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Interleukine-lZ is critical for the differ-
entiation of Th1 cells and can improve
the development of Thl cells with Tth
cell features in mouse model. Human
effector CD4™ T cells also exhibit poly-
functionality by co-expressing IL-21 and
IFN-v. However, the effects of IL-12 on
regulating generation of human IL-21-
and IFN-y-expressing CD4" T cells are
still incompletely understood. Our stud-
ies found that IL-12 but not IL-21 could
induce the differentiation of human naive
CDh4" T multi-cytokine
expressing CD4" T cells in vitro, which
co-expressed IL-21 and IFN-y with or
without IL-2 and TNF-a. At early stage
of differentiation,

cells into

addition of excess
exogenous IFN-vy could increase the gen-
eration of IL-21- and IFN-y-expressing
CD4" T cells, furthermore, anti-IFN-y
depressed the percentage of poly-func-
tional CD4™ T cells. Phenotypically, IL-
21TFN-y"CD4" T cells exhibited more
characteristic features about both of Thl
and Tth cells than IL-21 or IFN-y single-
expressing CD4" T cells. Mechamisti-
cally, IL-12 modulated the differentia-
tion of IL-21"IFN-y*CD4" T cells
from naive CD4" T cells via the path-
ways of STAT-1/4, T-bet and BCL™6.
Different from naive CD4" T cells, IL-
12 increasing the generation of IL-
217IFN-y"CD4" T cells from memory
CD4" T cells was only involved in
STAT-4 pathway but not STAT-1. Poly-
functional CD4" T cells were contrib-
uted to generation and progress of varies
diseases and our studies provide basic
theoretics for the designs of vaccine and
therapies of diseases.
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Introduction

Naive CD4" T cells have the remark-
able capacities for developing into dis-
tinct lineages of T helper (Th) cells that
exhibit unique functional properties,
including Th1, Th2, Th9, Th17, T fol-
licular helper (Tth) and even induced
regulatory T (iTreg) cells."? Thi
together with Th2 cells were the first dis-
tinguished T helper cells in mouse by
Mosmann & Coffman.’ Th1 cells mainly
secret IFN-vy as their signature cytokine
to participate in cell immune response,
and also make IL-2 and TNF-a.® The
signature cytokines of Th2 cells are 1L-4,
IL-5 and IL-13 which contribute to
humoral immunity. Th17 linage is the
third effector population of CD4" T
cells and these cells were characterized by
the production of IL-17A, IL-17F and
IL-22 as signature cytokines.” Follicular
T helper (Tth) cells are the major
source of IL-21 and play irreplaceable
roles in mediating differentiation of B
cells into memory and plasma cells after
exposuring to T-dependent antigens in
germinal centers (GCs).° In conclusion,
functional helper T cells are distin-
guished by specifically effector cyto-
kines, however, poly-functional CD4™t
T cells which expressed 2 and more dif-
ferent effector cytokines in a single cell
level were described in many studies.
Mycobacterium  tuberculosis (MTB)-spe-
cific IFN-yTIL-27"TNF-atCD4" T
cells were found in pleural fluid cells
(PECs) from patients with tuberculous
pleurisy.”® TL-17TTL-217CD4™ T cells
and IFN-y'IL-217CD4" T cell were
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detected in SIV-infected or uninfected
rthesus macaques (RMs) and sooty man-
gabeys (SMs).? Mononuclear cells in tis-
sues from nasal polyps (NPs) exhibited
poly-functionality by co-expressing IL-
21 and IFN-y, or IL-21 and IL-17."°
that
form tonsils could

Furthermore, we have observed
mononuclear cells
co-express 5 cytokines, such as IFN-v,
IL-2, IL-17A, IL-21 and IL-22, or
TNF-a, IL-2, IL-17A, 1IL-21 and IL-22
(data not published). However, the
effects of poly-functional CD4™" T cells
in particular diseases and relationships
between poly-functional CD4" T cell
generation and disease progress are
largely unexplored.

It has been proved that all kinds of sub-
population of T helper cells could be
derived from naive CD4™" T cells in vitro
under suitable polarization.>""  Special
cytokine environment and transcription
factor regulation play fate determinations
and effector functions on the differentia-
tion of T helper cells. Traditionally, IL-12
and IFN-vy induce the high expression of
transcription factor T-bet and STAT-4 in
naive CD4" T cells to improve Th1 cell
differentiation, IL-4 induces the high
expression of GATA-3 and STAT-6 in
naive CD41 T cells to enhance Th2 cell
differentiation. After TCR activation, co-
stimulation of TGF-B and IL-6 induces
the expression of retinoid-related orphan
receptor (ROR) vt to initialize Th17 cell
development from human naive CD4* T
cells. The differentiation of Tth cells is
under controversy, naive CD4" T cells
exposure to a signal cytokine IL-6 or IL-
21 could differentiate into Tfh cells.'?
Traditionally, the differentiation of naive
CD4' T cells into lineages with destine
effector has been considered to be an irre-
versible event,''* but nowadays, lots of
evidences have proved that part of helper
T cells with particular functions exhibit
the plasticity.” Such as iTreg and Th17
cells are more plastic than previously,
appreciated muldple studies in vive and
vitro have reported that Foxp3™ Treg cells
from intestines have the propensity to dif-
ferentiate into Th17 or even Tth cells.'®
" In Peyer’s patches, IL-17-producing
CD4™ T cells convert into a Tth cell phe-
notype and induce germinal center B cells
to secrete IgA.19 It has demonstrated that
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early Thl cell differentiation induced by
IL-12 was marked by a Tth cell-like transi-
tion, generating cells with features of both
Tth and Th1 cells in mouse.?® In human,
previous studies declared that dendritic
cells could induce the differentiation of
IL-21-producing Tth-like cells through
IL-12.*" However, the characteristics of
human IL-21- and IFN-y-producing T
cells induced by IL-12 were still unknown.

