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(Background: We genetically engineered a novel IL27p28/IL12p40 cytokine and examined its use in treatment of uveitis.
Results: IL27p28/IL12p40 ameliorated uveitis by inhibiting the differentiation and activation of Th1l and Th17

Conclusion: IL27p28/IL12p40 can potentially be used to treat CNS autoimmune diseases like uveitis.
Significance: This proof-of-concept experiment suggests that novel combinations of &/ IL12 subunits may constitute a new

J

IL-12 family cytokines are important in host immunity.
Whereas some members (IL-12, IL-23) play crucial roles in
pathogenesis of organ-specific autoimmune diseases by
inducing the differentiation of Th1l and Th17 lymphocytes,
others (IL-27 and IL-35) suppress inflammatory responses
and limit tissue injury induced by these T cell subsets. In this
study, we have genetically engineered a novel IL27p28/
IL12p40 heterodimeric cytokine (p28/p40) that antagonizes
signaling downstream of the gp130 receptor. We investigated
whether p28/p40 can be used to ameliorate uveitis, a CNS
inflammatory disease. Experimental autoimmune uveitis
(EAU) is the mouse model of human uveitis and is mediated
by Thl and Th17 cells. We show here that p28/p40 sup-
pressed EAU by inhibiting the differentiation and inflamma-
tory responses of Th1 and Th17 cells while promoting expan-
sion of IL-10"- and Foxp3*-expressing regulatory T cells.
Lymph node cells from mice treated with p28/p40 blocked
adoptive transfer of EAU to naive syngeneic mice by immu-
nopathogenic T cells and suppressive effects of p28/p40
derived in part from antagonizing STAT1 and STAT3 path-
ways induced by IL-27 and IL-6. Interestingly, IL27p28 also
suppressed EAU, but to a lesser extent than p28/p40. The
inhibition of uveitogenic lymphocyte proliferation and sup-
pression of EAU by p28/p40 and IL27p28 establish efficacy of
single chain and heterodimeric IL-12 family cytokines in
treatment of a CNS autoimmune disease. Creation of the bio-
logically active p28/p40 heterodimeric cytokine represents
an important proof-of-concept experiment, suggesting that
cytokines comprising unique IL-12 a- and 3-subunit pairing
may exist in nature and may constitute a new class of thera-
peutic cytokines.
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A critical function of the immune system is to establish tol-
erance against self-antigens while allowing selective immunity
to foreign pathogens and preventing harmful pathogenic auto-
reactivity (1-3). Although the deletion of self-reactive T cells
contributes to the prevention of autoimmunity, some self-reac-
tive T cells escape central tolerance and activation of these
autoreactive lymphocytes by dendritic cells presenting cognate
or cross-reactive antigens is thought to be the cause of organ-
specific autoimmune disease (1). Organ-specific autoimmune
diseases of the CNS, such as uveitis and multiple sclerosis, are of
significant public health importance in developed countries (4).
They are characterized by years and even decades of repeated
cycles of remission and recurrent inflammation (5). The pro-
gressive loss of irreplaceable neurons or photoreceptors caused
by prolonged secretion of cytotoxic cytokines (e.g IFN-v,
TNE-e, IL-17) in the brain or neuroretina by autoreactive T
cells eventually leads to neuronal deficit, paralysis, or blindness
(6, 7). Recent studies in humans and mouse models of uveitis or
multiple sclerosis have identified Th1 and Th17 as important
autoreactive memory T cells that initiate or fuel subsequent
cycles of the remitting and recurrent inflammation (7-9). Sig-
nificant effort is now focused on developing biologics that can
be used to target critical transcription factors and signaling
pathways utilized by autoreactive Thl and Th17 cells to treat
the disease.

