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Administration of anti-interleukin-6 monoclonal antibody
prolongs cardiac allograft survival
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Introduction

Acute allograft rejection is T-cell dependant, which is cor-

related with Th1 differentiation, IFN-c expression and

restimulation of peripheral T cells with alloantigen [1].

Recent studies demonstrated a novel pro-inflammatory

subpopulation of IL-17-producing T helper cells, termed

‘Th17’, that are distinct from Th1 and Th2 [2]. These

Th17 cells have been also implicated in allograft rejection

of solid organs. IL-17 transcripts have been detected at

the early stage of rat and human kidney allograft rejection

[3,4], and IL-17-producing cells might regulate the rejec-

tion of rat lung [5]. Moreover, IL-17 plays a major role

in cardiac allograft rejection in those T-bet ()) mice that

have less IFN-c production and Th1 cell differentiation,

suggesting that Th17 cells are, at least partly, involved in

acute rejection [6,7].

Similar to Th1 development, the cytokine environment

plays a critical role in positive and negative regulation of

Th17 development. As three individual groups demon-

strated, the IL-6 and TGF-b induce the differentiation of

Th17 cells in mice in vitro synergistically [8–10]. IL-1 and

IL-6 induce the differentiation of human Th17 cells

in vitro synergistically [11,12], indicating that IL-6 is

essential in the induction of Th17 cells in both human

and mice. IL-6 is a pleiotropic cytokine produced by mul-

tiple cell types that has well-described functions in both

innate and adaptive immune responses [13–16]. The pre-

vious works indicated that IL-6 plays a key role as it

inhibits TGF-b-induced Treg differentiation [8,17] and
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Summary

To investigate the effects of anti-IL-6 monoclonal antibody (anti-IL-6 mAb) on

acute allograft rejection and the potential mechanisms in a mouse heart trans-

plantation model. Heterotopical heart graft model was performed. The anti-IL-6

mAb was administered to recipient mice after cardiac grafting. Results were

compared with administration of anti-IL-17 mAb or anti-IL-6 mAb + anti-IL-

17 mAb (the ‘double’ treatment). The cardiac allograft survival was monitored

by daily palpation in combination with histological evaluation. Quantitative

polymerase chain reaction assay, mixed lymphocyte reaction, and flow cytomet-

ric analysis were employed to determine the mRNA expression of pro-inflamma-

tory cytokines, allogeneic T-cell proliferation, and the proportion of CD4+

CD25+ Foxp3+ regulatory T cells in graft-infiltrating lymphocytes and spleno-

cytes of recipients, respectively. The results showed that the cardiac allograft sur-

vival in anti-IL-6 mAb-treated mice was prolonged significantly when compared

with that of the untreated or anti-IL-17 mAb-treated mice. Meanwhile, the ‘dou-

ble-treated’ did not prolong graft survival significantly when compared with

those treated with anti-IL-6 mAb. The increase of graft survival induced by anti-

IL-6 mAb was associated with reduced transcript levels for IFN-c and IL-17,

accompanied by a dramatic reduction of T-cell proliferation capacity to alloanti-

gen stimuli and a higher proportion of Treg cells. Thus, anti-IL-6 mAb may be

protective against acute rejection after cardiac transplantation through suppress-

ing the activation of effector T cells and promoting the induction of Treg cells.
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induces RORct (retinoid acid receptor-related orphan

receptor), a transcription factor specifically required for

Th17 development [9]. As a regulator of Th17 differentia-

tion in vitro, IL-6 represents a potential target for the inhi-

bition of Th17 development in vivo, which might relieve

effector T cells from suppression by Tregs in vivo. Korn

et al. reported that IL-6 ()) mice are resistant to the

induction of experimental autoimmune encephalomyelitis

(EAE). In the absence of IL-6, Th17 responses are

impaired whereas Tregs responses are dominant, suggest-

ing that IL-6 is a critical factor that shifts the immune

response from Tregs response to pathogenic Th17

response [18]. Similarly, IL-6 has been included in other

types of immunopathology [19–21]. However, the effect of

IL-6 in the allograft rejection response on the reciprocal

differentiation of Tregs and Th17 cells in vivo is unclear.