In current study, we analyzed that
recombinational IL-12 but not IL-21
could extremely induce the differentiation
of naive CD4™ T cells into multi-cytokine
expressing CD4" T cells, which co-
expressed IFN-y, IL-21, TNF-a and IL-2.
Most of IL-21TIFN-y*CD4" T cells
induced by IL-12 exhibited the features
both of Tth and Thl cells. Furthermore,
the capability of IL-12 on regulating the
development of IL-21"IFN-y*CD4" T
cells could be improved by ectogenic IFN-
v and inhibited by anti-IFN-y at early dif-
ferentiation stage. IFN-y  positively
induced the phosphorylation of STAT-1
and STAT-4 to improve the generation of
IL-21- and IFN-y-expressing cells. Tran-
scription factors T-bet, BCL™6, STAT-1
and STAT-4 were indispensable for naive
CD4" T cells differentiating into poly-
functional CD4" T cells, nevertheless,
only STAT-4 was vitally important for
modulating memory CD4™ T cells to co-
express IL-21and IFN-y.

Results

IL-12 but not IL-21 induced the
differentiation of human Th1 and Tth
co-expression cells

To address the functions of IL-12 on
the differentiation of human IL-21- and
IFN-y-producing CD4™" T cells, we first
purified naive CD4" T cells from
CBMGC s, the cells were cultured for
3-5d with immobilized monoclonal
antibody anti-CD3 and soluble anti-
CD28 in the presence of cytokine IL-12,
IL-21 or combination of IL-12 plus IL-
21. The expression of cytokine IL-21 and
IFN-vy was analyzed (Fig. 1). IL-12 effi-
ciently improved the differentiation of
IFN-vy-producing CD4™ T cells and IL-
21-producing CD4" T cells, and inter-
estingly produced cells that co-expressed
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IL-21 and IFN-y. Although IL-21 could
generate cells that expressed IL-21 or
IFN-y compared with neutral condition,
IL-21 did not induce the co-expression
of IL-21 and IFN-y (Fig. 1A-1F). We
further analyzed the expression of Tth
cell-associated  phenotype  CXCRS3,
ICOS, PD-1 and also CXCR3 (Fig. 1G).
IL-12 or IL-21 induced high expression
of Tth-related molecular. The proportion
of CXCR5TICOS™ or CXCR5"PD-1*
Tth-like cells was greater in IL-12 or
IL-21 condition than that in neutral con-
dition, but CXCR3 had no significant
difference among the variant cultured
conditions. In addition, IL-12 enhanced
the function of IL-21 on regulating the
generation of CXCR5TICOS™ Tth-like
cells when combination of IL-12 and
IL-21 were used as a stimulus. These data
indicated that IL-12 but not IL-21 pro-
moted the differentiation of human Th1-
Tth cells and induced the expression of
charateristical phenotypes of Tth cells
but not Thl cells that might be efficient
to help B cells.

IL-12 induced the expression of poly-
functional cytokines in a single CD4+ T
cell level

IL-12 is a potent inducer of Th1 cells
via accordingly inducing naive CD4" T
cells to secrete IFN-vy, in addition, we
found that IL-12 could induce the expres-
sion of IL-21, TNF-a and IL-2. After
stimulation for 5 d with IL-12 and re-
stimulation for 6 h with PMA plus iono-
mycin, we observed that CD4" T cells
could express 2 kinds of cytokines
(Fig. 2A). Besides co-expression of IFN-y
and IL-21, the co-expression of IL-21 and
IL-2, IL-21 and TNF-a, IFN-y and
TNF-a, IFN-y and IL-2, IL-2 and TNEF-
a were observed in a single cell level.
Gated on IL-21% (or IFN-y™) and IL-
217 (or IEN-y7) cells, we compared the
mean fluorescence intensity (MFI) levels
of IFN-y (or IL-21). IL-21%
expressed significantly higher MFI level of
IFN-vy than did IL-21" cells, likewise, IL-
21 were mainly expressed in IFN-y™ cells
but not IFN-y~ cells (Fig. 2B). We calcu-
lated that 40.10 £ 4.59% of IL-
217CD4" T cells co-expressed IFN-y,
69.95 & 3.15% of IL-21TCD4" T cells
co-expressed IL-2, 62.55 £ 7.55% of

cells
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Figure 1. For figure legend, see next page.
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presence or absence of IL-12, the
cells and supernatants were col-
lected at different time points.
The levels of IL-21 and IFN-vy in
supernatants were assessed by
ELISA (Fig. 3A-B) and the
expression of IL-21 and IFN-y
by cells were detected by flow
cytometry (Fig. 3C). Low per-
centages and levels of IL-21 and
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Gated on IFN-y'IL-21*