The decision as to which pathway to target is informed by our
current understanding that IL-12 family cytokines promote the
development of naive T cells into Th1 and Th17 subsets (10).
The family comprises IL-12 (IL12p35/IL12p40), IL-23
(IL23p19/IL12p40), IL-27 (IL27p28/Ebi3), and IL-35 (IL12p35/
Ebi3) and belongs to the Type 1 family of hematopoietic cyto-
kines (11-13). Each member comprises heterodimeric ligands;
an a-subunit with a helical structure similar to type 1 cytokine,
IL-6; and a B-subunit structurally related to the soluble IL-6
receptor (IL-6Ra) (11, 12, 14). IL-12 and IL-27 promote the
differentiation of naive T cells into Thl phenotype. Whereas
IL-12 mediates its biological activities through the IL-12 recep-
tor (ILI2RB1/IL12RB2) and STAT4 pathway, IL-27 signals
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through glycoprotein 130 (gp130) and activates STAT1 and
STATS3 pathways. In contrast, IL-6 and IL-23 skew naive T cells
toward the Th17 developmental pathway by binding to the IL-6
receptor (gp130/IL-6R) or IL-23 receptor (IL12RS1 and IL23R)
and activating STAT3 pathways. The IL12p40 component
(p40) is shared by IL-12 and IL-23, suggesting that the develop-
ment of Th1 and Th17 cells can simultaneously be inhibited by
antagonizing binding of p40 to IL-12RB1. Common usage of
gp130 by IL-6 and IL-27 also suggests that therapeutic targeting
of the gp130 receptor signaling can be exploited to inhibit Th1
and Th17 cells. Recent studies indicate that IL-27p28 (p28)
antagonizes gp130-mediated signaling (15), but it has not been
tested whether it can inhibit an autoimmune disease. Other
studies showing that IL12p40 homodimer is a potent IL-12
antagonist (16) further suggest that a heterodimeric protein
comprising p28 and p40 can be used to simultaneously inhibit
signaling downstream of IL12R1 and gp130 and thus suppress
the differentiation or expansion of Th1 and Th17 cells.

Experimental autoimmune uveitis (EAU) shares essential
immunopathological features with human autoimmune uvei-
tis, and most of what we know about the pathophysiology of
uveitis derives from studies of uveitis in the mouse species (17—
19). In previous studies we showed that the expression of IL-17
was temporally correlated with the onset of EAU, and treat-
ment with antibody to IL-17 reduced the severity of EAU, pro-
viding further evidence for the involvement of Th17 cells in
EAU (20, 21). However, other studies have established the role
of Th1 cells and that severity of EAU is correlated with increase
in a population of T cells that produce IL-17 and IFN-. In this
study, we have genetically engineered a heterodimeric protein
(p28/p40) comprising p28 and p40, established that it is biolog-
ically active, and used it to simultaneously inhibit Th1 and Th17
cells and ameliorate uveitis.

EXPERIMENTAL PROCEDURES

Mice—C57BL/6 mice (6—8 weeks old) were from Jackson
Laboratory (Bar Harbor, ME). Animal care and use were in
compliance with the National Institutes of Health guidelines.

Construction and Expression of p28, p40, or p28/p40—The
mature mouse p28 or p40 cDNA was generated by PCR and
fused in-frame between the N-terminal honeybee melittin
secretion signal sequence and the carboxyl terminus-encoded
V5-epitope/polyhistidine tags of the insect cell expression vec-
tor pMIB/V5-His (Invitrogen). For p28/p40 bicistronic expres-
sion vector, p28 was inserted upstream of the FLAG sequence
whereas p40 was cloned upstream of the V5 peptide of the bicis-
tronic vector as shown in Fig. 1, A and B (pIRES-hrGFP-1a
vector was purchased from Agilent Technologies, Santa Clara,
CA). The expression construct was then transfected into High
Five™ insect cells, and stable transfectants were subjected to
selection in blasticidin S (80 ng/ml). The recombinant proteins
secreted by the insect cells were purified on a nickel-nitrilotri-
acetic acid column, followed by differential centrifugation on
Centricon filtration units and Sepharose chromatography. The

2 The abbreviations used are: gp130, glycoprotein 130; APC, antigen-present-
ing cells; EAU, experimental autoimmune uveitis; IRBP, interphotoreceptor
retinoid-binding protein; LN, lymph nodes; Treg, regulatory T cell.
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recombinant proteins were further characterized on denatur-
ing SDS gels, nondenaturing gels.

Immunoprecipitation and Western Blot Analyses—Antibod-
ies used for immunoprecipitation were precoupled using pro-
tein G-Sepharose beads. Immunoprecipitates were resolved by
SDS-PAGE, and blots were probed with anti-FLAG or anti-V5
(Invitrogen). Preparation of whole cell lysates was as described
(22). Western blotting antibodies utilized were: anti-STAT]I,
pSTATI, STAT3, pSTAT3, STAT4, pSTAT4 (Cell Signaling
Technology, Danvers, MA), p28, IL-12p40, V5, FLAG, and
B-actin (Santa Cruz Biotechnology, Santa Cruz, CA). Preim-
mune serum was used in parallel as controls, and signals were
detected with HRP-conjugated secondary F(ab’), (Zymed Lab-
oratories Inc., San Francisco, CA) using ECL system (Amer-
sham Biosciences).

