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Depending on polarizing cytokine signals during activation by antigen, naive CD4* T cells can be stim-
ulated and differentiated into distinct functional CD4* T cell subsets such as Th1, Th2 and Tr1 cells.
Among them, Th2 cells are pathogenic in allergic diseases such as asthma, which are characterized by
transcription factor GATA3 expression and IL-4, IL-5, IL-6, and IL-10 cytokine secretion. The overlapping
expression of some signature cytokines by Th2 and other subsets of CD4* T cells may not only indicate
the plasticity of CD4* T cells, but could also suggest the possibility of the deletion of a single signature

IT(ﬁéwords" cytokine gene leading to the functional differentiation of naive CD4* T cells into effector Th1 or Tr1 cells
Thi under Th2 differentiation conditions. In this work, we stimulated naive CD4" T cells derived from OT II
Trl mice or OT Il mice that were deficient in individual cytokines (IL-4, IL-5, IL-6 and IL-10) with OVA-pulsed
IL-10 dendritic cells (DCova) in the presence of IL-4 and anti-IFN-v, to generate OVA-specific wild-type (WT)
IL-6 Th2, and Th2(IL-4 KO), or Th2(IL-5 KO), or Th2(IL-6 KO), or Th2(IL-10 KO) cells, and to assess their capacity
CTL in modulating DCoya-induced CD8* cytotoxic T lymphocyte (CTL) responses, and antitumor immunity

in WT C57BL/6 mice. We conclusively demonstrate that GATA-3-expressing Th2 cells enhance DCoya-
induced CTL responses via IL-6 secretion. We also show that IL-6 and IL-10 gene deficient Th2(IL-6 KO)
and Th2(IL-10 KO) cells, but not IL-4 and IL-5 gene deficient Th2(IL-4 KO) and Th2(IL-5 KO) cells, behave
like functional Tr1 and Th1 cells by inhibiting and enhancing DCoya-induced OVA-specific CD8* CTL
responses and antitumor immunity, respectively. We further elucidate that inhibition and enhancement
of DCova-induced OVA-specific CTL responses by Th2(IL-6 KO) and Th2(IL-10 KO) cells are mediated by
their immune suppressive IL-10 and pro-inflammatory IL-6 secretion, respectively. Taken together, our
study suggests that deletion of a single cytokine gene IL-6 and IL-10 makes CD4* Th2 cells become effec-
tor CD4* Tr1- and Th1-like cells, respectively. Our data thus not only provide new evidence for another
type of CD4* T cell plasticity, but also have a potential to impact the development of a new direction in
immunotherapy of allergic diseases.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In response to infections, various types of immune cells are
involved in both innate and adoptive immune responses, and
are activated to control and eliminate the invading pathogens.
Among them, CD4* T cells play an important role in the defensive
immunity. These lymphocytes activate macrophages to develop
enhanced microbicidal activity and recruit neutrophils, eosinophils
and basophils to sites of inflammation via their secreted cytokines
or chemokines thus assisting the innate immunity. In addition, they
also help B cells to produce antibodies and license dendritic cells
(DCs) to modulate different types of CD8* cytotoxic T lymphocyte
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(CTL) immune responses in adoptive immunity (Skapenko et al.,
2005).