In this study, a mouse heart transplantation model was

established and anti-IL-6 mAb was administered to evalu-

ate its effects on acute rejection. As antagonism of IL-17

network (via expression of an IL-17R-immunoglobin

fusion protein) can delay acute rejection in wild-type

recipients of aortic [22] and cardiac [23] transplantation

modestly, an additional aim of this study was to examine

whether administration of anti-IL-17 mAb or anti-IL-6

mAb and anti-IL-17 mAb combined therapy (double-

treated) could also delay acute rejection in recipient mice.

Our results demonstrated that administration with anti-

IL-6 mAb alone can delay acute cardiac allograft rejection

and prolong graft survival significantly, which might be

related with the reduced expression of pro-inflammatory

cytokines and impaired Th1 as well as Th17 cell immu-

nity in grafts.

Materials and methods

Mice

Inbred male BALB/c (H-2d), C57Bl/6 (H-2b) and C3H

(H-2k) mice were obtained from the Institute of Organ

Transplantation, Tongji Hospital, Huazhong University of

Science and Technology (Wuhan, China). Mice (age:

8–12 weeks; weight: 20–25 g) were selected for the study.

The mice were housed in a specific pathogen-free facility

(SPF) in microisolator cages supplied with autoclaved

food and water. All of the studies were performed under

the guidelines of Tongji Animal Use Regulations and

approved by the Institutional Animal Care and Use Com-

mittee (IACUC) of the Tongji Medical College.

Antibodies and reagents

Antibodies were purchased from BD Pharmingen (San

Diego, CA, USA) including APC-conjugated anti-CD3

(UCHT1), fluorescein isothiocyanate (FITC)-conjugated

anti-CD4 (GK1.5), FITC-conjugated anti-CD8a (53–6.7),

phycoerythrin (PE)-conjugated anti-CD25 (PC61.5), PE-

cy5-conjugated Foxp3 (FJK-16s), PE-conjugated anti-IL-

17 (TC11-18H10), and PE-conjugated anti-IFN-c
(XMG1.2). Anti-IL-6 mAb (MAB406), anti-IL-17 mAb

(MAB421) and isotype control immunoglobulin G1 (rat-

IgG) mAb (MAB005) were purchased from R&D Systems

(Minneapolis, MN, USA).

Heart transplantation model

For heterotopic cardiac transplantation, C57Bl/6 mice

were used as recipients, whereas Balb/c mice were used

as donors, and C3H mice as third-party control.

Abdominal heterotopic cardiac transplantations were

performed according to the protocol described by Corry

et al. [24]. Briefly, the cardiac allograft was transplanted

in the abdominal cavity by end-to-side anastomosis of

aorta and pulmonary artery of the graft to the recipi-

ent’s aorta and vena cava, respectively. The donors that

did not beat immediately after reperfusion or stopped

within 1 day after transplantation were excluded. Allo-

graft survival was presented as the mean survival time

(MST) ± SD. Graft function was assessed by daily

abdominal palpation. The day of rejection was defined

as the last day of a detectable heartbeat in the graft.

Rejection was verified in selected cases by necropsy and

pathological examination of hematoxylin/eosin (H&E)-

stained graft sections.

Experimental groups

Before the start of the transplant studies, the optimal dos-

age of anti-IL-6 mAb or anti-IL-17 mAb was determined

based on our previous results. As a result, recipients with

cardiac allografts were randomly allocated into seven

groups: group I, untreated allogeneic control; group II,

rat-IgG; group III, anti-IL-17 mAb 200 lg/day i.v. on

postoperative day (POD) 0–6; group IV, anti-IL-6 mAb

300 lg/day i.v. on POD 0–6, followed by every other day

until POD 10; group V, the ‘double-treated’ using the

same regimens as group III and IV; group VI and VII,

anti-CD25 mAb (250 lg/day) was administered to group

IV and V on POD 1, 3, and 5, respectively, to investigate

the role of Treg cells induced by IL-6 neutralization. Allo-

graft and spleen were collected at desired PODs and

divided into equal sections for real-time polymerase chain

reaction (PCR) assay, histology, and flow cytometry.

Histology

The hearts were obtained and fixed in formaldehyde.