Flow Cytometry—For intracellular cytokine detection, cells
were restimulated for 5 h with phorbol 12-myristate 13-acetate
(20 ng/ml)/ionomycin (1 uM). Golgi-stop was added in the last
hour, and intracellular cytokine staining was performed using a
Cytofix/Cytoperm kit as recommended (BD Biosciences).
FACS analysis was performed on a FACSCalibur (BD Biosci-
ences) using protein-specific monoclonal antibodies and corre-
sponding isotype control Abs (BD Biosciences) as previously
described (23). Quadrant gates were set using isotype controls
with <0.2% background.

Lymphocyte Proliferation Assay—AE.7 Thl cells (1 X 10°
cells/well) were stimulated with cytochrome ¢ (5 um) and irra-
diated syngeneic spleen cells (10X) for 72 h in medium contain-
ing 100 ng/ml pMIB mock control, p28, p40, or p28/p40. Cyto-
kines (IL-6, IL-12, or IL-27) were added to some cultures (10
ng/ml), and after 72 h cultures were pulsed with [*H]thymidine
(0.5 wCi/10-pl well) as described (22). Data are mean cpm *
S.E. of responses of five replicate cultures.

Induction of EAU and Histology—EAU was induced in
C57BL/6 mice by active immunization with 150 ug of bovine
interphotoreceptor retinoid-binding protein (IRBP) and 300 ug
of human IRBP peptide (amino acid residues 1-20) in a 0.2-ml
emulsion (1:1 v/v with complete Freund’s adjuvant containing
Mpycobacterium tuberculosis strain H37Ra (2.5 mg/ml). Mice
also received Bordetella pertussis toxin (0.2 ug/mouse) concur-
rent with immunization. All experiments comprised an EAU
group (immunized with IRBP in complete Freund’s adjuvant)
and treatment group that was also injected (intraperitoneally)
with p28, p40, or p28/p40 at 100 ng/ml. The cytokines were
injected at time of immunization with IRBP and also at day 4,
day 8, and day 12 after immunization. The control group
received complete Freund’s adjuvant alone or protein extracts
from insect cells transfected with the empty vector, pMIB. For
each study at least six mice were used per group, and they were
matched by age and sex. Clinical disease was established and
scored by fundoscopy as described previously (8).

Adoptive Transfer—EAU was induced in WT C57BL/6 mice
as described above, and mice exhibiting clinical features of uve-
itis at day 21 after immunization were identified by fundoscopic
examination. Donor mice were sacrificed, and cells isolated
from spleen and lymph nodes (LN) were restimulated for 3 days
with IRBP (20 ug/ml) and then transferred intravenously into
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FIGURE 1. Genetic engineering of p28, p40, and p28/p40 recombinant proteins. A and B, schematic of the cDNA constructs: pMIB, 3.6-kb vector containing
honeybee melittin (HBM) secretion signal sequence, C-terminal V5-epitope, and polyhistidine tag; single chain p28 or p40; heterodimeric p28/p40 (stoichio-
metric, bicistronic expression of p28 or p40). C, recombinant proteins characterized on denaturing SDS-PAGE (left panels) or nonreducing polyacrylamide gel
(right panel). D, detection of recombinant p28, p40, and p28/p40 proteins by immunoprecipitation/Western blot analysis. Results are representative of three

independent experiments.

naive syngeneic recipient mice (1 X 107 cells/mouse). Ten days
after cell transfer, disease was assessed by fundoscopy.

Imaging Mouse Fundus—Fundoscopic examinations were
performed on eyes enucleated 21 days after immunization
using a modified Karl Storz veterinary otoendoscope coupled
with a Nikon D90 digital camera, as described previously (24).
Briefly, mice were anesthetized by intraperitoneal injection
with ketamine (1.4 mg/mouse) and xylazine (0.12 mg/mouse),
and the pupils were dilated by topical administration of 1%
tropicamide ophthalmic solution (Alcon, Fort Worth, TX). To
avoid a subjective bias, evaluation of the fundus photographs
was conducted without knowledge of the mouse identity by a
masked observer. At least six images (two posterior central ret-
inal views, four peripheral retinal views) were taken from each
eye by positioning the endoscope and viewing from superior,
inferior, lateral, and medial fields, and each individual lesion
was identified, mapped, and recorded. The clinical grading sys-
tem for retinal inflammation was as established previously (25).