Depending on polarizing cytokine signals during activation by
antigen (Ag), naive CD4" T cells can initiate various differentia-
tion programs that lead to the development of distinct functional
CD4* T cell subsets. Key transcriptional factors act as lineage-
specifying regulators coordinating expression of specific cytokine
genes (Wilson et al., 2009). For example, the transcriptional fac-
tor T-box-containing protein expressed in T cells (T-bet) controls
type 1 T help (Th1) cell differentiation program associated with
the production of Th1 signature cytokine IFN-vy required for effi-
cient immune responses against intracellular pathogens (Szabo
et al,, 2000) and tumors (Goedegebuure and Eberlein, 1995). In
contrast, GATA-binding protein 3 (GATA-3) is a regulator of the
development of type 2 T help (Th2) cells that express IL-4, IL-5,
IL-6 and IL-10. These signature cytokines are critical for the immu-
nity against helminthes and other extracellular pathogens (Zheng
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and Flavell, 1997) or for antibodies production (Carter and Dutton,
1996). Unfortunately, Th2 cells are also pathogenic in allergic dis-
eases such as asthma (Gordon et al., 2005). Another subset of CD4*
T cells is the Foxp3* IL-10-and IFN-y-secreting CD4* type 1 reg-
ulatory T (Tr1) cells that are generated from naive T cells in the
periphery after encounter with Ag presented by DCs in the status
distinct from those for promoting the differentiation of Th1 and
Th2 cells (Roncarolo et al., 2006). TGF-3 plays a major role in Tr1
differentiation (Chen et al., 2003; Bettelli et al., 2006) and devel-
opment (Liu et al., 2008) by activation of Smad3 to promote Foxp3
expression (Tone et al., 2008). These CD4* Tr cells, which are spe-
cific for pathogen-derived Ags, suppressed immune responses via
their signature cytokine IL-10 secretion (Hao et al., 2008).

We previously established an ovabumin (OVA)-specific animal
model using OVA-specific T cell receptor (TCR) transgenic OT II
CD4* T cell subsets to study the functional effect and molecu-
lar mechanisms associated with different subsets of CD4" T cells
(Hao et al., 2008; Umeshappa et al., 2009; Ankathatti Munegowda
et al., 2011). In this study, we investigate whether manipulation
of a single signature cytokine can differentiate naive CD44+ T cells
into functional Th1 and Tr1 cells under Th2 differentiation condi-
tions. To assess the role of specific cytokines, we have generated
OVA-specific CD4* Th2 cells by in vitro stimulation of naive CD4*
T cells derived from OT Il mice or OT II mice with deficiency in
individual cytokine (IL-4, IL-6, IL-5 or IL-10) with OVA-pulsed DCs
(DCova) in the presence of IL-4 and anti-IFN-vy antibody, and then
compared their capacities in stimulating or inhibiting OVA-specific
CD8* T cell responses, and antitumor immunity induced by DCqya
immunization in wild-type C57BL/6 mice.

2. Materials and methods
2.1. Tumor cells, reagents and animals

The OVA-transfected BL6-10 (BL6-10gya) cell lines were gen-
erated in our laboratory (Xiang et al., 2005). The biotin-labeled
antibodies (Abs) specific for CD4 (GK1.5),CD11c (HL3), CD25 (7D4),
CD40 (K19), CD69 (H1.2F3) and CD80 (16-10A) were obtained
from BD Pharmingen, Mississauga, ON, Canada. The FITC con-
jugated avidin was obtained from Jackson Immuno Research
Laboratory Inc. (West Grove, PN). The anti-H-2KP/OVAI (pMHC 1)
Ab was obtained from Dr. Germain, National Institute of Health,
Bethesda, MD (Porgador et al., 1997). Recombinant cytokines IL-
2, IL-4, GM-CSF and TGF-f3 were purchased from R&D systems
Inc. (Minneapolis, MN). IL-6 (MP5-20F3) neutralizing antibody was
purchased from eBiosciences (San Diego, CA) and IL-10 (JES5-2A5)
neutralizing antibody was purchased from BD Pharmingen, Missis-
sauga, ON, Canada. The PE-H-2KP/OVAI tetramer and FITC-anti-CD8
Ab (PK135) were obtained from Beckman Coulter, Mississauga,
Ontario, Canada. The OVAI (SIINFEKL) peptide specific for H-2KP
and Mut1 (FEQNTAQP) specific for H-2KP of irrelevant 3LL lung car-
cinoma (Xiang et al., 2005) were synthesized by Multiple Peptide
Systems (San Diego, CA). The C57BL/6 (B6, CD45.2*), OVA-specific
TCR-transgenic OT Il mice, and IL-4, IL-5, IL-6 and IL-10 gene knock-
out (KO) mice on a C57BL/6 background were obtained from the
Jackson Laboratory (Bar Harbor, MA). Homozygous OT II/IL-4/-,
OT II/IL-5-/=, OT 1I/IL-6/~, and OT II/IL-10~/~ mice were gener-
ated by backcrossing the designated gene KO mice onto the OT Il
background for three generations; homozygosity was confirmed by
polymerase-chain reaction (PCR) according to Jackson laboratory’s
protocols.