-
L2t

¥ TNF-a*
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Gated on IFN-yIL-21"

M IL-2*TNF-a*

IFN-y were induced following
the stimulation with IL-12 at day
1 and markedly increased at
day 3 and day 5. Specially, IL-12
up-regulated the frequency of
IL-211TFN-y"CD4" T cells in
a  time-dependent  manner.

We evaluated the proportion of

el i T-bet and BCL™6 during Thl
B ILZTNFa" " IL2TNFo" cell differentiation and found

that both of T-bet and BCL™6

were upregulated as the term-

stimulation extending.

were shown.

Figure 2. IL-12 induced the differentiation of polyfunctional CD4" (T)cells. Naive CD4 " T cells were stimulated
for 5 d with anti-CD3 and anti-CD28 mAbs in the presence of IL-12. The cells were rested and re-stimulated for
6 h with PMA and ionomycin in the presence of BFA. The expression of IL-21, IFN-y, TNF-a and IL-2 was
detected by FACS. Most of IL-21-expressing CD4™ T cells co-expressed Th1 cytokine IFN-y, TNF-a or IL-2. The
representative dot plots were shown (A). Gated on IL-21~ and IL-217CD4™ T cells or IFN-y~ and IFN-y"CD4™ T
cells, the expression of IFN-y or IL-21 was analyzed. The representative histogram graphs and statistical data
of mean MFI were shown (B). Gated on IL-217IFN-y~, IL-21FIFN-y™, IL-217IFN-y~ and IL-217IFN-y" CD4" T
cells, the expression of TNF-a and IL-2 in the 4 different subsets were analyzed. The representative dot plots
(€) and statistical data of mean percentages (D) of TNF-a IL-2~, TNF-a IL-2*, TNF-a"IL-2~ and TNF-aTIL-2™

IL-12 induced the expression
of characteristic phenotypes of
Th1 and Tth cells

Whether IL-21 TIFN-yt*CD4 ™"
T cells induced by IL-12 from
naive cells were identified as Tth
cells, we next compared the

IL-217CD4™" T cells co-expressed TNF-a,
49.46 £ 4.29% of IFN-y"CD4" T cells
co-expressed IL-2, 53.90 £ 10.77% of
IFN-y"CD4" T cells co-expressed TNF-
o, and 46.91 + 8.74% of IL-2"CD4" T
cells co-expressed TNF-a (Mean + SD,
n=>5). Furthermore, we analyzed the poly-
functional CD4% T cells
expressed 3 and more kinds of cytokines
(Fig. 2C-D). Four major subsets were
identified, as following IFN-y*IL-
217 TNF-a*1L-2*, IFN-y*1L- 21~ TNE-
o IL-2", TFN-y IL-21"TNF-o " 1L-2*
and IFN-y IL-21 " TNF-a IL-27 cells.

which co-

Statistical results showed that 17.5% of
CD4" T cells co-expressed 4 cytokines
IFN-y, IL-21, TNF-a and IL-2, we also
gained this information that only 17.75%
of CD4™ T cells did not express any cyto-
kine under the culture condition of IL-12.

Kinetic studies on the expression of
cytokine and transcription factor after
IL-12 stimulation

To further determine the effect of IL-
12 in the production of IL-21 and IFN-y,
purified naive CD4™" T cells were stimu-
lated with anti-CD3 plus ant-CD28 in

phenotypic differences among
different  subpopulations  that
distinguished based on the

expression of cytokine IL-21 and IFN-y.
IL-21TIFN-y* cells exhibited fundamen-
tal features of Tth cells by expressing
higher levels of CXCR5, ICOS, PD-1
and CD40L CXCR3 than did single
cytokine-producing cells, and also high
expressed CXCR3  (Fig. 4A-B). 1IL-
217IFN-y"CD4" T cells also expressed
higher CXCR5 than did IL-217IFN-
vTCD4" T cells, however there was no
extremely different expression of ICOS
or CD40L between the 2 subsets of sin-
gle cytokine-expressing CD4" T cells.
We then compared the differences of

