation and effector
functions, such as GrB expression and cytotoxicity in naive
CD8™" T cells.

The selective ability of poly (I:C) to increase IL27p28 is in
line with a previous report showing the crucial role of the
IRF3 transcription factor in IL-27 synthesis by DCs [18]. Al-
though poly (I:C) mainly activates endosomal TLR3 (associ-
ated with the adaptor, Toll-IL-1R domain-containing adaptor-
inducing IFN-B), it may also activate cytosolic melanoma dif-
ferentiation-associated gene-5 (associated with the adaptor,
IFN-B promoter stimulator 1), both driving the activation of
IRF3. Previous studies have indicated that IL-27 induces effec-
tor functions of mouse and human CD8" T cells [16, 17]. The
present data detail this notion by showing that IL-27 is inferior
to IL-12 in IFN-y induction but largely superior to IL-12 in
inducing cytotoxicity in human CD8" T cells, harnessing the
concept that IL-27 acts as an antiviral cytokine. Interestingly,
the production and function of IL-27 and IFN-I (i.e., IFN-a
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and IFN-B) are highly interconnected. The production of
IL-27 and IFN-I in human DCs is readily induced by the trig-
gering of viral sensors and depends on the activation of IRF1
and IRF3 [18], whereas I1-27 shares its innate [27] and CD8"
T cell-mediated [28, 29] antiviral activity with IFN-I. It will be
interesting to understand to what extent human DC subsets
are specialized in enhanced production of IL-27, such as plas-
macytoid DCs that produce high amounts of IFN-a and
BDCA3" DCs that produce enhanced IFN-A [30]. IL-27 addi-
tionally induces the anti-inflammatory cytokine IL-10 in CD4™"
and CD8" T cells, which dampens damage of Thl- and Th17-
mediated inflammation during infection and autoimmunity
(reviewed in ref. [6]), including acute virus infection [10]. On
the other hand, IL-10 produced during acute virus infection
may strongly limit CD4" T cell responses but does not inter-
fere directly with effector and memory CD8" T cells [31].
The present data favor the concept that virus initiates cyto-
toxic CD8" T cell immunity by programming human DCs to
produce IL-27. The close functional relationship between
IL-27 and IFN-I (and probably IFN-A) implies that IL-27 of IL-
27R deficiencies may not readily demonstrate functional con-
sequences for antiviral CD8" T cell-dependent immunity, such
as in IL-27- or IL-27R-defient mice. However, the crucial im-
portance of IL-27 in CD8" T cell-mediated immunity in vivo is
underscored by the ability of endogenous and ectopic IL-27 to
drive the development of protective CD8" T cells in different
tumor models [32]. Further studies are required to better un-
derstand the condition of initiation and regulation of IL-27
production in specialized DC subsets and the way its adaptive
antiviral function stands out compared with IFN-I and IFN-A.
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