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Blockade of 4-1BB [CD137)/4-1BB ligand 
interactions increases allograft survival 

Abstract We investigated the role of 
4-1BB, a T cell co-stimulatory mol- 
ecule, in alloimmune responses. 
In vivo mixed lymphocyte reactions 
showed that 4-1BB was preferen- 
tially expressed on actively dividing 
CD4+ and CD8+ T cells. Further- 
more, following alloantigen chal- 
lenge, the draining lymph nodes 
contained subpopulations of 4-1BB- 
expressing CD4+ and CD8+ T cells. 
4- 1 BB-deficient C57BL/6 mice 
showed a delayed rejection of cardiac 
transplants mismatched for the 
major histocompatibility complex. 
Longer transplant survival was 
induced by blockade of 4- 1 BB/4- 1 BB 
ligand (4-1BBL) interactions using 
an anti-4- 1 BBL monoclonal anti- 
body. Histological analysis showed 
that prolonged transplant survival in 
the 4-1BB-deficient and anti-4- 
1BBL-treated mice correlated with 
reduced lymphocytic infiltration and 
vasculitis in the donor heart tissue. 
Taken together, our data suggest 
that blockade of 4- 1BB/4- lBBL 
interactions inhibited the expansion 
of alloreactive T cells and reduced 
CTL activity against host alloanti- 
gen, which in turn resulted in the 
prolongation of allograft survival. 
Blockade of the 4-1BB co-stimula- 
tory pathway may be useful for 
preventing allograft rejection. 

Keywords Co-stimulation . T cells . 
Transplantation . Rodent 
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Introduction Materials and methods 

4-1BB is a member of the tumor necrosis factor 
receptor (TNFR) superfamily and functions as a co- 
stimulatory molecule. Expression of 4- 1BB is inducible 
on CD4+, CD8+ T, and NK cells [l, 21. The 4-1BB 
ligand (4-1BBL) is expressed on activated antigen- 
presenting cells (APCs) such as B cells, macrophages, 
and dendritic cells (DCs) [3, 4, 5, 61. Mounting evi- 
dence suggests that interaction between 4-1BB on T 
cells and 4-IBBL on APCs is required for optimal 
CD4+ and CD8+ T cell mediated immune responses 
[7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 191. These 
observations are further substantiated through studies 
using agonistic anti-4- 1 BB monoclonal antibodies 
(mAbs) or 4-1BB- or 4-1BBL-deficient mice [7, 8, 9, 
10, 11, 12, 13, 14, 151. Recent studies suggest that 
4-1BB is critical for clonal expansion and survival of 
CD8+ T cells [20, 21, 22, 23, 241, leading to the 
generation of cytotoxic effectors and memory T cells 
[24]. Furthermore, in vivo stimulation of 4-1BB is 
highly effective in preferentially expanding cytotoxic T 
lymphocytes (CTLs) reactive to non-immunodominant 
viral epitopes [17]. These findings suggest that aug- 
mentation of the 4-1BB co-stimulatory signal may be 
of use in immunotherapeutic applications in cancer 
and infectious diseases [25, 261. 

Evidence also suggests a role for 4-1BB in alloim- 
mune responses [7, 11, 27, 28, 291. Blazar et al. [27] 
showed that in acute graft-verus-host disease (GVHD), 
4- 1 BB/4- 1 BBL interactions regulate alloimmune re- 
sponses mediated both by CD4+ and CD8+ T cells. 
Stimulation of 4-1BB by agonistic anti-4-1BB mAb in 
acute GVHD induced a marked increase in the per- 
centage of donor CD8+ T cells and enhanced CTL 
activity against host cells [7]. Nozawa et al. [29] extended 
these findings by demonstrating that blocking of 4-1BB 
by anti-4-lBBL mAb ameliorated acute GVHD by 
inhibiting donor CD8+ T cell expansion and CTL 
activity. It is, however, not clear how 4-1BB regulates 
CD4+ T cells in alloimmune responses including acute 
GVHD. Interestingly, 4-1BB blockade seemed to exac- 
erbate chronic GVHD, characterized by an autoanti- 
body-mediated Th2 cytokine-driven disease [29]. Thus, 
modulation of 4-1BB may have different effects 
depending on the properties of the antigen (Ag) and the 
clinical setting [26, 30, 311. 