Statistical Analysis—Statistical analysis was performed by
Student’s ¢ test (two-tailed). EAU scores were analyzed by non-
parametric Mann-Whitney U test (two-tailed). Asterisks
denote p value (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p <
0.001).

RESULTS

Generation of Mouse Recombinant p28, and p40 and
p28/p40—To investigate whether a novel heterodimeric pro-
tein (p28/p40) comprising p28 and p40 can suppress the differ-
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entiation and/or expansion of Thl and Th17 cells, we geneti-
cally engineered the expression construct shown in Fig. 14. The
bicistronic vector used for expressing the heterodimeric p28/
p40 protein contains an internal ribosomal entry site as well as
FLAG, V5-epitope, and His tags to facilitate isolation and char-
acterization of the recombinant a- and B-subunits of the het-
erodimeric protein (Fig. 1, A and B). We also cloned and
expressed the p28 as well as the p40 single chain proteins to
investigate whether they each possess intrinsic biological activ-
ities independent of the p28/p40 protein. The full-length
mouse p28 or p40 cDNA was cloned into the 3.6-kb pMIB vec-
tor containing honeybee melittin secretion signal sequence,
C-terminal V5-epitope, and polyhistidine (His) tag (Fig. 1, A
and B). The constructs were transfected into High Five™
insect cells, and secreted recombinant proteins were purified by
a combination of affinity chromatography and differential cen-
trifugation as described under “Experimental Procedures.” The
purified proteins were characterized by denaturing SDS gels
and nondenaturing PAGE (Fig. 1C), and coimmunoprecipita-
tion/Western blot analysis indicated successful production of
the monomeric p28 and p40 proteins, as well as the novel het-
erodimeric p28/p40 recombinant protein (Fig. 1 C,and D). The
formation of a stable p28-p40 heterodimeric complex suggests
that the a-subunit chain from a different IL-12 family cytokine
can pair with any B-subunit. It is of note that we detected a
contaminating insect cell protein of ~60 kDa. High Five™
insect cells that were transfected with the control empty pMIB
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FIGURE 2. p28, p40, and p28/p40 suppressed lymphocyte proliferation and differentiation of Th1 and Th17 cells. A-C, primary naive CD4 " T cells (A and
B) or AE.7 T cells (C) were stimulated with anti-CD3/CD28 (A and C) or ConA (B) in medium containing pMIB, p28, p40, and p28/p40. On the 3rd day T cell
proliferation was assessed by [*H]thymidine incorporation assay. *, p < 0.05; **,p < 0.01; ***, p < 0.001. Error bars, S.D. D and E, some T cell receptor-stimulated
mouse primary T cells were propagated under ThO, Th1, or Th17 polarization condition, and cytokine expression was assessed by intracellular cytokine-staining
assay. Numbers in quadrants indicate percentages of IL-10-, IL-17-, or IFN-y-expressing CD4* T cells detected. Results are representative of three independent

experiments.

vector also secrete the contaminating protein, and as shown in
subsequent data (see below), it has no discernible biological
activity.

p28/p40 Suppressed T Cell Proliferation and Differentia-
tion—To determine whether the recombinant proteins had
biological activity, we examined whether they could induce or
suppress lymphocyte proliferation. However, it was important
to use extracts from High Five™ insect cells transfected with
the empty pMIB vector as control to rule out the possibility that
the contaminating insect protein detected in the recombinant
protein preparations (see Fig. 1C, left-most panel) could have
contributed to any biological effects. Thus, pMIB extract was
used as control in all experiments described in this study. To
investigate the effects of p28, p40, or p28/p40 on cell prolifera-
tion, we isolated naive CD4™ T cells from the spleen and LN of
C57BL/6 mice (Fig. 2, A and B) or AE.7 mouse T cells (Fig. 2C)
and stimulated the cells with anti-CD3/CD28 or ConA in
medium containing 100 ng/ml pMIB, p28, p40, or p28/p40.
Analysis of the cells by [?H]thymidine incorporation assay
revealed significant inhibition of T cell proliferation by all three
proteins with p28/p40 exhibiting higher inhibitory activity (Fig.
2, A-C). To investigate the effects of the proteins on T cell
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effector functions, we cultured mouse primary CD4" T cells
under ThO, Thl, or Th17 polarization condition in medium
containing each recombinant protein. We observed that p40
and p28/p40 substantially inhibited the development of [FN-+y-
producing Thl cells in a dose-dependent manner (Fig. 2D).
However, the inhibitory effect of p28/p40 was more potent as it
inhibited Thl development even at very low concentrations
(6.25 ng/ml) whereas the inhibition by p40 was observed only at
high concentrations (100 ng/ml) (Fig. 2D). By contrast, p28 had
no effect on the differentiation of Th1 cells (Fig. 2D). On the
other hand, p28 potently suppressed development of Th17
cells. Although p40 and p28/p40 also inhibited Th17 differen-
tiation, the inhibitory effect of p28 was most dramatic (Fig. 2E).
Taken together, these results suggest that p28, p40, and p28/
p40 exert distinct suppressive effects on the generation of Th17
and Th1 cells. These results also indicate that a- or B-single
chain IL-12 proteins have intrinsic biological activities and
can be used to regulate T cell differentiation and effector
functions.