Figure 1 (See previous page). IL-12 but not IL-21 induced the differentiation of human naive CD4™ (T)cells into Th1 and Tfh co-expressing cells. Human
naive CD4" T cells from cord blood were stimulated for 5 d with or without anti-CD3 and anti-CD28 mAbs in the presence or absence of IL-12, IL-21 or
IL-12 plus IL-21. The cells were harvested and rested for 2 d with IL-2. The cells were re-stimulated for 6 h with PMA and ionomycin in the presence of
BFA. The expression of IL-21 and IFN-y was detected by FACS. A representative result of different cytokines on the development of Th1 and Tfh cells was
shown (A). Statistical data of percentage of IL-217CD4" (B), IFN-y"CD4™ (C), IFN-y~IL-217 (D), IFN-y~IL-21" (E) and IFN-y"IL-217 (F) CD4™ T cells were
mean =+ SD from 5 independent experiments as described in A. Cell surface expression of CXCR5, PD-1, ICOS and CXCR3 was assessed by surface staining
and a representative result was shown (G). P < 0 .05 was considered significant.
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transcription  factor T-bet and
BCL™6. Both of T-bet and
BCL™6 were majorly expressed
on cytokine-positive cells and IL-
21FIFN-y " cells expressed high-
est levels of T-bet and BCL 6
(Fig. 3C-D). T-bet was correlated
with IFN-y expression, while
BCL™6 was not significanty cor-
related with IL-21 expression. We
further analyzed the differences of
IL-21 and IFN-y expression
among cells that expressed T-bet
and BCL™6 or not. Highest per-
centages of IL-21 and IFN-y
expression were detected in T-bet-
and BCL™6-co-expressing ~cells,
T-bet ' BCL™6"  cells  exhibited
highest co-expression of IL-21
and IFN-y (Fig. 4E-F). In con-
clusion, IL-21TTFN-y™ CD4% T
cells exhibited fundamental fea-
tures of both Thl and Tth cells,
and had close correlation with
transcription  factor T-bet and

BCL™6.

Effects of IFN-y on
modulating IL-12 to induce IL-
21 and IFN-vy expression

In the early stage of Thl cell
differentiation, IFN-vy enhances
CD4" T cells to produce IFN-y
via inducing the phosphorylation
of STAT-1.*> To understand the
effect of IFN-y on modulating
the generation of IL-217IFN-y*
cells, we added exogenous IFN-y
into the IL-12 polarization.
Although sole IFN-y could
induce IFN-y expression, IFN-y
did not influence IL-21 expres-
sion. At the early stage, we found
that additional IFN-vy into IL-12
condition could enhance the
effect of IL-12 on regulating the
differentiation of IL-21- and
IFN-v-expressing cells. However,
the effect of IFN-vy was decreased
when IFN-y was added at the
later program of differentiation
(day 3) (Fig. 5A). When naive
CD4" T cells were co-stimulated
with IL-12 and IFN-vy for 3 days,
we analyzed the expression of

pSTAT-1, pSTAT-4, T-bet and
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Figure 3. Kinetic studies of the expression of cytokines and transcription factors after IL-12 stimulation. Naive
CD4™" T cells were stimulated for 1 to 5 d with anti-CD3 and anti-CD28 mAbs in the presence or absence of IL-
12, and the cells and supernatants were harvested at different time-points. The levels of IFN-y and IL-21 in
supernatants were determined by ELISA (A). The cells were re-stimulated for 48 h with PMA and ionomycin,
and levels of IFN-y and IL-21 in supernatants were determined by ELISA (B). The cells were re-stimulated for
6 h with PMA and ionomycin in the presence of BFA, and the expression of IFN-vy, IL-21, T-bet and BCL™ 6 was
detected by FACS. The representative results were shown (C, D).
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Figure 4. Characteristic phenotypes of Th1 and Tfh cells. Naive CD4™ T cells were stimulated for 5 d with
anti-CD3 and anti-CD28 mAbs in the presence of IL-12. The cells were harvested, rested and re-stimulated
for 6 h with PMA and ionomycin in the presence of BFA. The expression of cytokines and surface markers
were detected by FACS. A representative result of surface expression of CXCR5, CXCR3, PD-1, ICOS and
CD40L (A), and expression of transcription factor T-bet and BCL™6 (B) on IFN-y~ IL-21~, IFN-y"IL-217, IFN-
vy~ IL-21" and IFN-y*IL-21% CD4™ T cells were shown in histogram, statistical data of MFI (B) were mean+SD
from 5 independent experiments. A representative result of IL-21 and IFN-y expression gated on T-
bet BCL 6, T-bet BCL 6", T-bet"BCL 6" and T-bet™BCL 6 CD4" T cells was shown in histogram graph
and dot plots (C). The statistical data were mean =+ SD from 5 independent experiments (D).
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Signal pathways modulated
the co-expression of IL-21 and
IEN-y by naive and memory
CD4+ T cells

STAT-1 pathway is important
to improve the production of
IFN-y by naive CD4" T cells
under the IL-12 condition with
or without IFN-y, STAT-4 is the
key pathway that IL-12 induces
the production of IL-21 in
mouse.””** However, the signal

pathways that regulate the gener-
ation of IL-21TIFN-y*CD4" T
cells are not clear. IL-12 did not
only induce the differentiation of
IL-21TIEN-y"CD4" T cells
from, we also found that IL-12
could induce memory CD4" T
cells to express more IL-21 and
IFN-y and generate poly-func-
tional Th cells as that in naive