Blockade of co-stimulatory pathways has been suc- 
cessful in allograft animal models [32]. Since signaling 
through 4- 1 BB provides T cells with co-stimulation 
independently of CD28 [I, 21, we hypothesized that 
4-1BB plays a critical role in allograft rejection. This 
idea is confirmed by the present study. 

Mice 

Breeding pairs of C57BL/6 (H-2b) and Balb/c (H-2d) 
mice were purchased from the Jackson Laboratory (Bar 
Harbor, Maine, USA). DBAj2 and (C57BL/6 x DBA/ 
2)F1 mice were purchased from Korea Charles River 
(Seoul, Korea). 4-1BB-deficient mice [14] were back- 
crossed to C57BL/6 mice for more than 10 generations, 
and bred in the University of Ulsan Animal Facility. 
Mice were maintained in a dedicated, specific pathogen- 
free facility in microisolator cages. Donor and recipient 
mice were used between 6 to 10 weeks of age. We carried 
out all animal experiments in accordance with the 
“Principles of laboratory animal care” (NIH publication 
NO. 86-23). 

Monoclonal antibodies 

Hybridomas producing 4- 1 BBL (TKS- 1, rat IgG2a) or 
anti-4-1BB (3E1, rat IgG2a) mAbs were generated as 
described previously [6, 71. The mAbs were conjugated 
with FITC or biotin according to standard protocols. 
Control rat IgG was purchased from Sigma (St. Louis, 
MO, USA). The following Abs were purchased from BD 
PharMingen (San Diego, CA, USA): anti-CD3-PE 
(C145-2C11, hamster IgGl), anti-CD4-PE/Cy3 (GKl.5, 
rat IgG2b), anti-CD8-perCP/Cy3 (53-6.7, rat IgG2a), 
anti-H-2 Kd-PE (SF1-1.1, mouse IgG2,) and anti- 
CD1 lc (HL3, hamster IgG). 

In vivo mixed lymphocyte reaction 

Spleens were isolated from C57BL/6 and single cell 
suspensions were prepared in phosphate-buffered saline 
(PBS). Cell debris was removed by passing the sus- 
pension through a cell strainer (70 pm; BD Falcon, San 
Diego, CA, USA). The cells (2x107 per ml in PBS) were 
incubated for 10 min at room temperature with 5 pM 
5,6-carboxyfluorescein diacetate succinimidyl ester 
(CFSE), and the reaction was quenched by the addition 
of equal volumes of ice-cold fetal bovine serum (FBS) 
(Hyclone, Logan, UT, USA). The cells were then wa- 
shed twice in PBS/10% FBS and once in PBS. Trradi- 
ated (1800 rad) recipient Balb/c or unirradiated 
(C57BL/6xDBA2)F1 mice were injected intravenously 
with 3 . 5 ~ 1 0 ~  CFSE-labeled cells in PBS as described 
previously [33]. The mice were killed between 1-7 days 
later and the spleens were collected; single cell sus- 
pensions were prepared for flow cytometry. Where 
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indicated, cells were stained with anti-CD4-PE or anti- 
CD8-PE plus anti-4-lBB-biotin or anti-CD44-biotin 
followed by streptavidin-Cy3 (BD-PharMingen). In 
some experiments, 200 pg of anti-4-lBBL mAb was 
injected into mice that received splenocytes on days 0, 
2, and 4. Cell division was analyzed on a fluorescence- 
activated cell sorter (FACScan; BD Biosciences, San 
Jose, CA, USA). 

In vitro mixed lymphocyte reaction 

Responder T cells were purified from C57BL/6 spleens 
using anti-CD3 mAb-conjugated magnetic beads 
(MACS) from Miltenyi Biotec (Auburn, CA, USA) or 
nylon wool. The cells were plated in round-bottom wells 
at a density of 1x10’ cells per well in complete RPMI 
medium. Stimulator APCs were generated from Balb/c 
spleens and incubated in 10-cm plates at 37°C for 2 h to 
remove non-adherent lymphocytes. The adherent cells 
were further incubated overnight at 37°C. After irradi- 
ation (2000 rad), the stimulator APCs were added at 
4x104 cells per well and co-cultured in the presence of 
responder T cells along with various concentrations of 
the anti-4-lBBL mAb. Proliferation on day 3 was as- 
sessed in triplicate by pulsing with 1 pCi [3H] thymidine 
added during the final 8 h. 