2.2. Preparation of dendritic cells

Mature bone marrow-derived DCs, expressing high levels of
CD11c, CD40, CD80 and pMHC class I, were generated as described

previously (Xiang et al., 2005). Briefly, bone marrow cells were col-
lected from femora and tibiae of wild type C57BL/6 mice and RBCs
are depleted with 0.84% ammonium chloride. Obtained cells were
plated in DC culture medium (DMEM plus 10% FCS, 20 ng/ml GM-
CSF and 20 ng/ml IL-4). On day 3 non-adherent granulocytes, T cells
and B cells were gently removed and replaced with medium. Two
days later, loosely adherent DC’s were dislodged and replated and
grown till 6 days. On 6th day non-adherent DCs were harvested
and pulsed overnight at 37 °C with 0.1 mg/ml OVA (Sigma, St. Louis,
MO) and termed DCqya. Inhibitory DCoya was derived expressing
high levels of IL-10 as described earlier (Huang et al., 2010). Briefly,
bone marrow cells depleted with RBCs were cultured in presence
of 20 ng/ml GM-CSF in 10% FCS containing DMEM for 10 days, care-
fully changing medium every 48 h. After 10 days they were cultured
for 3 days in presence of 7.5 ng/ml GM-CSF, 50 ng/ml IL-10 in 10%
FCS containing DMEM and loosely bound DCs are harvested on last
day and pulsed overnight with 0.1 mg/ml OVA.

2.3. Preparation of OT Il CD4* Th2 cells

Naive OVA-specific CD4* T cells were isolated from OT Il mouse
spleens. T cells were enriched by passage through nylon wool
columns and then CD4+ cells were purified by negative selection
using anti-mouse CD8 paramagnetic beads (DYNAL Inc., Lake Suc-
cess, NY) to yield populations that were >95% CD4+/Va2VB5+ T
cells. To generate in vitro DCoya-activated CD4* Th2 cells, CD4* T
cells (2 x 10° cells/ml) from OT Il mice or designated gene-deleted
OT II mice were stimulated for 3 days with irradiated (4000 rad)
bone marrow derived DCqya (1 x 10° cells/ml) in presence of IL-4
(20 ng/ml) and anti-IFN-y Ab (10 wg/ml) (R&D Systems, Minneapo-
lis, MN). In vitro DCqya-activated CD4" T cells derived from OT II
with respective IL-4, IL-5, IL-6 and IL-10 gene KO mice were referred
to as Th2(IL-4 KO), Th2(IL-5 KO), Th2(IL-6 KO) and Th2(IL-10 KO),
respectively.

2.4. Preparation of OT Il CD4* Th1 cells

Naive OVA-specific CD4" T cells isolated as explained earlier.
To generate in vitro DCqoya-activated CD4* Th1 cells, CD4" T cells
(2 x 10° cells/ml) from OT II mice were stimulated for 3 days with
irradiated (4000 rad) bone marrow derived DCqya (1 x 10° cells/ml)
in presence of IL-2 (20U/ml), IL-12 (5ng/ml) and anti-IL-4 Ab
(10 pg/ml) (R&D Systems, Minneapolis, MN).

2.5. Preparation of OT Il CD4* Tr1 cells

Naive OVA-specific CD4* T cells isolated as explained earlier.
To generate in vitro DCqya-activated CD4* Tr1 cells, CD4* T cells
(2 x 10° cells/ml) from OT II mice were stimulated for 5 days with
irradiated (4000 rad) bone marrow derived inhibitory IL-10 secret-
ing DCoya (1 x 10° cells/ml) in presence of IL-2 (20U/ml), IL-10
(20 ng/ml) and TGF-[3 (20 ng/ml) (R&D Systems, Minneapolis, MN).