Then, heart tissues were embedded in paraffin, cut into
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4-lm sections, dehydrated with graded alcohol, transpar-

entized with xylene, and stained with H&E.

Analysis of serum cytokines

The serum was collected from anti-IL-17 mAb treated

mice (group III) or anti-IL-6 mAb-treated mice (group

IV) at desired PODs. The serum level of IL-17 in group

III and IL-6 in group IV were determined using

enzyme-linked immunosorbent assay (ELISA), respec-

tively. The assay was performed in triplicates for samples

and in duplicates for standard, and experiments were

repeated three times followed by averaging the data and

subtracting the standard optical density of background.

The calculation of cytokine titer was based on a regres-

sion analysis of the log of final optical density versus

the log of standard dilutions, and data were presented

as pg/ml.

Isolation of graft-infiltrating lymphocytes (GIL)

Cardiac grafts were rinsed in situ with Hank¢s Stock Solu-

tions/1% heparin. Explanted hearts were minced through a

sieve with a pore size of 50 lm into RPMI 1640 medium

supplemented with 10% fetal bovine serum (FBS). The tis-

sue suspension was then digested with 1 mg/ml collagenase

(Sigma-Aldrich, St. Louis, MO, USA) for 60 min at 37 �C.

After washing twice, viable lymphocytes were separated by

Ficoll gradient centrifugation (Histopaque-1083; Sigma-

Aldrich). Cells were washed thrice with RPMI 1640

medium supplemented with 10% FBS and used for the

following experiments.

Expression analysis of cytokines

The allograft samples were removed at the desired PODs

and total RNA was extracted using Trizol Reagent (Invi-

trogen, Carlsbad, CA, USA). The extracted RNA was fur-

ther treated with DNase I to remove genomic DNA.

cDNA was synthesized with 1 lg of RNA using a single

strand cDNA synthesis kit (MBI, Los Angeles, CA, USA).

Real-time PCR was performed to detect the expression of

IFN-c, IL-17A and RORct using an Icycler (BioRad,

Hercules, CA, USA) with a SYBR Green qPCR kit

(Invitrogen). The primer sequences were as follows:

IFN-c, 5¢-ACGCTCTTCCTCATCGCTGTTT-3¢ and 5¢-GT

CACCA TCCTTTTGCCAGTTC-3¢; IL-17A, 5¢-CCGCAAT

GAAGACCCTGATAGA-3¢ and 5¢-CAGCATCTTCTCGA

CCCTGAAA-3¢; RORct, 5¢-ACCTCCACTGCCAGCTGT

GTGCTGTC-3¢ and 5¢-T CATTTCTGCACTTCTGCATGT

AGACTGTCC-3¢; GAPDH, 5¢-ACCACAGTCCATGCCA

TCA C-3¢ and 5¢-TCCACCACCCTGTTGCTGTA-3¢. The

mRNA expression of each cytokine was normalized

by the GAPDH followed by averaging. The relative

quantification value, fold difference, was expressed as

2)DDCt.

For determination of intracellular cytokine levels, sin-

gle-cell suspensions of erythrocyte-free splenocytes were

prepared and incubated with 50 ng/ml Phorbol myristate

acetate (Sigma-Aldrich), 500 ng/ml ionomycin (Bio-

Vision, Palo Alto, CA, USA) and 1 lg/ml Golgi Plug

(BD Biosciences, Mountain View, CA, USA) in a 96-well

plate at 37 �C with 5% CO2 for 4 h. Cells were then

stained for surface marker, fixed in 4% formaldehyde in

phosphate-buffered saline (PBS), and permeabilized with

0.5% saponin plus 1% bovine serum albumin PBS, fol-

lowed by labeling with specific cytokine antibodies. Cells

were then analyzed on a FACSCalibur (BD Biosciences)

using CellQuest software (BD Biosciences) in accor-

dance with the manufacturer’s instructions.

Detection of CD4+ CD25+ Treg cells by flow cytometry

Splenocytes and GIL from C57Bl/6 recipients were iso-

lated on POD 7 for flow cytometry analysis. The lympho-

cytes were prepared as a single-cell suspension. For Tregs

analysis, APC-conjugated anti-CD3, FITC-conjugated

anti-CD4 and PE-conjugated anti-CD25 were added to

the cell suspension simultaneously and incubated on ice

for 30 min. After fixation and permeabilization, the cell

suspensions were stained with PE-cy5-conjugated Foxp3

or isotype control. After washing twice, pellets were resus-

pended in 300 ml cold staining buffer and analyzed using

flow cytometer.