Footpad injection 

C57BL/6 mice were injected with 2x106 Balb/c spleno- 
cytes in 50 p1 of PBS into the footpads. On days 0, 2, 4, 
and 6 after immunization, draining lymph nodes 
(DLNs) were removed, and DCs and T cells were puri- 
fied for FACS analysis [34]. 

Heterotopic heart transplantation 

Vascularized donor heart grafts from Balb/c mice were 
transplanted into wild-type or 4- 1 BB-deficient C57BL/6 
mice, essentially as described by Corry et al. [35]. In 
brief, donor hearts were harvested and placed in cold 
PBS until transplanted. The recipient mice were anes- 
thetized, and the aorta and pulmonary artery of the 
donor hearts were sutured to the recipient aorta and 
inferior vena cava, respectively, end-to-side using a 10-0 
suture silk. The recipients were either left untreated or 
treated with 200 pg anti-4-lBBL mAb or control rat IgG 
per mouse via the penile vein on day 0, and I.P. on 
days 2 and 4. Graft survival was monitored by daily 
abdominal palpation. Rejection was considered com- 
plete when cardiac contraction had completely ceased. 
This was confirmed by direct visualization of grafted 
hearts. 

Skin grafting 

Full-thickness skin grafts obtained from Balb/c ears and 
tails were transplanted onto the dorsal thorax of C57BL/ 
6 recipients and secured with Band-Aids (Johnson & 
Johnson, Arlington, TX, USA). Anti-4-1BBL mAb or 
control rat IgG was administered as described above. 
Graft survival was followed by daily visual inspection. 
Rejection was defined as the complete loss of viable 
epidermal graft tissue. 

RT-PCR 

RNA was obtained from cardiac allografts harvested on 
days 0, 1, 3, 5, and 7 after transplantation. RNA prep- 
aration, cDNA synthesis, PCR, and product analysis 
were carried out as described previously [32]. 

Cytotoxic assay 

Lethally irradiated (900 rad) (C57BL/6xDBA2)F1 mice 
were transferred with 8x107 C57BL/6 splenocytes. Seven 
days later, individual splenocytes were obtained and 
used as effector cells. Cytotoxicity against allogeneic 
P815 (H-2d) cells was measured by a standard 4-h51Cr 
released assay. 

Histology 

Grafts were explanted at 7-100 days after transplanta- 
tion, and tissues were fixed in 10% buffered formalin, 
sectioned, and stained with hematoxylin and eosin or 
Masson’s trichrome. Frozen sections (8 pm thick) were 
cut and fixed in cold acetone for 10 min, and stained 
with mAbs against CD3, CD4, CD8, or 4-1BB, followed 
by biotinylated rabbit anti-hamster or anti-rat IgG Ab, 
streptavidin-horse radish peroxidase (HRP), and a sub- 
strate for HRP. 

Statistical analysis 

Kaplan-Meier survival graphs were constructed, and 
log-rank comparisons of the groups used to calculate 
P values. A P value of less than 0.05 was considered 
statistically significant. 

Results 

4- 1 BB expression during in vivo mixed lymphocyte 
reaction 

To assess the role of 4- 1 BB in alloimmune responses, we 
adoptively transferred CFSE-labeled C57BL/6 spleno- 
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cytes into (C57BL/6xDBA/2)F1 mice and followed cell 
division and 4-1BB expression. On days 1 and 2 after 
adoptive transfer, the recipient's splenocytes were 
examined for the expression of 4-1BB on CD4+ and 
CD8+ T cells. Although there was no cell divisions on 
day 1 after passive cell transfer of CFSE-labeled naive 
splenocytes, 4-1BB expression was still observed on a 
portion of CD4+ T and CD8' T cells (Fig. IA). On 
day 2, at least four discrete generations of cell division 
could be detected (Fig. 1B). The level of 4-1BB expres- 
sion on CD8 + T cells gradually increased as cell division 
progressed and reached a maximum after four rounds of 
division (Fig. 1B, C). The alloreactive CD4+ T cells 
displayed a similar characteristic in expression levels. 
However, in contrast to CD8+ T cells, which showed a 
gradual increase in the percentage of 4- 1 BB-expressing 
cells as cell division progressed, 4- 1 BB-expressing CD4+ 
T cells were similar throughout the successive cell divi- 
sions (Fig. 1C). 4-1BB expression on T cells was over- 
lapping with that of CD44, an activation marker for T 
cells (Fig. 1B). Our results indicate that although there 
were differences in the pattern of 4-1BB expression be- 
tween CD8+ and CD4+ T cells, 4-1BB is expressed 
preferentially on both classes of alloreactive T cells that 
are being activated during alloimmune responses. 
4-1BBL expression on alloactivated CD4+ or CD8 + 

T cells was barely detectable (data not shown). 