2.6. Phenotypic characterization of CD4* Th1, Th2 and Tr1 cells

For the phenotypic analyses, the above Th1, Th2 and Tr1 cells
were stained with a panel of biotin-conjugated Abs. After washing
with PBS, these cells were further stained with R-phycoerythrin
(PE)-conjugated avidin and analyzed by flow cytometry. Their cul-
ture supernatants were analyzed for cytokine expression using
ELISA kits (Endogen, Cambridge, MA), as previously described
(Xiang et al., 2005).
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2.7. RT-PCR

Total RNA was extracted from Th1, Th2 and Tr1 cells with Qia-
gen RNeasy purification kit (Qiagen, Mississauga, Ontario, Canada)
as per manufacturer’s protocols. Qiagen quantitative reverse tran-
scription kit (Qiagen) was used to synthesize cDNA, which was then
analysed by semi-quantitative PCR in triplicates.

2.8. Invivo CD8* T cell proliferation assay

Wild type C57BL/6 (n=6) mice were i.v. immunized with irra-
diated (4000 rad) DCgya (0.5 x 106 cells) or DCqya (0.5 x 10° cells)
plus Th1 or Tr1 or Th2 or Th2(KO) (3 x 10° cells), respectively. In
another experiment wild type C57BL/6 mice were i.v. immunized
with irradiated (4000 rad) DCqya (0.5 x 108 cells) plus Th2(IL-6 KO)
or Th2(IL-10 KO) (3 x 106 cells) along with anti-IL-10 or anti-IL-
6 neutralizing antibodies on 0 and 3rd day after immunization,
respectively. Six days subsequent to immunization, the mouse
blood samples were harvested and stained with PE-H-2KP/OVAI
tetramer and FITC-anti-CD8 Ab (PK135) (Beckman Coulter). The
erythrocytes were then lysed using lysis/fixed buffer (Beckman
Coulter) and samples were analyzed by flow cytometry according
to the company’s protocol.

2.9. Invivo CD8* T cell cytotoxicity assay

In in vivo cytotoxicity assay, 6 days after immunization, the
cohort of above immunized mice were i.v. co-injected with 1:1
ratio of splenocytes labeled with high (3.0 uM, CFSEMigh) and low
(0.6 WM, CFSE'*%) concentrations of CFSE and pulsed with OVAI and
Mut1, respectively (Xiang et al., 2005). Sixteen hours after target
cell delivery, the spleens were removed and residual CFSEMigh and
CFSE!° target cells remaining in the recipients’ spleens were sorted
and analyzed by flow cytometry.

2.10. Animal studies

Wild-type C57BL/6 mice (n=38) were i.v. immunized with irra-
diated (4000rad) DCgya (0.5 x 10% cells per mouse) alone or in
combination with Th1, Tr1, Th2, Th2(IL-6 KO) and Th2(IL-10 KO)
(3 x 108 cells per mouse), respectively. Eight days later, the mice
were i.v. challenged with BL6-10gya (0.3 x 106 cells per mouse)
tumor cells. The mice were sacrificed 3 weeks after tumor cell
challenge and lung metastatic tumor colonies were counted.

2.11. Statistical analysis

All experiments were tested for statistical significance using
unpaired, two tailed, Student’s t-test. Differences were considered
significant if p <0.05.

3. Results

3.1. Phenotypic characterization of OVA-specific CD4* Th1, Th2
and Tr1 cells

To generate different subsets of ovalbumin-specific Th1, Th2
and Tr1 cells, naive OT Il mouse CD4* T cells were cultured with
OVA-pulsed dendritic cells (DCqya) expressing CD11c, IaP, CD40,
CD80 and pMHC I (Fig. 1A) in the presence of subset specific dif-
ferentiation medium. To phenotypically characterize them, these
DCoya-activated CD4* T cells were analyzed by flow cytometry,
RT-PCR and ELISA for assessment of expression of cell surface
markers, intracellular transcription factors and cytokine secretion,
respectively. We demonstrated that these T cells were positive for
CD4, CD25, and CD69 expression (Fig. 1B), indicating that they are