Day 3
L1 2+anti-IFN-y oo i
IL-A2+IFN-y 35.08 1773
___0.59 waz | | 2e.s ."“'. 10.44
IFN-y L2t | N Neutral [/ 26|/ | s3]
@348 0.09 et P PSTAT-1  pSTAT-4
| g |
ME I8 | ! IL-12+anti-IFN-y e 588
i ol i |
£ = IL-A2+IFN-y |
i 0.9 - A A 36.50 22.84 |
21— s =22 -z 2387 | /f] 14.31)
anti-IFN-y J\ VA
0 R o, Neutral _T.08 | 8,71
41|  oz3 o T-het BCL-6
IL-42 A
santi-IFN-y U
z | =
] 1.32 ‘_l-lft? 1.74
29— 29—
c D o E 00, S PMA + lono
= =PMA + lono + anti-IFN-y
IL-12+1L-21
it 'E 5001
£ 400
~N
= 200
Tl ass ol
IL-1241L-21 450000
.08 [5. 0.93 e
| T 300000]
H Il
2 90000
E 45000 ' I'
AntiCD3 * 4+ S o
AmMi-CO2E I T T T Anti-CO3  + * * +
LAz + * = AMICOZE 4 + +* *
a1 B 1z + +
AMLIFHY = = = = = o, (= - *
F G
Madium Modium
=12 —iL12
e il12 wllA2 |
+ anti-IFN-y + anti-IFN-y
|ﬂ1 P<0.05
z 8
L e
[t}
# 2
i1z + + L1z + + L4z - L4z o+ + L1z + +
Anti-iFNy - *  AntIFNy - +  AntHIFMy - 4+ AnthIFMy - +  AntHENy - +

CD4" T cells (Fig. 6A-B).
Blockade of STAT-4, T-bet or
BCL™6 expression by special
inhibitors, the expression of IL-
21 and IFN-v induced by IL-12
in naive cells was significantly
reduced, inhibition of STAT-1
did not completely block the

of IFN-y but
extremely inhibit the expression

expression

Figure 5. Effect of IFN-y on modulating the expression and production of IL-21 and IFN-y. Naive CD4™ T cells
were stimulated for 3 d with anti-CD3 and anti-CD28 mAbs plus IL-12, and anti-IFN-y or IFN-y was added into
the culture in the presence of IL-12 at day 0 and day 3, the expression of IL-21 and IFN-y production were
detected by FACS after re-stimulated with PMA and ionomycin at day 5, a representative dot plots were
shown (A). Transcription factors phosphorylated STAT-1 and STAT-4, T-bet and BCL™ 6 were detected by FACS
at day 3, a representative histogram graphs were shown (B). Naive CD4" T cells were stimulated for 3 d in the
presence of IL-12, IL-21 or IL-12 plus IL-21 with or without anti-IFN-y. The cells were harvested, rested and re-
stimulated for 6 h with PMA and ionomycin in the presence of BFA. IFN-y and IL-21 production were analyzed
by FACS (C). The cells were re-stimulated for 48 h with PMA and ionomycin, the levels of IFN-y and IL-21 in
supernatants were determined by ELISA (D). The cells were re-stimulated for 48 h with PMA and ionomycin in
the presence of anti-IFN-y. The levels of IFN-y and IL-21 in supernatants were determined by ELISA (E). The
expression of phenotypic markers (F) and transcription factor T-bet and BCL™ 6 (G) were analyzed by FACS
under the conditions of IL-12 or IL-12 plus anti- IFN-y. The representative histogram graphs and statistical
data from 5 independent experiments were shown.

of IL-21. In memory CD4" T
cells, both of IL-21 and IFN-y
were  decreased by blocking
STAT-4, while blocking the
expression of STAT-1, T-bet and
BCL™6 did not completely
inhibit the expression of IL-21
and IFN-y. Phenotypic analysis
found that STAT-4 inhibitor
AG490 reduced the expression of
fundamental features of Tth cells

BCL™6. The results showed that IFN-y
extremely enhanced the phosphorylation
of STAT-1 and anti-IFN-vy blocked the
signal pathway. Meanwhile, IFN-vy
improved the expression of pSTAT-4,
T-bet and BCL™6 (Fig. 5B). Interest-
ingly, IFN-vy did not down- or up-regu-
late the expression of IL-2 and TNF-a
(data not shown). We further found that
neutral antibody anti-IFN-y inhibited
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the expression and production of IL-21
and IFN-y, and down-regulated the
expression of phenotype CXCRS3, ICOS,
CXCR3, CD40L and PD-1, and tran-
scription  factor T-bet and BCL™6
(Fig. 5C-G). We demonstrated that
IFN-vy might improve the differentiation
of Th1-Tth cells via inducing the phos-
phorylation of STAT-1 and STAT-4 at

early time.

Cell Cycle

in memory CD4" T cells,
including CXCR5, ICOS and
PD-1 but not CXCR3 and
CD40L (Fig. 6C-D). However, tran-
scription factor T-bet and BCL™6 were
inhibited in both of naive and memory
cells when blocking the pathways of
STAT-1 and STAT-4 (Fig. 6E). These
results indicated that STAT-4, T-bet and
BCL™6 pathway but not STAT-1 partici-
pated in the progress of naive CD4" T
cells differentiating into IL-21- and IFN-
v-producing CD4" T cells under the
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stimulation of IL-12. However, in mem-
ory CD4™ T cells, IL-12 induced IL-21
and IFN-y production via STAT-4 but
not T-bet and BCL™6.