A significant delay in cardiac allograft rejection 
in 4- 1 BB-deficient mice 

We next studied the effects of blocking the 4-1BB co- 
stimulatory pathway in a vascularized cardiac allograft 
model. Firstly, we transplanted fully MHC-mismatched 
Balb/c (H-2d) cardiac all0 rafts into wild-type or 4-1BB- 
deficient C57BL/6 (H-2 ) recipients. As shown in 
Fig. 2A, the 4-1BB defect was associated with a signifi- 
cant delay in cardiac allograft rejection; mean survival 
times (MST) were 8 and 15 days in wild-type and 
4-1BB-deficient mice, respectively (n  = 6; P <  0.001). 
Histological analysis at day 7 after transplantation 
showed delayed rejection in the mutant mice that 

fi 

F 

Fig. 1A-C In vivo expression of 4-1BB on T cells. CFSE-labeled 
C57BL/6 splenocytes (3.5~10' cells) were adoptively transferred 
into unirradiated (C57BL/6xDBA/2)F1 mice. 1-2 days later, 
splenocytes were isolated from three mice, and stained with anti- 
CD4 plus anti-4-1BB mAbs, antLCD8 plus anti-4-1BB mAbs, or 
anti-4-lBB plus anti-CD44 mAbs. CD4+ and CD8' T cells were 
gated and analyzed for expression of 4-1BB versus CFSE staining. 
Shown are representative FACS plots of 4-1BB versus CFSE 
staining for CD4+ and CD8+ T cells on days 1 (A) and 2 (B) after 
cell transfer, and percentages of 4-1BB-expressing CD4+ and 
CD8+ T cells (C). Also shown is a FACS plot of 4-1BB versus 
CD44 staining (B). All experiments were repeated at least three 
times and similar results were obtained 

correlated with less severe leukocyte infiltration and 
vasculitis of the donor hearts (Fig. 2B, C). 

RT-PCR analysis showed delayed appearance of 
transcripts of proteins involved in immune responses, 
such as CDS, IFN-7, IL-2, ;NOS, and FasL, in allografts 
of the 4-1BB-deficient mice (Fig. 3). On the other hand, 
B7-2 mRNA was found earlier in 4-1 BB-deficient mice 
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Fig. 2A-C Prolongation of cardiac allograft survival in 4-IBB- 
deficient mice. A 4- 1BB-deficient C57BL/6 recipients (4-1BB-'-) had 
significantly prolonged survival of Balb/c cardiac allografts 
(MTS = 15 days; n = 6; P < 0.001) compared with wild-type controls 
(WT). B, C Wild-type or 4-1BB-deficient mice with surviving 
transplants were killed at  7 days after transplantation. Cardiac 
allografts from the wild-type showed extensive lymphocytic 
infiltration and severe vasculitis (B), whereas cardiac allografts 
from the 4-1BB-deficient mice had less severe lymphocytic 
infiltration and vascular lesions (C) 

(1 day vs 7 days post-transplantation). There was, 
however, no difference between the two groups of mice 
in the time of appearance of CD4 mRNA (both at 
3 days). 4-1BB mRNA appeared in the cardiac allo- 
grafts 3 days post-transplantation in wild-type mice (but 
not in mutant mice). Similarly, immunohistochemical 
analysis revealed 4- 1 BB-expressing cells in the cardiac 
allografts in wild-type but not in 4- 1 BB-deficient mice 
at 7 days post-transplantation (not shown). Collectively, 
our results indicate that the delayed rejection of cardiac 
allografts in 4-1BB-deficient mice is due to their reduced 
immune response to alloantigens. 