p28/p40 and p28 Suppressed T Cell Functions by Inhibiting
STATI and STAT3 Activation—Dendritic cells influence the
differentiation, proliferation, and effector functions of CD4* T
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FIGURE 3. p28 and p28/p40 suppressed lymphocyte proliferation through inhibition of STAT1 and STAT3 activation. A, AE.7 T cells were stimulated for
72 h with cytochrome ¢ peptide/APC in medium containing pMIB, p28, p40, p28/p40, IL-27, IL-12, IL-6, as indicated. [*HIThymidine incorporation assay was
performed as described under “Experimental Procedures.” B, AE.7 T cells were stimulated with cytochrome ¢ peptide/APC for 48 h, and APCs were removed by
Ficoll gradient separation. The purified AE.7 T cells were then starved for 2 h in serum-free medium containing 0.5% BSA and then stimulated for 30 min with
pMIB, p28, p40, p28/p40, and/or IL-6, IL-12 or IL-27. Cand D, AE.7 T cells were stimulated as described above. The purified AE.7 T cells were then cultured in
serum-free medium containing pMIB, p28, p40, or p28/p40 for 2 h, followed by stimulation with IL-6, IL-12, or IL-27 for 30 min. Whole cell lysates were analyzed
by Western blotting using indicated Abs. Data represent three independent experiments.

cells by secreting cytokines such as IL-6, IL-12, and/or IL-27 in
peripheral tissues including draining LN and the blood. Proin-
flammatory activities of IL-6 and IL-12 induce proliferation of
T cells through activation of STAT3 and STAT4 pathways,
respectively (11, 26-29), whereas IL-27 activates STAT1/
STAT3 pathways and can induce or suppress inflammation
depending on developmental stage of the CD4" T cell (28, 30,
31). We therefore investigated whether p28/p40 suppressed T
cell proliferation by inhibiting STAT1, STAT3, and/or STAT4
activation. We stimulated AE.7 T cells with cytochrome c pep-
tide/APC for 48 h in medium containing 100 ng/ml p28, p40, or
p28/p40. The stimulated AE.7 T cells were then analyzed for
STAT activation. Some of the AE.7 T cells that were cultured in
medium containing pMIB or p28/p40 were starved for 2 h in
serum-free medium containing 0.5% BSA and stimulated for 30
min with 10 ng/ml IL-6, IL-12, or IL-27. Surprisingly, Western
blot analysis of the samples revealed that p28/p40, p40, or p28
could not activate STAT1, STAT3, or STAT4 (Fig. 3A). Inter-
estingly, compared with pMIB control, addition of IL-6 or IL-27
to cells treated with p28/p40 could not activate STAT3 or
STAT]1, respectively. By contrast, addition of IL-12 to cultures
treated with p28/p40 induced robust activation of STAT4, sug-
gesting that the biological activities of p28/p40 derived in part
from antagonizing STAT1 and/or STAT3 activation (Fig. 34).
We also stimulated AE.7 T cells as described above. APC were
removed from the stimulated AE.7 T cells by use of CD4 mag-
netic beads. The AE.7 cells were then cultured in serum-free
medium containing pMIB, p28, p40, or p28/p40 for 2 h, fol-
lowed by stimulation with IL-6, IL-12, or IL-27 for 30 min.
Western blot analysis revealed that the inhibitory effects of p28
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or p28/p40 were mediated, in part, by inhibiting activation of
STAT1 and STAT3 with no effect on STAT4 pathway (Fig. 3,
B-D). This result is in line with a recent study showing that p28
antagonizes gp130-mediated signaling (15). On the other hand,
p40 did not perturb STAT1, STATS3, or STAT4 activation, con-
sistent with reports showing that whereas the p35 subunit is
required for signaling, the p40 subunit is mainly required for
binding IL-12RPB1 receptor subunit (16, 32). Taken together,
these results suggest that p28/p40 and p28 mediate their effects
by interfering with STAT1 and STAT3 signaling during T cell
priming or inhibiting differentiated T cell functions.