Mixed lymphocyte reaction (MLR) and cell proliferation

assay

Stimulator cells were prepared from splenocytes of

BALB/c or C3H donors. The cells were irradiated and

seeded into 96-well V-shaped plates. T cells of GIL iso-

lated from each treatment recipients on POD 5 were

used as responder cells and purified by the warm nylon

wool technique. A total of 5 · 105 responder T cells and

5 · 104 stimulator cells were co-cultured at 37 �C in a

humidified atmosphere with 95% air and 5% CO2 for

5 days followed by pulsing with 1 lCi [3H] thymidine

deoxyribose for 18 h. The cells were harvested with a

semi-automated cell harvester and counted on a beta

scintillation counter.

Statistics

Allograft survival curves were generated by the Kaplan

and Meier method. The difference in allograft survival

between multiple groups was determined using the
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log-rank (Mantel-Cox) test. Difference in data from flow

cytometry and RT-PCR assay was subjected to one-way

analysis of variance. spss 11.0 (SPSS Inc., Chicago, IL,

USA) was used for statistical analysis. Data were

expressed as mean ± SD. A value of P < 0.05 was treated

as statistically significant.

Results

Expression of cytokine in recipients’ serum after mAb

administration

The mAb was evaluated for its ability to reduce the propor-

tion of cytokine in serum of recipients. The intention was

to choose an optimal dose for the transplant model that

had an adequate effect of neutralization for IL-6 or IL-17.

Based on our previous results, different doses of anti-IL-6

mAb or anti-IL-17 mAb were administered to recipient

mice at different time points, serum level of IL-6 or IL-17

was determined using ELISA, respectively. The results

(Fig. 1a) indicated that with the addition of anti-IL-6 mAb

(300 lg/day), serum level of IL-6 decreased completely

from day 1 to day 20. Meanwhile, after administration of

anti-IL-17 mAb (200 lg/day), serum level of IL-17

decreased completely from day 1 to day 12 (Fig. 1b). There-

fore, the dose of anti-IL-6 mAb (300 lg/day) or anti-IL-17

mAb (200 lg/day) was chosen for the transplant model.

Anti-IL-6 mAb treatment delays acute cardiac allograft

rejection

Mouse heart transplantation model was established by i.v.

administration of anti-IL-6 mAb (group IV), anti-IL-17

mAb (group III) or ‘double-treated’ (group V) as

described in Materials and Methods. The graft survival

was observed and the effect of each treatment on allograft

acute rejection was investigated. As shown in Fig. 2, all

isografts survived for a long time. No obvious prolonga-

tion of allograft MST was observed between untreated

(group I) and rat-IgG-treated mice (group II) (7.7 ± 0.8

and 8.1 ± 1.0 days, respectively), which was shorter than

that of the anti-IL-17 mAb-treated mice (group III,

13 ± 1.8 days; log rank, P < 0.05). Interestingly, MST

increased markedly (22.0 ± 2.3 days) in anti-IL-6 mAb-

treated mice (group IV) compared with that in groups I,

II, and III (log rank, P < 0.01). The MST of grafts in

‘double-treated’ mice (group V, 23.2 ± 2.1 days) was

slightly longer than that of group IV, which showed no

significant difference. Accordingly, histological analysis of

cardiac allografts harvested on POD 7 in either group I

or II revealed severe acute rejection characterized by rig-

orous infiltration of inflammatory cells and allograft

destruction. Allografts with anti-IL-17 mAb therapy

delayed acute rejection with a moderate decrease of

inflammatory cell infiltration and less tissue damage on

POD 7. By contrast, relatively intact myocardium and

remarkable reduced infiltration of inflammatory cells were

observed in allografts of group IV and V on POD 7

(Fig. 3, insets).
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treated’ and cardiac allograft survival was examined over time (n = 6
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Anti-IL-6 mAb treatment attenuates IFN-c, IL-17

and RORct expression

It has been demonstrated that Th1 cytokine response is

predominant during acute allograft rejection. While Th17

cells have also been implicated in allograft acute rejection.