Discussion

Tth cells were primordially described
in tonsils, the distinguishing features of
Tth cells are the expression of CXCRS,
PD-1, IL-21, ICOS and master regulator
transcription  factor BCL™6.2*° 1In
human peripheral blood, part of memory
CD4' T cells (CD45RO™) were posi-
tively expressed Tth-like phenotype
CXCR5 and IL-21, especially in some
infection diseases.”>*® The most impor-
tant roles of Tth cells are to modulate the
formation, maintenance and function of
germinal centers (GCs) and regulate ger-
minal center B cell differentiation into
plasma cells and memory B cells. At the
beginning of GC formation stage, Tth
cells induce the activation, differentiation
and proliferation of GC B cells initially by
improving BCL™6 expression and later
via the CD40L or/and IL-21 path-
way.?”*® Besides, IL-21 as the major effec-
tor cytokine of Tth cells is the critical
factor for improving plasma cell differenti-
ation and positively induces purified
CD4" T cells to produce IL-21.% It has
been reported that IL-21 improves the dif-
ferentiation of Tth cells by inducing Bcl6
and Cxcr5 mRNA in vitro.”*? Recently,
Th1-like Tth cells were proposed in many
studies, which could express Thl effector
cytokine IFN-y and Tth effector cytokine
IL-21 in the same time.??!

In our previous studies, we found that
the percentage of IL-217TFN-y*CD4*
cells was significantly higher in nasal polyp
(NP) tissues compared with control tissues
and matched PBMCs.'” Furthermore,
higher percentage of IL-127CD14™ cells

was observed in the lymphocytes of NP
tissue than PBMCs of NP patients, and
IL-12p40 level in NP tissue was higher
than that in serum of NP patients and we
provoked that exogenous IL-12 exhibited
stronger effect on improving CD4" T cells
to produce IL-21 and IFN-y compared
with IL-21 (data not published). We first
observed that exogenous IL-12 but not IL-
21 could improve the generation of
IL-21- and IFN-y-co-expressing CD4" T
cells from naive CD4" T cells. In addi-
tion, I1-12 induced human naive CD4™
T cells to express Tth-like phenotypes,
including high expression of CXCRS5,
PD-1 and ICOS. The percentages of
CXCRS5TICOS™ T cells induced by 1L-21
were increased by additional IL-12 into
the culture. As we understood, effector
Thl cells also produce cytokine IL-2 and
TNF-a. Under the polarization of IL-12,
up-regulation of IL-2 and TNF- were
observed in IL-12 condition. Effector
memory CD4" T cells are often thought
to be the terminal stage of cell develop-
ment, which produce lots of cytokines to
response to the same pathogens in adaptive
immune response. The plasticity of CD4™
T cell lineage differentiation broke the
concept that the differentiation of CDh4"
T cells was an irreversible event. Polyclonal
stimulation could induce memory CD4*
T cells to express 2 and more cytokines in
a single cell level, IL-21"IFN-y" CD4*
T cells have been observed in PBMCs
from health donors. We found that IL-12
could induce naive CD4™ T cells differen-
tiate into poly-functional CD4™ T cells
which were identified by co-expressing
cytokine IL-21, IFN-y, IL-2 and TNF-a.
We further evaluated that high concentra-
ton of IL-12 also induced the develop-
ment of IL-21TTFN-y", IL-21TTFN-y~
and IL-217IFN-y* CD4% T cells from
naive CD4" T cells in a time dependent
manner. Furthermore, IL-12 generated

more percentages of IL-21 IFN-y"CD4™
T cells from purified memory CD4" T
cells (CD45RA™CD45RO™) than neutral
condition.

In mouse model, Tth-cell like features
were thought to be not sustained during
later stage of Thl cell differentiation
because of high expression of T-bet and
IFN-v.?° In contrast, we found that Tth-
related transcription factor BCL™6 and
Thl-related transcription factor T-bet
were increased under the IL-12 stimula-
tion as time extending. In wvitro, some
studies demonstrate that T-bet expression
induced by high concentration of IL-2 has
the ability to combine with BCL™6 to
inhibit the DNA binding domain of
BCL™6 but left the DNA-binding domain
of T-bet available.”®?> We interestingly
observed the blockade of T-bet or BCL™6
signaling pathway by inhibitors in naive
CD4" T cells decreased IL-21 and IFN-y
expression. Nevertheless, the expression of
IL-21 or IFN-y was not affected by inhib-
iting T-bet and BCL™6 in memory
CD4™ T cells. These results indicated that
T-bet and BCL™6 were indispensable and
irreplaceable for the differentiation of IL-
21- and IFN-y-co-expressing cells from
naive CD4™ T cells but not memory cells
under IL-12 polarization. Interestingly,
we found that although IL-12 enhanced
naive CD4" T cells to express Tth cell
phenotypes, such as CXCR5, PD-1 and
ICOS, IL-12 did not significantly increase
the expression of Tth like cell phenotypes
in memory CD4™" T cells.