active CD4" T cells. CD4* Th1 cells expressed transcription factor
T-bet (Fig. 1C) and secreted IL-2 (2.5 ng/ml), IL-6 (0.9 ng/ml), IFN-
v (3.4ng/ml) but no IL-4, IL-6 and IL-10 (Fig. 1D), whereas CD4"*
Th2 cells expressed transcription factor GATA-3 and secreted IL-2
(1.4ng/ml), IL-4 (1.3 ng/ml), IL-5 (1.5 ng/ml), IL-6 (1 ng/ml), IL-10
(0.4 ng/ml) and undetectable levels of IFN-vy, which are consistent
with typical phenotypes of CD4* Th1 and Th2 cells, respectively. In
contrast, CD4* Tr1 cells expressed transcription factor Foxp3 and
secreted IL-5 (0.5 ng/ml), IL-10 (2.5 ng/ml), IFN-vy (1.9 ng/ml), as we
previously described (Hao et al., 2008).

3.2. Th1 and Th2 cells augment whereas Tr1 cells inhibit
DCoya-induced CTL responses

To assess the functional effect of different CD4* T subsets on
DCgya-induced CTL responses, DCoya Were injected intravenously
into wild type C57BL/6 mice. DCoya-immunized mice showed OVA-
specific CD8* T cell proliferation accounting for 0.79% of the total
CD8* T cell population in the peripheral blood (Fig. 2A). When Th2
cells were co-injected with DCqya, OVA-specific CD8* T cells were
increased to 0.97% (p <0.05), indicating that in vitro generated Th2
cells enhance DCqya-induced CTL responses (Fig. 2A). To assess
the functional effect of activated CTLs, we adoptively transferred
OVAI peptide-pulsed wild-type (WT) C57BL/6 mouse splenocytes
strongly labeled with CFSE (CFSEM&h) and equal proportion of con-
trol peptide Mut1 pulsed wild type splenocytes weakly labeled
with CFSE (CFSE!®%) to wild type C57BL/6 mice that were immu-
nized 6 days earlier with DCqy, alone or co-injected with DCqya
and Th1 or Th2 or Tr1 cells. Sixteen hours after their transfer, we
found that 50.3% of CFSEMgh |abeled cells were killed and none of
the CFSE'®W labeled cells were killed in DCgya-immunized mice,
whereas in Th2 and DCqya co-injected mice 68.7% of CFSENigh cells
were Killed (Fig. 2B). In concurrence with CD8* T cell proliferative
responses (Fig. 2A), there was significantly increased cytotoxicity
associated with Th2 co-injection with DCqyp (p <0.05), indicating
that Th2-enhanced CTLs are functional effectors with killing activity
to OVA-specific target cells.

3.3. IL-6 gene deficient CD4* Th2 cells behave like functional Tr1
cells by inhibiting DCoy4-induced CTL responses in an IL-10
dependent manner

IL-6 gene deficient CD4* Th2 [Th2(IL-6 KO)] cells were obtained
by culturing DCqya with naive CD4* T cells derived from OTII/IL-
6/~ mice in the presence of IL-4 and anti-IFN-y Ab. These Th2(IL-6
KO) cells had similar phenotypes, including expression of cell sur-
face markers and transcription factor, as WT Th2 cells (data not
shown). In addition, while being IL-6 deficient, they secreted IL-2
(0.5 ng/ml), IL-4 (0.6 ng/ml), IL-5 (1.1 ng/ml), IL-10 (2.5 ng/ml), IFN-
v (1.4 ng/ml) (Fig. 3A). Interestingly, we found that DCqya-induced
OVA-specific CTL responses dramatically declined from the orig-
inal 0.79% to only 0.18% (Fig. 3B). In contrast, control, IL-4 gene
deficient CD4* Th2 [Th2(IL-4 KO)] cells and IL-5 gene deficient
CD4* Th2 [Th2(IL-5 KO)] cells did not modulate DCqya-stimulated
OVA-specific CTL responses. To elucidate the molecular mecha-
nism underlying immune suppression by Th2(IL-6 KO) cells, we
i.v. injected mice with neutralizing anti-IL-10 Ab simultaneously
with Th2(IL-6 KO) cells to block IL-10 signal. We found anti-IL-10
Ab to completely inhibit the immune suppressive effect of Th2(IL-6
KO) cells on DCqya-induced OVA-specific CTL responses (Fig. 3C),
indicating that Th2(IL-6 KO) cells behaving in analogy to Tr1 cells
suppress immune responses by secretion of IL-10 cytokine, which
is consistent with our previously published observation (Hao et al.,
2008).
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Fig. 1. Phenotypic characterization of Th1, Th2, Tr1 and DCoya. (A) Flow cytometric analysis of DCoya. In vitro generated DCoya Were stained with panel of Abs for analysis
of cell surface expression of CD11c, CD40, CD80 and pMHC-I (thick solid lines). Isotype-matched irrelevant Abs were used as controls (dotted lines). (B) Flow cytometric
analysis. In vitro DCoya-activated Th1 and Th2, and in vitro inhibitory DCoya activated-Tr1 population were stained with a panel of Abs for analysis of cell surface expression
of CD4, CD25 and CD69 (thick solid lines). Isotype-matched irrelevant Abs were used as controls (dotted lines). (C) RNA extracted from Th1, Th2 and Tr1 cells were analyzed
by RT-PCR to assess the expression of T-bet, GATA-3 and Foxp-3. (D) The supernatants of Th1, Th2 and Tr1 cells were assayed for IL-2, IL-4, IL-5, IL-6, IL-10 and IFN-vy secretion