We therefore checked the effect of each study groups on

allograft expression of IFN-c, IL-17 and RORct (a tran-

scription factor specifically required for Th17 develop-

ment). The relative expression levels for IFN-c, IL-17 and

RORct in each graft on POD 3, 7, 14, and 21 were deter-

mined with real-time PCR, respectively. Allograft expres-

sion for IFN-c, IL-17 and RORct increased significantly

in untreated mice after transplantation, which was in

accordance with the previous reports. Administration of

anti-IL-17 mAb only modestly attenuated the mRNA

expression of IFN-c. No significant difference of IFN-c
expression was found between anti-IL-17 mAb-treated

and untreated mice on POD 7. By contrast, anti-IL-6

mAb attenuated the mRNA expression of IL-17 and

RORct dramatically throughout the experimental time.

Moreover, the IFN-c expression in anti-IL-6 mAb-treated

allografts was also reduced and the suppressive effects

were sustained until POD 14. However, no significant

difference of IFN-c expression was observed between the

grafts isolated from anti-IL-6 mAb-treated mice that

failed for transplantation on POD 21, and untreated mice

that failed for transplantation on POD 7. A similar

down-regulation effect was also observed in the ‘double-

treated’ group (Fig. 4a–c).

Effect of anti-IL-6 mAb on intracellular cytokine

expression of splenocyte on POD 7

To assess whether the inhibition of pro-inflammatory

cytokines by anti-IL-6 mAb treatment was localized to

the grafts or systematic, the amount of IFN-c and IL-17

production by splenocytes of recipients from each study

group on POD 7 was analyzed using flow cytometey.

Anti-IL-6 mAb (group IV) treatment suppressed the

production of IFN-c in both CD4+ and CD8+ T cells

(Fig. 5a). The proportion of CD4+ IFN-c+ cells in the

recipients of group IV decreased significantly compared

with those mice treated with anti-IL-17 mAb or rat

IgG. The population of T cells expressing IFN-c reduced

more markedly for CD4+ T cells than for CD8+ T cells

(Table 1). Moreover, compared with untreated mice, the

proportion of CD4+ IL-17+ cells (Th17) in group IV

decreased dramatically, whereas IL-17-producing CD8+

T cells in the spleen reduced slightly (Fig. 5b). Similar

results were also found in anti-IL-6 mAb + anti-IL-17

mAb-treated mice.
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Figure 3 Histological analysis of cardiac

allografts after transplantation.

Representative histological findings of

cardiac allografts harvested on

postoperative day (POD) 7 or 21. On

POD 7, relatively intact myocardium

accompanied by markedly reduced

infiltration of inflammatory cells was

observed in allografts of recipients

treated with anti-IL-6 mAb or anti-IL-6

mAb + anti-IL-17 mAb. By contrast, the

anti-IL-6 mAb + anti-CD25 mAb group

showed extensive leukocyte infiltration

and developed severe rejection at this

time point. Original magnification: 40·
for main panels, 200· for insets; n = 3

animals/group.
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attenuated IFN-c, IL-17 and RORct

expression. Allograft of recipients from

each treatment group was collected on

postoperative day 3, 7, 14, and 21, and

then subjected to expression analysis of

IFN-c, IL-17 and RORct using real-time

PCR. Administration of anti-IL-6 mAb not

only inhibited allograft IL-17 and RORct

expression but also attenuated allograft
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by GAPDH (n = 3 in each time point,

**P < 0.01, *P < 0.05, compared with

those treated with rat-IgG or untreated).
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Figure 5 Anti-IL-6 mAb treatment affected splenic T-cell subpopulations. Splenic T cells were obtained from allograft recipients in each study

group on postoperative day 7 and then subjected to intracellular IFN-c (a) and IL-17 (b) staining. The percentages of CD4+ and CD8+ cells that

were also positive for IFN-c or IL-17 were determined using flow cytometric analysis. Data are representative of three independent results.
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Enhancement of Treg cells in splenocytes and GIL