p28/p40 and p28 Suppressed EAU—Th17, Thl, and IL-17-/
IFN-vy-expressing T cells have been implicated in the pathogen-
esis of EAU (20, 21, 33). Next, we examined potential in vivo
suppressive functions of p28/p40 in EAU. We induced EAU by
immunizing C57BL/6 mice with IRBP in complete Freund’s
adjuvant, and disease progression was monitored by fundos-
copy of control eyes or eyes of mice treated with p28, p28/p40,
or pMIB as described (see “Experimental Procedures”). For
assessment of disease severity and EAU scores, we used a well
established semiquantitative grading scheme based on the
degree of inflammatory cell infiltration and degeneration at the
retina, choroid, and optic nerve disc. We examined the eyes 21
days after immunization by fundoscopy; and consistent with
published reports (34, 35), fundus images of control mice or
mice that received pMIB displayed severe inflammation with
papilledema, retinal vasculitis, and choroidal infiltrates (Fig.
4A). By contrast, p28/p40 significantly suppressed EAU (Fig.
4A) with significantly lower EAU scores relative to control mice
(Fig. 4B). Although p28 also reduced the severity of EAU (Fig.
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FIGURE 4. p28 and p28/p40 suppressed the development of EAU. EAU was induced in C57BL/6 mice, and disease progression was analyzed by fundoscopy.
Assessment of disease severity (A) and EAU scores (B) were based on changes at the optic nerve disc and retinal vessels or tissues. Black arrowhead, inflamma-
tion with blurred optic disc margins and enlarged juxtapapillary area; blue arrows, retinal vasculitis with moderate cuffing; white arrows, yellow-whitish retinal

and/or choroidal infiltrates; Opt, optic nerve; V, vitreous.

4A), the EAU scores of p28-treated mice were significantly
lower (Fig. 4B).

p28/p40 Suppressed EAU by Inhibiting Thi/Thl7 While
Inducing Expansion of Tregs—In view of the involvement of
Th17, Thl, and IL-17-/IFN-vy-expressing Tregs in the etiology
of uveitis (20, 21, 33), we isolated cells from the draining lymph
nodes and spleens of mice 21 days after immunization with
IRBP and examined whether the reduction in EAU severity
induced by p28 and p28/p40 derived, in part, from decrease in
the frequency of Th17 and Thl cells. In line with published
reports, EAU in control mice was accompanied by substantial
increase of IL-17-expressing (Th17) and IFN-vy-expressing
(Th1) cells in spleen (Fig. 54) and LN (Fig. 5B). However, we
observed much lower percentages of Thl and Th17 in these
tissues of mice treated with either p28 or p28/p40 (Fig. 5, A and
B), and the decrease in Th1 and Th17 cells was accompanied by
a corresponding increase in Foxp3™ and IL-10-expressing
Tregs (Fig. 5, A and B).

p28/p40- or p28-treated Cells Blocked Adoptive Transfer of
EAU by Uveitogenic T Cells—To confirm that the amelioration
of EAU mediated by p28 or p28/p40 derived from direct effects
on lymphocytes, we first examined whether p28 or p28/p40
could directly inhibit the proliferation of IRBP-specific patho-
genic T cells. We isolated cells from draining LN of mice with
EAU and restimulated the cells ex vivo for 3 days in medium
containing IRBP. Thymidine incorporation assay showed sig-
nificantly reduced proliferation of the uveitogenic T cells
derived from p28- or p28/p40-treated cells; and consistent with
data presented above, the inhibitory effect of p28/p40 is signif-
icantly greater than that observed with p28, pMIB, or PBS (Fig.
6A). We also examined whether T cells from p28- or p28/p40-
treated EAU mice were capable of transferring EAU. Cells iso-
lated from LN of EAU mice treated with pMIB, p28, or p28/p40
and restimulated ex vivo for 3 days with IRBP were transferred
(1 X 107 cells/mouse) into age- and sex-matched unimmunized
mice, and disease development was assessed by fundoscopy.
Fundus images acquired 10 days after adoptive cell transfer
revealed features characteristic of full-blown EAU in mice that
received pMIB-treated cells. In contrast, transfer of p28- or
p28/p40-treated cells induced very mild or no uveitis (Fig. 6B),
suggesting that these cells could not efficiently transfer EAU to
syngeneic naive mice. Consistent with the greater growth-in-
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hibitory effects of p28/p40, transfer of p28/p40-treated cells
was least efficient in transferring EAU (Fig. 6B).