by ELISA. One representative experiment of three is displayed.

3.4. IL-10 gene deficient CD4* Th2 cells behave like functional
Th1 cells by enhancing DCqya-induced CTL responses through IL-6
cytokine

IL-10 gene deficient CD4* Th2 [Th2(IL-10 KO)] cells were
obtained by culturing DCqya with naive CD4* T cells derived from
OTII/IL-10~/~ mice in the presence of IL-4 and anti-IFN-y Ab.
Based on the expression of cell surface markers and of the GATA-
3 transcription factor, these Th2(IL-10 KO) cells had a phenotype
resembling WT Th2 cells (data not shown). In addition, despite

IL-10 deficiency, they secreted IL-2 (0.5 ng/ml), IL-4 (1.2 ng/ml), IL-5
(2.5ng/ml), IL-6 (1.5ng/ml), IFN-y (2.4 ng/ml) (Fig. 3A). Interest-
ingly, we found that DCqoya-stimulated OVA-specific CTL responses
significantly increased from the original 0.97%, triggered by DCqya,
to 1.28% (p<0.01) in the presence of DCoya and Th2(IL-10 KO)
co-stimulation (Fig. 3B), which is similar to enhancement of CTL
responses by Th1 cells (Fig. 2A). To elucidate the molecular mech-
anism underlying the immune enhancement by Th2(IL-10 KO)
cells, we co-injected the mice with neutralizing anti-IL-6 Ab
and Th2(IL-10 KO) cells to block IL-6 signal. In this experiment,
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Fig. 2. Stimulatory or inhibitory effects of Th1, Th2 and Tr1 cells on DCoys induced CD8* T cell response. (A) Tetramer staining assay. Wild type C57BL/6 mice (6 mice
per group) were immunized with PBS, DCoya, DCova along with Th1/Th2/Tr1 cells. Six days after immunization tail blood samples of immunized mice were stained with
PE-H-2K"/OVAI tetramer and FITC-anti-CD8 Ab, and analyzed by flow cytometry. The value in each panel represents the percentage of tetramer-positive CD8* T cells versus
the total CD8" T cells with standard deviation in parenthesis. The differences between DCoya and Th2 + DCoya mice (*) or Th1+DCgya and Tr1 +DCoya mice (**) are significant
(p<0.05) or very significant (p <0.01) (Student’s t-test). (B) In vivo cytotoxicity assay. The residual CFSEM&h (H) and CFSE'"¥ (L) target cells remaining in the recipient spleens
were analyzed by flow cytometry. The value in each panel represents the percentage of CFSEM" versus CFSE'®Y target cells remaining in the spleen with standard deviation

in parenthesis. (n=6, average + SD). One representative experiment of two is shown.

anti-IL-6 Ab completely blocked the enhancement of DCqya-
induced CTL responses initiated by Th2(IL-10 KO) cells (Fig. 3C),
indicating that Th2(IL-10 KO) behave similar to Th1 population and
augment immune responses by secreting IL-6 (Table 1).