by anti-IL-6 mAb treatment

It is well established that CD4+ CD25+ Foxp3+ T cells

(Tregs) have a regulatory function and can modulate allo-

graft survival [25], and Foxp3, a forkhead winged helixpro-

tein transcription factor, controls the development of

CD4+ CD25+ Tregs [26]. Therefore, we tested the hypothe-

sis that prolonged graft survival in the group treated with

anti-IL-6 mAb might be dependent on Tregs. As shown in

Fig. 6b, CD4+ CD25+ T cells were detectable in the spleen

and allografts of untreated mice on POD 7. The proportion

of CD4+ CD25+ T cells increased in both spleen and allo-

grafts pretreated with anti-IL-6 mAb. These CD4+ CD25+

T cells expressed intercellular Foxp3 transcripts (>85%)

throughout the experimental time (data not shown), indi-

cating that the CD4+ CD25+ T cells detected after anti-IL-6

mAb administration expressed a Treg phenotype. The aver-

age percentage of CD4+ CD25+ Foxp3+ cells in the CD3+

T-cell pool showed significant increase on POD 7 after

anti-IL-6 mAb administration in the spleen and allografts

compared with those recipients pretreated with rat-IgG or

untreated (Fig. 6c), whereas the anti-IL-17 mAb-treated

mice have no evident increase in the proportion of Tregs.

Depletion of CD4+ CD25+ T cells prevented against

long-term acceptance of allografts mediated by anti-IL-6

mAb

To clarify the role of CD4+ CD25+ Tregs in long-term

acceptance of cardiac allografts induction, we used anti-

CD25 mAb to deplete CD4+ CD25+ T cells in recipient

mice. Based on what has been reported in the literature

[27,28], three doses of anti-CD25 mAb were administered

to mice with anti-IL-6 mAb or ‘double-treated’. Results

showed that the percentage of CD4+ CD25+ T cells within

the lymphocyte population derived from the spleen and

allografts of anti-IL-6 mAb or ‘double-treated’ mice

receiving anti-CD25 mAb decreased compared with those

mice only treated with anti-IL-6 mAb (Fig. 7a). More

than 86% of these CD4+ CD25+ Treg expressed Foxp3

(data not shown). The percentage of CD4+ CD25+

Foxp3+ Tregs in the CD3+ T-cell pool were significantly

reduced in the spleen and allografts of anti-IL-6 mAb or

‘double-treated’ mice receiving anti-CD25 mAb (Fig. 7b).

These results indicated that the administration of anti-

CD25 mAb to anti-IL-6 mAb-treated mice decreased the

absolute number of CD4+ CD25+ Foxp3+ Tregs.

Then, we observed whether administration of anti-CD25

mAb can prevent against long-term acceptance of cardiac

allografts mediated by anti-IL-6 mAb or ‘double-treated’.

The MST of grafts in anti-IL-6 mAb + anti-CD25 mAb

and anti-IL-6 mAb + anti-IL-17 mAb + anti-CD25 mAb

treated mice was 10.6 ± 1.2 and 10.9 ± 1.4 days, respec-

tively, which was slightly longer than that of the untreated

mice (log rank P > 0.05, Fig. 7c). Moreover, anti-IL-6 mAb

or ‘double-treated’ mice receiving anti-CD25 mAb restored

the expression of IFN-c when compared with those mice

which were treated with anti-IL-6 mAb alone, as deter-

mined by real-time PCR (Fig. 7d). Accordingly, histological

analysis of cardiac allografts in anti-IL-6 mAb + anti-CD25

mAb-treated mice revealed extensive leukocyte infiltration

and developed rejection on POD 7 (Fig. 3).

Inhibition of MLR responses of GIL and splenocytes of

recipients with anti-IL-6 mAb treatment

To analyze the effects of anti-IL-6 mAb on cellular allo-

immune response in vitro, analysis of MLR responses with

GIL was performed on POD 5. Proliferation responses

were evaluated against donor BALB/c or third-party C3H

splenocytes. In comparison with GIL from untreated

mice, GIL from allograft of anti-IL-6 mAb or ‘double-

treated’ mice showed a profound inhibition of prolifera-

tion in response to donor cells, but not to third-party

cells (Fig. 8).