DISCUSSION

In this study, we genetically engineered a novel IL-12 family
cytokine comprising the p28 a-chain of the antiinflammatory
IL-27 and p40 B-chain of the proinflammatory IL-12 cytokine.
We also produced p28 and p40 single chain proteins as part of
an overall goal of developing a new class of therapeutic cyto-
kines. We show that a novel p28/p40 recombinant protein
forms a stable heterodimeric complex (Fig. 1C) and have dem-
onstrated that p28/p40 and the single chain p28 and p40 pro-
teins are biologically active, as demonstrated by their ability to
suppress the proliferation of primary T cell and the well char-
acterized AE.7 Th1 cell line (Fig. 2, A—C). However, p28/p40
and the p28 subunit had the most suppressive activity whereas
p40 exhibited the least suppressive activity. We provide data
suggesting that mechanisms underlying suppressive effects of
p28/p40 and p28 derived in part from inhibiting the activation
of STAT1 and STAT3 pathways induced by IL-6 and IL-27,
both of which signal through gp130 receptor. This is consistent
with a recent report showing that p28 competes with IL-6 for
binding to the IL-6 receptor (15). Although IL-27 is thought to
suppress chronic inflammation by inhibiting TCR/CD28-me-
diated IL-2 production (36 —38) and inducing IL-10-secreting T
cells (31, 39 -42), IL-27 also promotes inflammation by induc-
ing naive T cells to differentiate into the Th1 subset. Thus, in
contrast to these mechanisms by which IL-27 suppresses
inflammation (36, 43, 44), the data presented here suggest that
p28/p40 and p28 might mitigate EAU pathology by antagoniz-
ing gp130 signaling of differentiating Th17 cells and to inhibit
IL-6-dependent proliferation of mature T-helper cells through
preventing apoptosis (26). Of particular significance, our data
showing that p40 and p28/p40 inhibited the differentiation and
expansion of Thl cells whereas p28 and p28/p40 suppressed
the Th17 subset suggest that the combination of p28 and p28/
p40 may have therapeutic value in treating inflammatory
disease.

Human uveitis is a diverse group of chronic intraocular
inflammatory diseases that can lead to blindness, and they are
responsible for 10-15% of visual handicap (45, 46). They
include Behcet disease, Vogt-Koyanagi-Harada syndrome,
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FIGURE 5. Suppression of EAU by p28 or p28/p40 correlated with decrease in Th1/Th17 cells and expansion of Tregs. A and B, CD4 ™ T cells in spleen (A)
or lymph nodes (B) of mice (day 21 after immunization) treated with pMIB, p28, or p28/p40 were analyzed by the intracellular cytokine staining. Numbers in
quadrants indicate percentage of cells expressing CD4, Foxp3, IL-10, IL-17, and/or IFN-y. Cand D, statistical analysis of IFN-vy-, IL-17-,1L-10-, or Foxp3-expressing
T cells in the spleen (C) or LN (D). Results are representative of three independent experiments. ¥, p < 0.05; **, p < 0.01; error bars, S.D.

sympathetic ophthalmia, birdshot retinochoroidopathy, and
ocular sarcoidosis (45, 46). Current therapeutic strategies for
treating autoimmune diseases such as uveitis focus primarily on
the use of immunosuppressive agents (e.g cyclosporine,
FK-506, daclizumab, rapamycin, infliximab) that target
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T-helper cells or Abs that neutralize proinflammatory cyto-
kines; these drugs are fairly effective in ameliorating disease
symptoms (45, 46). However, they are of limited value as long
term therapy because autoreactive T cells that mediate uveitis
are constantly primed by autoantigens that are continuously
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FIGURE 6. T cells from mice treated with p28 or p28/p40 were less efficient in transferring EAU to naive syngeneic mice. A, LN cells from pMIB-, p28-, or
p28/p40-treated EAU mice (day 21 after immunization) were restimulated for 3 days in medium containing IRBP, and proliferation was assessed by the
[PHlthymidine incorporation assay. B, IRBP-stimulated T cells from pMIB-, p28-, or p28/P40-treated EAU mice were transferred (1 X 107 cells/mouse) into naive
syngeneic C57BL/6 recipient mice. Ten days after adoptive transfer, fundoscopy was performed on the enucleated eyes.