Blocking of 4- 1 BB/4- 1 BBL interaction results 
in long-term survival of cardiac allografts 

To confirm the involvement of 4- 1 BB in cardiac allograft 
rejection, we blocked 4- 1 BB/4- 1 BBL interaction using an 
anti-4-IBBL mAb (TKS-1). As shown in Fig. 4A, treating 
C57BL/6 recipients with TKS-1 resulted in substantial 
prolongation of graft survival with 40% of the recipients 
displaying long-term ( > 60 days) survival (MST = 

42 days; n = 5;  P= O.OOl), compared with control mice 
(MST = 8 days; n = 6) or mice treated with control rat IgG 
(MST = 8 days; n = 5). Importantly, histological exami- 
nation revealed marked differences. Allografts in the 
control mice showed extensive leukocyte infiltration and 
severe coronary vasculitis 7 days after transplantation 
(Fig. 4B). By contrast, the allografts from TKS-l-treated 
recipients displayed only mild leukocyte infiltration, cor- 
onary vascular lesions, and fibrosis 60 days after trans- 
plantation (not shown). Surprisingly, mild leukocyte 
infiltration and fibrosis were still visible in allografts from 
TKS- l-treated recipients even 100 days after transplan- 
tation (Fig. 4C and 4D). These data suggest that long- 
term survival of grafts mediated by blocking the 4-1BB 
co-stimulatory pathway is the result of a reduction in both 
lymphocytic infiltration and coronary vasculopathy . 

To further evaluate the ability of TKS-1 to block 4- 
1 BB-mediated alloimmune responses, we studied the 
effects of perioperative treatment with TKS-1 on pri- 
mary skin allograft survival. C57BL/6 recipients treated 
with TKS-1 rejected fully MHC-disparate Balb/c skin 
grafts less rapidly (MST = 15 days; n = 5; P = 0.002) than 
those treated with control rat IgG (MST= 10 days; 
n= 5 )  (Fig. 5). Thus, these data provide strong evidence 
that 4-1BB plays a critical role in alloimmune responses 
leading to allograft rejection. 

4-1 BB/4-1 BBL are expressed on subpopulations 
of T Cells and dendritic cells (DCs) 
after alloantigen challenge 

To investigate further the involvement of 4- 1BB/4- 
1 BBL in alloimmune responses, we immunized naive 
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Fig. 3 Cardiac allografts in 
wild-type and 4- 1 BB-deficient 
mice showed different kinetics 
of expression of transcripts of 
various molecules involved in 
the immune responses. Vascu- 
larized Balb/c hearts were 
transplanted into wild-type 
( W r )  or 4-1BB-deficient 
(4- IEE+) C57BL/6 recipients. 
Total RNA was prepared from 
normal Balb/c hearts (N) or 
cardiac allografts on days 1, 3, 
5, and 7 after transplantation, 
and analyzed for transcripts of 
4-1BB, IFN-y, iNOS, IL-2, 
B7-2, CD4, CD8, and FasL by 
RT-PCR. GAPDH reactions 
confirmed equal loading of 
templates 

C57BL/6 mice with Balb/c splenocytes via their foot- 
pads. On days 0, 2, 4, and 6 after immunization, we 
isolated cells from the DLNs of the immunized mice 
and examined the expression of 4-1BB and 4-1BBL on 
T cells and DCs. As expected, we found minimal 
expression of 4-1BB on CD4+ and CD8+ T cells at 
day 0, but by day 2 the DLNs contained well-defined 
subpopulations of CD4+ (21%) and CD8+ (11%) T 
cells expressing 4-1BB (Fig. 6A). By day 4 when the 
DLNs showed the greatest increase in mass (four- to 
six-fold), the number of CD4+ (26%) and CD8+ 
(27%) T cells expressing 4- 1 BB had greatly increased 
(Fig. 6A). By day 6, the percentage of 4-1BB-express- 
ing CD4+ and CD8+ T cells had declined to the level 
observed on day 2 (16% and lo%, respectively). 
However, we could not detect any expression of 4- 
IBBL on T cells over the period of study (data not 
shown). Since CFSE-labeled donor splenocytes were 
rapidly removed from the DLNs of unirradiated 
C57BL/6 recipients after footpad injection (data not 
shown), it seems that most of the 4-1BB-expressing T 
cells must have originated from alloreactive host T cells 

that had expanded clonally in response to alloantigens, 
as in the case of in vivo MLR. 