Discussion

In this study, we demonstrated that neutralization of IL-6

exhibited both preventive and therapeutic effects on

mouse acute allograft rejection. The results showed that

graft recipients treated with anti-IL-6 mAb prolonged

cardiac allograft survival significantly and significantly

Table 1. Intracellular expression of cytokine IFN-c and IL-17 analyzed with flow cytometry in each group (n = 4 samples in each group) (x ± s).

Groups CD4+IFN-c+/CD4+ (%) CD8+IFN-c+/CD8+ (%) CD4+IL-17+/CD4+ (%) CD8+IL-17+/CD8+ (%)

Untreated 27.2 ± 2.1 31.3 ± 1.7 6.1 ± 0.6 3.7 ± 0.6

Rat-IgG 28.1 ± 1.9 32.0 ± 2.1 6.5 ± 0.4 3.8 ± 0.9

Anti-IL-17 mAb 24.9 ± 1.4 29.8 ± 1.5 5.7 ± 0.4 3.2 ± 0.4

Anti-IL-6 mAb 14.0 ± 1.2* 20.5 ± 1.4 0.4 ± 0.3** 2.4 ± 0.5

Anti-IL-6 mAb + Anti-IL-17 mAb 14.2 ± 0.8* 20.2 ± 1.1 0.6 ± 0.2** 2.2 ± 0.3

**P < 0.01, *P < 0.05 compared with recipients treated with rat-IgG or untreated.
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reduced the infiltration of mononuclear cells in allografts

compared with that of the control groups.

Our results demonstrated that anti-IL-6 mAb treatment

decreased the expression of IFN-c mRNA in the allografts,

and suppressed the induction of Th1 cells (Fig. 4a). The

role of IL-6 in the regulation of Th1 cell differentiation

was still unclear. Evidence showed that IL-6 could sup-

press the TGF-b-induced transformation of Tregs from

naı̈ve CD4+ T cells [17]. A previous study in EAE showed

that the generation and expansion of Tregs were observed

in IL-6 ()) mice accompanied with suppression of Th1 as

well as Th17 cell response, although CD8+ T cells were

not studied [18]. We proposed that the suppression on

Th1 cells might be mediated by TGF-b-inducible Tregs,
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Figure 6 An increase of CD4+ CD25+ Foxp3+ Treg cells in splenocytes and graft-infiltrating lymphocyte (GIL) after anti-IL-6 mAb administration.

Splenocytes and GIL from recipient mice were stained with APC-CD3, FITC-CD4, PE-CD25, and PE-Cy5-Foxp3, and analyzed using flow cytometry.

Gating strategy: CD4+ CD25+ T cells were analyzed within the CD3 positive gate, and Foxp3 were analyzed in CD4+ CD25+ T cells (a). The per-

centages of CD4+ CD25+ T cells after administration with anti-IL-6 mAb, or anti-IL-17 mAb or ‘double-treated’ are shown in (b), and the results

represented four separate experiments. The percentages of CD4+ CD25+ Foxp3+ T cells in the CD3-positive gate on postoperative day 7 in each

study group are shown in (c), and the results represented four separate experiments. *P < 0.05, compared with those treated with rat-IgG or

untreated.
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which was increased by IL-6 neutralization in allografts

(Fig. 6). Our results supported this hypothesis that IL-6

neutralization prolonged graft survival because of the

failure to activate T cells in the presence of immune

suppression mediated by Treg cells. The depletion of

CD4+ CD25+ T cells of anti-IL-6 mAb-treated mice by

administration of anti-CD25 mAb significantly reduced

the survival of a subsequently transplanted heart allograft

(Fig. 7c). Moreover, no profound change in the popula-

tion of Th1 cells was observed between anti-IL-6

mAb + anti-CD25 mAb-treated and untreated mice

(Fig. 7d). Although, it has been suggested that anti-CD25

mAb treatment may inactivate but not preferentially

deplete CD4+ CD25+ Treg [29]. There is strong evidence

that PC61 does deplete a large fraction of CD25+ Treg

[27,30], as shown by our data.
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Figure 7 Administration of anti-CD25 mAb reduced CD4+ CD25+ Foxp3+ T cells in the spleen and allografts of anti-IL-6 mAb or ‘double-treated’