3.5. IL-6 gene deficient CD4* Th2 cells inhibit and IL-10 deficient
cells enhance DCqya-triggered OVA-specific antitumor immunity

To confirm the above observations that IL-6 gene deficient
CD4* Th2 cells suppress, while IL-10 deficient cells promote
DCoya-induced OVA-specific CTL responses, we conducted ani-
mal experiments and monitored antitumor immunity. Wild-type
C57BL/6 mice were immunized with DCqoya and DCoya accom-
panied by Th1, Th2, Tr1 or Th2(KO) cells. All immunized mice
were challenged with BL6-10gya tumor cells 8 days following the
immunization. DCpya immunized mice demonstrated complete
protection (8/8) from lung tumor metastasis (Table 2). DCqoya-
immunized mice with the co-injection of Th1, Th2 or Th2(IL-10
KO) cells were equally protected (8/8), however mice co-injected
with Tr1 or Th2(IL-6 KO) cells all (8/8) died of lung tumor metas-
tasis, confirming that Th2(IL-10 KO) cells act like functional Th1
and Th2(IL-6 KO) behave similar to Tr1 cells in stimulating, and
suppressing DCqya-induced antitumor immunity.

4. Discussion

It is canonically accepted that Th1 and Th2 responses are
counter-regulated by one another. Cross-regulation of Th1- and

Table 1
Polarizing culture conditions of different subsets of T-helper cells.

T-helper subset Polarizing culture conditions condition

Th1 IL-2 (20 U/ml), IL-12 (5 ng/ml) and anti-IL-4 Ab (10 pg/ml)
Th2 IL-4 (20 ng/ml) and anti-IFN-y Ab (10 p.g/ml)
Trl IL-2 (20U/ml), IL-10 (20 ng/ml) and TGF-$3 (20 ng/ml)

Th2-specific cytokines has been documented, and Th1 cytokines
IFN-vy and IL-12 have been shown to dampen IL-4-mediated granu-
loma formation in schistasomiasis (Lukacs and Boros, 1993; Oswald
et al,, 1994; Boros and Whitfield, 1999). Originally, Khoruts et al.
(1995) showed that Th2 cells were inefficient in suppression of
Th1 cell-mediated experimental autoimmune encephalomyelitis
(EAE). Fernando et al. (1998) demonstrated that Th2 cells neither
enhanced nor suppressed antitumor CTL responses. Later, however,
another group showed Th2 cells to play role in suppressing Th1
responses during helminth infection (McKee and Pearce, 2004). In
addition, Th2 cells also inhibited alloantigen-specific delayed-type
hypersensitivity (Waaga et al., 2001) and marrow graft rejection
(Erdmann et al., 2004). In this study, we generated OVA-specific
CD4* T-bet-expressing Th1, GATA-3-expressing Th2 and Foxp3-
expressing Tr1 cells by culturing OVA-pulsed DCqya with OTII CD4*
T cells under different culture conditions and assessed their mod-
ulatory effect on DCqya-induced OVA-specific CD8* CTL responses.
We demonstrate that OVA-specific CD4* Th1 and Tr1 cells enhance
and suppress DCqya-induced CTL responses, respectively, consis-
tent with our previous reports (Hao et al., 2008). Interestingly, we

Table 2
Inhibitory or stimulatory effects of Th2 cells on DCoya-induced immunity against
lung tumor metastases.

Immunization Tumor bearing Median number of

mice (%) colonies
DCova 0/8(0) 0
Th2 +DCova 0/8 (0) 0
Th1+DCova 0/8 (0) 0
Tr1+DCoya 8/8(100) >100
Th2(IL-6 KO)+DCoya 8/8(100) >100
Th2(IL-10 KO) + DCoya 0/8 (0) 0
PBS 8/8(100) >100