A significant fraction of the DCs in the DLNs ex- 
pressed 4- 1 BB prior to immunization and this fraction 
did not change significantly in response to immunization 
(range from 37% to 43%) (Fig. 6B). By contrast, only a 
minimal number of DCs expressed 4-1BBL prior to 
immunization and this population increased three-fold 
by day 2, reached a peak at day 4 (four-fold increase), 
and declined to basal level by day 6 after immunization 
(Fig. 6B). These results indicate that 4-IBBL expression 
on donor-derived DCs is rapidly induced during the 
induction phase of alloimmune responses. 

Blockade of 4- 1BB/4-1 BBL interactions reduces 
T cell proliferation and decreases cytotoxicity 

To further address the role of 4-1BB/4-1BBL in T cell- 
APC interactions during alloimmune responses, we 
examined whether 4- 1 BB/4- 1 BBL interactions are in- 
volved in T cell proliferation in an in vitro MLR. We first 
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Fig. 4A-D Long-term survival 
of cardiac allografts induced by 
treatment with anti-4-1BBL 
mAb. A C57BL/6 recipients 
treated with anti-4-IBBL mAb 
(200 pg) on days 0, 2, and 4 
showed significantly prolonged 
survival of Balb/c cardiac allo- 
grafts (MST = 42 days; n = 5; 
P = 0.001), compared with mice 
treated with control rat IgG 
(MST= 8 days, n = 5). R D  
Cardiac allografts were isolated 
from rat IgG-treated mice on 
day 7 and from mice treated 
with anti-4-1BBL mAb on 
day 100 after transplantation. 
Cardiac allografts from mice 
treated with control rat IgG 
showed extensive lymphocytic 
infiltration and severe vasculitis 
on day 7 (B). Cardiac allografts 
from mice treated with anti-4- 
lBBL mAb had mild lympho- 
cytic intiltration (C) and fibrosis 
(inset in C) 
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stimulated normal C57BL/6 T cells with Balb/c APCs in 
the presence of TKS-1. As shown in Fig. 7A, TKS-1 
caused modest inhibition of proliferation of alloantigen- 
stimulated T cells; CTLA4-Ig was much more effective in 
inhibiting the proliferative response of the cells in this in 
vitro MLR assay. We next assessed the proliferative re- 
sponse of purified C57BL/6 CD4+ or CD8+ T cells to 
Balb/c APCs. The inhibitory effect of TKS-1 or CTLA4- 
Ig on the proliferative response of the CD4+ T cells 
followed essentially the same pattern as that seen with 
total T cells (Fig. 7A). As reported previously [36], 
blockade of 4-1BB-4-1BBL interactions did not inhibit 
proliferation of CD4+ or CD8 + T cells in acute GVHD 
in a short term (3 days after transfer) (data not shown). 
However, in a longer term (7 days after transfer), the 
donor T cell number (both CD4' and CD8 + T cells) was 
reduced in TKS-treated mice (Fig. 7B). At this time, 
cytotoxicity against host alloantigen was inhibited by 
TKS-1 treatment (Fig. 7C). In total, our results show 
that blocking 4- 1 BB/4- 1 BBL interaction results in the 
inhibition of proliferation of both CD4+ and CD8+ T 
cells in response to allogeneic APCs and in the reduction 
in cytotoxicity against host alloantigen. 

1 I. 

llnli-4-1BBL mllb 
J 

Rat IgG 

I . .  I I .  I I I 

~~ 

Discussion 

Transplantation has been adopted as the therapy of 
choice for end-stage organ failure [37, 381. As most 

transplant recipients receive genetically non-identical 
organ or tissue grafts, successful transplantation 
depends on suppression of the host immune response. 
One of the ideal solutions to this problem is to induce 
specific immunological tolerance to the foreign graft in 
the recipient. To this end a variety of novel strategies 

1 

Fig. 5 Prolongation of skin allograft survival by blockade of 
4-1BB/4-1BBL interactions. C57BL/6 recipients treated with anti- 
4-IBBL mAb (200 pg) on days 0, 2, and 4 had significantly 
prolonged survival of Balb/c skin allografts (MST = 15 days; n = 5; 
P=0.002) compared with mice treated with control rat IgG 
(MST = 10 days; n = 5 )  
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Fig. 6A, B In vivo expression of 4-1BB and 4-IBBL on T cells and 
DCs after immunization with allogeneic splenocytes. Balb/c 
splenocytes( 2 ~ 1 0 ~  cells) were injected into C57BL/6 footpads, 
and on days 0, 2, 4, and 6, T cells and DCs were isolated from the 
DLNs of three mice and pooled. The cells were then stained with 
anti-CD4 or anti-CD8 plus anti-4-1BB mAbs in the case of T cells, 
and anti-CDllc plus anti-4-IBB or 4-IBBL mAbs for DCs. 
Percentages of CD4+ and CD8+ T cells expressing 4-1BB are 
shown (A) and percentages of DCs expressing 4-1BB or 4-1BBL 
(B). The experiments were repeated two times and similar results 
were obtained 