Under the Thl polarization condition,
STAT-1 activation by IFN-y is important
for T-bet expression in vizro.® There is a
positive feedback loop in which IFN-y
induces more IFN-y by acting through
T-bet. We found that exogenous IFN-y
alone had not prominent effect on inducing
IL-21 expression while it could promote
slight IFN-y expression. At the early phase

scription factors (E) was detected by FACS.

Figure 6 (See previous page). Transcription factors regulating the expression and production of IFN-y and IL-21. Naive CD4" T cells
(CD4TCD45RATCD45R0™) and memory CD4™ T cells (CD4TCD45RA~CD45RO™) were stimulated with anti-CD3 and anti-CD28 plus IL-12 in the presence
or absence of inhibitors for transcription factor for 5 d. The cells were harvested and re-stimulated with PMA and ionomycin for 6 h in the presence of
BFA, and the expression of IFN-y and IL-21 were detected by FACS (A). Cells were re-stimulated with PMA and ionomycin for 48 h, the levels of IFN-y
and IL-21 in the supernatants were detected by ELISA (B). Memory CD4™ T cells were stimulated with anti-CD3 and anti-CD28 plus IL-12 in the presence
or absence of inhibitors for transcription factor for 5 d. The cells were harvested and re-stimulated with PMA and ionomycin for 6 h in the presence of
BFA, and the expression of IFN-y, IL-21, CXCR5, CXCR3, ICOS and PD-1 were detected by FACS (C). Expression of Tfh and Th1 cell phenotypes (D) and tran-
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of Thl cell differentiation under IL-12
polarization, additional IFN-y could
enhance the development of IL-21"IFN-
v cells and improved the phosphorylation
of STAT-1 and STAT-4 which were corre-
lated with up-regulated expression of T-bet
and BCL™6. However, the positive feed-
back loop through IFN-y/STAT-1 was no
observed at the later phase of Thl cell dif-
ferentiation. Furthermore, neutralization of
IFN-y by ant-IEN-y diminished IL-21
expression and decreased the expression of
Tth-like phenotypes at early time but not
later time. The co-expression of IL-21 and
IFN-vy induced by IL-12 was especially
decreased by ant-IFN-y. Similarly, tran-
scription factor T-bet and BCL™6 were
predominantly decreased by antd-IFN-y.
It’s worth noted that the differentiation of
single IL-21-expressing CD4" T cells
induced by IL-21 was not influenced by
IFN-y and and-IFN-y. Blockade of
STAT-4 only diminished the generations
of IL-21 and IFN-y from naive CD4" T
cells but not memory cells, CXCR5, ICOS
and PD-1 but not CXCR3 and CD40L
expression were reduced by inhibiting tran-
scription factor STAT-4. These results
demonstrated that IFN-y improved func-
tion of IL-12 but not IL-21 on modulating
the development of poly-functional Th1/
Tth cells from naive CD4™ T cells at early
course via STAT-1 signaling pathway.

We demonstrated that IL-12 might
play critically different functions on mod-
ulating the generation of Th1/Tth like
cells from naive and memory CD4" T
cells. These results also indicated that the
mechanisms of Th1/Tth cell development
in early and later courses were extremely
different. Although poly-functional T
helper cells were observed in lots of animal
model and human diseases, the physiolog-
ical and pathological functions of poly-
cytokine expressing CD4™ T cells are still

under controversial.

Materials and Methods

Subjects

Umbilical cord blood from healthy
full-term newborn infants was collected
from the Guangzhou Women and Child-
ren’s Medical Center, China. The parents/
guardian of the newborns gave written
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consent and the study was approved by
the Medical School Review Board at
Zhongshan School of Medicine, Sun Yat-
sen University, China. Individuals that
had been diagnosed with HIV, hepatitis B
virus (HBV), or hepatitis C virus (HCV)
infection or with a history of autoimmune
diseases were excluded from the study.

Antibodies and reagents

The following monoclonal antibodies
were used for phenotypic, intracellular
cytokine and transcription factor analyses:
phycoerythrin (PE) labeled-anti-pSTAT-
1, PE-anti-pSTAT-4, PE-anti-IL-21, PE-
anti-IL-12, PE-anti-PD-1, PE-anti-ICOS,
PE-anti-isotype IgG2b,k, PE-anti-isotype
IgG2a, PE-anti-isotype IgGlk, fluoures-
cein isothiocyanate (FITC)-ant-IFN-y,
PE-Cy7-labeled anti-TNF-a, PE-Cy7-
anti-CD14, allophycocyanin (APC)-anti-
IFN-y, APC-anti-CXCR3, APC-anti-
CD40L, Alexa Fluor®647-labeled anti-