C57BL/6 mice (8 per group) were i.v. immunized with DCoya and injected with Th2
or Th1 or Trlor Th2 with cytokine gene deficiency. Eight days after injection, mice
were challenged with BL6-100ya cells. The mice were sacrificed 3 weeks after tumor
cell challenge and lung metastatic tumor colonies were counted. One representative
experiment of two is shown.
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Fig. 3. Stimulatory or inhibitory impacts of cytokine gene deficient Th2 cells on DCoya induced CD8* T cell responses. (A) The supernatants of Th2, Th2(IL-6 KO) and Th2(IL-10
KO) cells were analyzed cytokines IL-2, IL-4, IL-5, IL-6, IL-10 and IFN-vy secretion by ELISA. (B and C) Tetramer staining assay. In experiment B, wild type C57BL/6 mice (6
mice per group) were immunized with DCoya and different knockout Th2. In experiment C, C57BL/6 mice (6 mice per group) were immunized with DCoya and different
knockout Th2, and simultaneously these mice were injected twice (day 0 and day 3) with depicted neutralizing antibodies. Six days after immunization tail blood samples
of immunized mice were stained with PE-H-2KP/OVAI tetramer and FITC-anti-CD8 Ab, and analyzed by flow cytometry. The value in each panel represents the percentage
of tetramer-positive CD8+ T cells versus the total CD8=+ T cells with standard deviation in parenthesis (n=6, average £+ SD).

clearly show that OVA-specific CD4* Th2 cells also enhance DCqya-
induced CTL responses via inflammatory IL-6 secretion possibly due
to the stimulatory effect on T cell proliferation (Takeda et al., 1998)
and counteractive effect on CD4*CD25" Tr cell-mediated inhibition
(Pasare and Medzhitov, 2003) mediated by the IL-6 cytokine.

The overlapping expression of some signature cytokines
in different subsets of CD4+ T cells not only indicate the

plasticity of CD44 T cells (Zhu and Paul, 2010), but also suggest the
possibility of deletion of a single signature cytokine gene leading
to functional differentiation of naive CD4+ T cells into Th1 or Tr1
cells under Th2 cell differentiation conditions. In this study, we
show that IL-6 and IL-10 gene deficient CD4* Th2(IL-6 KO) and
Th2(IL-10 KO) cells behave like functional Tr1 and Th1 cells by
inhibiting and enhancing DCqya-induced OVA-specific CD8* CTL
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responses and antitumor immunity, respectively. We demonstrate
that the inhibition of DCoya-induced OVA-specific CTL responses
by CD4* Th2(IL-6 KO) cells is mediated by suppressive IL-10 secre-
tion, consistent with previous reports (Hao et al., 2008; Fiorentino
et al,, 1991; Steinbrink et al., 1997), since the neutralizing anti-
IL-10 Ab treatment completely blocked its inhibitory effect. We
also demonstrate that the enhancement of DCqoya-induced OVA-
specific CTL responses by CD4* Th2(IL-10 KO) cells is mediated by
inflammatory IL-6 secretion since neutralizing anti-IL-6 Ab treat-
ment completely blocked the enhancive effect. Our data indicate
that potential immune stimulatory and suppressive effect of Th2
cells are balanced by IL-6 and IL-10 cytokines, and shift in this
balance is likely lead to potential generation of either immuno-
genic Th1-like or immune-suppressive Tr1-like cells. Therefore,
our study provides the first evidence for another type of CD4* T
cell plasticity with converting one type of functional T subset into
another by depletion of one single key signature cytokine gene.
Since Th2 cells are pathogenic in allergic diseases such as asthma
(Gordon et al., 2005), converting Th2 cell lineage commitment with
different mechanisms becomes a key target for allergen-specific
immunotherapy (Hawrylowicz and O’Garra, 2005; Holgate and
Polosa, 2008). Therefore, our study may provide another direction
for immunotherapeutic approach to allergic diseases by converting
pathogenic Th2 cells into immune suppressive Tr1 cells via blocking
IL-6 by neutralizing anti-IL-6 Ab treatment.

5. Conclusions

Taken together, our study suggests that deletion of a single
cytokine gene IL-6 and IL-10 makes CD44 Th2 cells become effec-
tor CD4+ Tr1- and Th1-like cells, respectively. Our data therefore,
not only provide new evidence for another type of CD4* T cell
plasticity, but also may have positive impact on the development
of a new immunotherapy approach to the treatment of allergic
diseases.
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