have been developed, among which blocking co-stimu- 
latory molecules such as CD28/B7 and CD40/CD154 
has shown promise [32, 37, 381. This approach is based 
on disrupting co-stimulation of DCs and T cells at the 
outset of the immune response. 

In this study, we investigated the in vivo expression 
pattern of 4-1BB and 4-1BBL to understand the in vivo 
role of 4-1BB in alloimmune responses. Our data are 
consistent with the results of Tan et al. [28], in that the 
highest level of 4-1BB was found on CD4+ and CD8+ T 
cells that had undergone the maximum number of divi- 
sions during in vivo MLR. Our findings also showed that 
unlike CD8 + T cells, the percentage of 4-1BB-expressing 
CD4+ T cells was similar throughout all cell divisions. 

Nonetheless, since 4- 1 BB expression overlapped with 
CD44 expression, our results suggest that 4-1BB is ex- 
pressed on activated CD4+ and CD8+ T cells that are 
clonally expanding in response to alloantigens. In support 
of this, the DLNs contained distinct populations of 
CD4+ and CD8+ T cells that expressed 4-1BB after 
alloantigen challenge. In our footpad injection model, a 
maximal expansion of T cells occurred on day 4 after 
alloantigen challenge, at which time the numbers of 
4-1BB-expressing CD4+ and CD8+ T cells in the DLNs 
peaked. Our immunohistological analysis also showed 
that 4-1BB+ T cell infiltration was first detected in cardiac 
allografts on day 5 after transplantation and increased 
thereafter (data not shown; see ref [28]). Taken together, 
our findings indicate that 4-1BB is expressed on activated 
T cells after alloantigen challenge in vivo, and that 4-1BB- 
expressing T cells infiltrate into immune reaction sites. 

We observed a constitutive expression of 4-lBB on 
DCs; the fraction of 4-IBB-expressing DCs in the DLNs 
hardly changed after alloantigen challenge. Consistent 
with this, two research groups recently reported con- 
stitutive expression of 4-1BB on both immature and 
mature DCs [6, 391. They showed, moreover, that sig- 
naling through 4-1BB on the DCs leads to cytokine 
(IL-6 and IL-12) production [6, 391 and upregulation of 
co-stimulatory molecules with an efficiency similar to 
that achieved by signaling through CD40 [6]. At present, 
it is not known whether signaling via 4-1BB on host- 
derived DCs is involved in alloimmune responses. On 
the other hand, the fraction of 4-1BBL-expressing DCs 
increased and peaked in parallel with the T cells in the 
DLNs on day 4 after alloantigen challenge. Since 
4- 1 BBL expression could be induced on APCs, including 
DCs, but not on T cells, DCs must be activated via the 
4-1BB receptor by 4-1BBL on adjacent DCs or other 
APCs such as macrophage and B cells, but not on 
activated T cells. Thus, 4-1BB and 4-1BBL seem to 
participate in a more complicated network of immune 
cells than previously supposed. 

Anti-4-1BBL mAb had a much greater suppressing 
effect on cardiac allograft rejection than 4- 1 BB deletion 
did (in 4-1BB-deficient mice). DeBenedette et al. [ l l ]  
reported that 4-1BBL-deficient mice showed a delay in 
skin allograft rejection only in a CD28-deficient back- 
ground. Several possibilities may account for the 
discrepancy. One is that anti-4-1BBL mAb could block 
an interaction between 4-lBB and 4-IBBL on donor- 
derived cells, and this might influence graft rejection. 
Another is that anti-4-1BBL mAb may be to some extent 
cytotoxic and deplete 4- 1 BBL-expressing APCs. 