IL-21, Alexa Fluor®647-anti-BCL™6,
Alexa  Fluor®488-anti-CXCR5,  PE-
CF594-labeled anti-T-bet, PE-CF594-

labeled anti-BCL™6 and peridin-chloro-
phyll  protein-Cy5.5  (PerCP-Cy5.5)-
labeled anti-IL-2 were purchased from
BD Biosciences (San Jose, CA); PE-anti-
T-bet was purchased from eBiosciences
(SanDiego, CA). Human ELSIA kits for
cytokine IFN-y was purchased from BD
Biosciences, IL-21 was purchased from
eBioscience. Purified anti-CD3, anti-
CD28, IFN-vy and anti-IFN-y monoclo-
nal antibodies (mAbs) were purchased
from BD Bioscience. Recombination IL-
12 and IL-21 were purchased from Pepro-
tech (Rocky Hill, NJ, USA). PMA, iono-
mycinand Brefeldin A were purchased
from Sigam-Aldrich (St. Louis, USA).

Preparation of CBMCs, PBMCs and
isolation of CD4+ T cell

For preparation of cord blood mono-
nuclear cells (CBMCs), heparinized cord
blood was mixed sufficiently with Dextran
500 solution (GE Healthcare Bio-Scien-
ces, Uppsala, Sweden) and incubated at
37°C in a 5% CO, incubator for 30 min
to remove erythrocytes. CBMCs were
obtained by Ficoll-Hypaque density gradi-
ent centrifugation. Naive CD4" T cells
were isolated from CBMCs by positive

selection with anti-CD4 microbeads
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(Miltenyi Biotec, Bergisch Gladbach, Ger-
many) according to the manufacturer’s
instructions. PBMCs from heparinized
blood were isolated by Ficoll-Hypaque
(Hao Yang Biological Manufacture, Tian-
jin, China) gradient centrifugation within
24 h of blood drawing and washed twice
in Hanks’ balanced salt solution. CD41 T
cells were negatively isolated from PBMCs
using human CD41 T cell isolation kits
11, positive separations of naive and mem-
ory CD4" T cells were based on
CD45RO  expression  using  ant-
CD45RO-conjugated magnetic MACS
microbeads. The purity of naive and
memory cells was >97 %, as assessed by
flow cytometry analysis. Cells were sus-
pended at a concentration of 2 x 10° /mL
in complete RPMI 1640 medium (Gibco,
Grand Island, NY, USA) supplemented
with 10% FCS (Sijiqing, China), 100 U/
mL penicillin, 100 pg/mL streptomycin,
50 wM  2-mercaptoethanol and 2 mM
L-glutamine (all from Gibco BRL).

Cell culture conditions

Purified naive CD4+ T cells were
stimulated with immobilized anti-CD3
(1 wg/mL) plus and-CD28 (1 pg/mL)
mAbs. IL-12 (10 ng/mL), IL-21 (50 ng/
mL), IFN-y (200 ng/mL), IL-12 plus I
L-21, IL-12 plus IFN-y, IL-12 plus anti-
IFN-y (10 pg/mL) or IL-12 plus
inhibitors were added to the cultures.
The concentrations of inhibitor for tran-
scripdon  factor STAT-1  (Fludarabin),
STATs (AG490), BCL 6 (79-6) and
PI3K (Wortmannin) were 250 pM/mL,
50 puM/mL, 250 pM/mL and 200nM/
mL. The «cells were harvested and
re-stimulated with PMA (20ng/mL) plus
ionomycin (1 pwg/mL) in the presence or
absence of Brefeldin A (10 pg/mL) and
used for flow cytometry analysis. Culture
supernatants for 48 h were used for cyto-
kine measurement by ELISA.

Cell surface and intracellular
cytokine staining

Purified naive CD4% T cells from
CBMCs were stimulated as described
above, and re-stimulated with PMA plus
ionomycin for 5 h in the presence of Bre-
feldin A, and the cells were washed twice
with PBS buffer containing 0.1% BSA
and 0.05% sodium azide. For surface
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staining, cells were incubated with respec-
tive monoclonal antibodies at 4°C in the
dark for 30 min, washed twice and fixed
in 0.5% paraformaldehyde before acquisi-
tion. For the detection of intracellular
cytokines and transcription factors, the
cells were fixed with BD cytofix buffer
(BD Biosciences) at 37°C for 10 min,
permeabilized with ice-cold 90% metha-
nol at 4°C for 30 min, and stained with
specific transcription factor or isotype
antibodies at 4°C for 50 min in the dark.
Flow cytometry was performed using a
BD FACS Calibur or Aria II cytometer.
Lymphocytes were gated on forward
and side scatter profiles and analyzed
using FlowJo software (Treestar, San

Carlos, CA).

ELISA

Purified naive CD4" T cells from
CBMCs were stimulated as described
above, supernatants were harveasted and
cells were re-stimulated with PMA plus
ionomycin for 48 h in a round-bottom
96-well plate at a concentration of 2x 10°
cells/ymL in triplicate at 37°C with
5%CO,. Concentrations of cytokines
IFN-y and IL-21 in supernatants were
detected by ELISA. The detection limits
of IFN-vy and IL-21 assay kits were 4.7
and 62.5 pg/mL, respectively.
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