released from damaged retinal tissue, and renal toxicity or other
adverse effects preclude prolonged use (47). Previous studies
showing an increase in Th17 cells in the blood of patients with
uveitis (20) and a tremendous increase of Th17 and Th1 cells in
the blood, lymph nodes, and retina of mice with EAU (20, 21,
33) suggested a role for these T cell subsets in the etiology or
recovery from uveitis. However, elucidating the mechanisms
involved in uveitis has been a great challenge because of the
difficulty of identifying the target antigens and the specific lym-
phocytes responsive to these autoantigens. Thus, most of what
is known about the pathophysiology of uveitis derives from
studies of EAU.

Similar to human autoimmune uveitis, Th17 and Thl
responses are elevated in EAU, and either Th17 or Thl cells
have been shown to mediate EAU independently (20, 21, 33).
Moreover, elevated levels of T cells expressing both IL-17 and
IFN-+y have been shown to correlate with development of EAU
(21, 23). Consequently, a rational therapeutic approach has
been to develop immune-modulation protocols that would
simultaneously target Th1 and Th17 subsets. In this study, we
have shown that although p28 can inhibit Th17 differentiation
and expansion, it had minimal effect on the Th1l subset. Con-
versely, p40 inhibited the differentiation or expansion Thl
cells. The heterodimeric p28/p40 cytokine comprising the p28
and p40 subunits thus differs from the p28 subunit protein in
that it can inhibit signaling downstream of IL12RB1 and also
gp130 receptors and is thereby efficient in suppressing differ-
entiation and responses of Th1 and Th17 subsets. More impor-
tantly, administering p28/p40 to mice at the time of EAU
induction conferred protection from EAU by suppressing the
differentiation and expansion of Thl and Th17 cells, and the
amelioration of EAU was accompanied by concomitant
increase of IL-10-producing regulatory T cells or Tregs (Fig. 5,
A and B). The increase of IL-10- and Foxp3-producing T cells in
the spleen and LN of the mice treated with p28 or p28/p40
further suggests that Tregs with their voracious consumption
of IL-2 could also have contributed to suppression of EAU by
depriving effector T cells of the growth factor, IL-2, and thereby
inhibiting their expansion. In addition, we found that sensitiza-
tion of the autoreactive T cells to p28/p40 rendered the uveito-
genic T cells less efficient at transferring uveitis to syngeneic
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naive mice, underscoring the efficacy of p28/p40 in treating
uveitis. Interestingly, the p28 subunit protein also conferred
protection from EAU and inhibited the transfer of EAU by uve-
itogenic T cells in adoptive transfer experiments. However, in
all EAU and adoptive transfer experiments p28/p40 was consis-
tently more superior in inhibiting EAU and proliferation of
IRBP-specific pathogenic T cells. Although p28 did not inhibit
Th1 cells in ex vivo studies, it inhibited Th1 cells in the LN and
spleen of mice with EAU. A plausible explanation for the differ-
ence in the in vitro and in vivo results may derive from the fact
that p28 is a potent antagonist of gp130 and IL-6 signaling (15).

IL-6 is a pleiotropic cytokine involved in the physiology of
virtually every organ system, and in the immune system it has
been shown to regulate the balance between Th17 and Treg by
inducing STAT3-mediated development of Th17 while inhib-
iting TGF-B-induced Treg differentiation (29). Thus, the inhi-
bition of IL-6 signaling during inflammation would not only
promote generalized T cell suppression by inhibiting the anti-
apoptotic/prosurvival functions of IL-6 but would tilt the
Th17/Tregbalance in favor of Treg development (26). It is how-
ever of note that neither p28/p40 nor p28 by itself was able to
completely block the development of EAU, suggesting that the
combination of p28 and p28/p40 can be more effective in sup-
pressing both Th1- and Th17-mediated responses and uveitis.

In summary, our proof-of-principle therapeutic strategy
showing that p28 and p28/p40 can suppress EAU establishes
that IL-12 a- or B-subunit proteins and IL-12 cytokines com-
prising novel combinations of a- and -subunits may form the
basis of a new class therapeutic cytokines. Thus, combining p28
and p28/p40 cytokines may offer an attractive therapeutic strat-
egy to simultaneously inhibit Th17, Thl, and IL-17/IFN-vy-ex-
pressing T cells in the treatment of potentially blinding uveitis
and other Th17/Thl-mediated autoimmune diseases.
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