mice and prevented against long-term acceptance of allografts. Recipient mice received three doses of anti-CD25 mAb on alternating days. Lym-

phocytes were isolated from the spleen and allografts of each treatment mice. These cells were analyzed using 4-color flow cytometry (as

described in Fig. 6a). The percentage of CD4+ CD25+ T cells in anti-IL-6 mAb + anti-CD25 mAb treated mice was reduced in both spleen and allo-

grafts when compared with anti-IL-6 mAb treated mice (a). The percentage of CD4+ CD25+ Foxp3+ Tregs to total CD3+ T cells in spleen and allo-

grafts of anti-IL-6 mAb + anti-CD25 mAb mice was reduced significantly (b). Depletion of CD4+ CD25+ T cells prevents the protection of heart

allografts by anti-IL-6 mAb or ‘double-treated’ (c). Allograft of recipients were collected on postoperative day 3, 7 and 10, and then subjected to

expression analysis of IFN-c by real-time PCR. Anti-CD25 mAb administration increased the expression of IFN-c mRNA in anti-IL-6 mAb or ‘double-

treated’ mice (d). (**P < 0.01,*P < 0.05 compared with anti-IL-6 mAb treated mice). Data were from four independent experiments.
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This study showed that the mRNA expression of IL-17

and RORct (a specific transcription factor for Th17) was

markedly up-regulated in allogeneic cardiac grafts, which

was in accordance with the previous reports in which

increased expression of IL-17 mRNA (in the renal allo-

graft) and protein (in infiltrating mononuclear cells) was

noted at as early as 2 days post-transplantation in acute

rat rejection models [3,4]. Moreover, our results sug-

gested that IL-6 neutralization significantly reduced the

mRNA expression of IL-17 and RORct in allografts

throughout the experimental time, suggesting that IL-6

neutralization inhibited the induction of Th17 cells in

heart grafts (Fig. 4b,c).

Furthermore, to assess whether the inhibition of

pro-inflammatory cytokines by anti-IL-6 mAb treatment

was confined to the heart grafts or systematic, intracellu-

lar cytokine staining was performed to detect the amount

of IFN-c and IL-17 in the splenocytes of recipients. As

expected, anti-IL-6 mAb treatment dramatically reduced

the production of IFN-c in both CD4+ and CD8+ T cells

on POD 7 (Fig. 5a). It is well established that Th1-type

immune response was dominated in the acute allograft

rejection, in which CD8+ IFN-c+ cells (Tc1) were the

main effector cells that destroyed the implanted allograft

[31]. Moreover, CD4+ IFN-c+ cells (Th1) played a detri-

mental role in the allograft rejection by recruiting and

activating other effector cells including macrophages,

neutrophils, and Tc1 cells [32,33]. Piccirillo et al. [34]

reported that the proliferation of antigen-specific CD8+ T

cells was suppressed by Tregs. Therefore, the decreased

population of CD8+ IFN-c+ cells might be associated

with TGF-b-inducible Treg cells. Meanwhile, intracellular

cytokine staining of the splenocytes indicated that CD4+

T cells exhibited a higher proportion of IL-17 secreting

cells than CD8+ T cells, the percentage of CD4+ IL-17+

(Th17) cells in the spleen of anti-IL-6 mAb-treated

mice decreased markedly compared with that of rat-IgG-

treated mice (Fig. 5b). As previously reported, the

combination of IL-6 and TGF-b was essential for the

differentiation of naı̈ve CD4+ T cells into Th17 cells

in vitro [8–10]. Our results supported the importance of

IL-6 in the differentiation of Th17 cells in vivo.

In conclusion, IL-6 plays an important role in the allo-

grafts in controlling the migration of Th17 and Th1 cells

into grafts. Although administration of anti-IL-6 mAb

delayed acute rejection, it ultimately failed to prevent it. It

has been suggested that graft acceptance or rejection was

determined by a balance between activation of effector

T cells versus suppression by Tregs. Anti-IL-6 mAb therapy

might control allograft rejection, and the effect of which is

mediated by the inhibition of allogenic T-cell proliferation,

particularly Th17 cells and the enhanced activity of regula-

tory T cells. Thus, anti-IL-6 mAb treatment might be a

promising strategy in preventing allograft rejection.
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