Several mechanisms could contribute to the inhibi- 
tion of allograft rejection by 4-1BB/4-1BBL interactions. 
Even though blockade of the 4-1BB co-stimulatory 
pathway with anti-4-lBBL mAb did not inhibit the 
earlier proliferation of alloantigen-reactive T cells within 
in vitro MLR and in acute GVHD, the alloreactive 
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Fig. 7A-C Proliferation and cytotoxic assay. A In vitro MLR 
assay showing mild inhibition by anti-4-lBBL mAb (TKS-1) of in 
vitro T cell proliferative responses to stimulation by allogeneic 
APCs. APCs were isolated from Balb/c spleens and irradiated with 
2000 rad. The irradiated Balb/c APCs were then co-cultured for 
3 days with total T cells (upper), CD4+ (middle), or CD8+ (lower) 
T cells purified from C57BL/6 mice, in the presence of 5 p/ml or 
50 p/ml of anti-4-IBBL mAb. The cells were pulsed with 1 pCi 
[3H]thymidine for the last 8 h of the co-culture period. B Reduction 
in donor CD4+ and CD8+ T cell numbers by anti-4-lBBL 
treatment in acute GVHD model. C57BL/6 splenocytes were 
transferred into unirradiated (C57BL/6xDBA/2)F1 mice as 
described in the legend of figure 1. Anti-4-1BBL mAb (200 pg) 
were injected on days 0, 2, and 4 after cell transfer. Donor T cells 
were counted on day 7 after cell transfer by staining anti-CD4 or 
anti-CD8 plus anti-H-2 Kd. C Inhibition of CD8' T cell- 
dependent cytotoxicity against host alloantigen by anti-4-1BBL 
mAb treatment in acute GVHD model. C57BL/6 splenocytes were 
transferred into irradiated (C57BL/6xDBA/2)FI mice as described 
in the legend of figure 1. Splenocytes were harvested on day 5 after 
cell transfer and cytotoxic assay was performed as described 

T cell number was significantly reduced in spleens at a 
later time. This result indicates that the absence of 
4-1BB signals during priming may result in deletion of 
alloreactive T cells. Another possibility is that blockade 
of the 4- 1 BB co-stimulatory pathway impairs the gen- 
eration of T cell effector functions: secretion of cytokines 
and cytolytic ability. Indeed, our result demonstrated 
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that anti-4-1BBL mAb significantly reduced cytotoxicity 
against host alloantigen, as previously reported [29]. 
There are reports in the literature that blockade of 
4-1BB/4-1BBL interactions inhibit the secretion of 
effector cytokines such as IFN-y [29] and TNF-a [36]. 

Our result provides evidence that blockade of the 
4- 1 BB co-stimulatory pathway induces long-term sur- 
vival of cardiac allografts. If it is combined with inhi- 
bition of other co-stimulatory pathways such as CD28 
and CD40 [32], blockade of the 4-1BB co-stimulatory 
pathway may be of greater immunotherapeutic potential 
in treating allograft rejection. Thus far, combined ther- 
apy with MR1 (anti-CD40L mAb) and CTLA4-Ig has 
proved highly effective in promoting long-term survival 
of cardiac allografts. It seems worthwhile, therefore, to 
try combined therapy with TKS-1 and MRl, TKS-1 and 
CTLA4-Ig, or all three together, in order to induce 
tolerance to allografts. 

A critical role of 4-1BB in the CD4+ T cell response 
suggests that intervening in the 4-1BB co-stimulatory 
pathway could provide an immunotherapeutic approach 
to the treatment of inflammatory diseases [25, 261. In 
vivo administration of 4- IBBL mAb significantly de- 
creased inflammation induced by viruses [40, 411. Para- 
doxically, agonistic anti-4-1BB mAb showed a potent 
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effect on the prevention and treatment of experimental 
autoimmune encephalomyelitis (EAE) [3 I]. Anti-4-1 BB 
mAb also completely blocked the progression of spon- 
taneous systemic lupus erythematosus (SLE) [42,43] and 
chronic GVHD, an SLE-like autoimmune disease (Kim 
et al., unpublished). Taken together, it seems that 
blockade of the 4- 1 BB co-stimulatory pathway may 
have potential clinical applications to Thl -mediated 
inflammatory diseases, while stimulation of 4-1 BB may 
be effective in preventing and treating Th2-mediated 

autoimmune diseases presumably through activation- 
induced cell death of pathogenic CD4+ T cells and 
through the induction of CD4+ T cell tolerance. Further 
studies will be needed to clarify this aspect. 
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