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Paradoxical early upregulation of intragraft 
Thl  cytokines is associated with graft 
acceptance following donor-specific 
blood transfusion 

Abstract Donor-specific blood 
transcfusion (DSBT) promotes graft 
acceptance in certain experimental 
and clinical situations. However, the 
exact nature of the operating mecha- 
nisms, and in particular the role of 
Thl/Th2 cytokines, remains contro- 
versial. We recently described a fully 
mismatched rat combination [RA rat 
(RTlp) to PVG rat (RTlc)] in which a 
single pre-transplant (Tx) DSBT 
induces donor-specific tolerance 
following heart transplantation 
(Htx). In order to delineate better the 
role of Thl and Th2 cytokines in the 
development of tolerance versus 
rejection, we studied the intragraft 
mRNA for Thl and Th2 cytokines at 
different time points post-Tx in 
rejecting and DSBT-tolerized heart 
grafts. We performed reverse tran- 
scriptase-polymerase chain reaction 
(RT-PCR) to examine intragraft 
Thl/Th2 cytokines profile. In con- 
trast to findings from previous data, 
we detected an early (post-Tx day 2) 
Thl cytokine upregulation. Thl 
downregulation/Th2 immune 

deviation was observed only at a later 
period (post-Tx day 30). Consistent 
with this Thl early upregulation, a 
dense mononuclear cellular infiltrate 
was seen in tolerized grafts, which 
was equivalent to that seen in reject- 
ing grafts. Despite in vivo unrespon- 
siveness, peripheral lymphocyte 
derived from tolerant animals prolif- 
erated against donor-matched anti- 
gens to the same degree as against 
those of a third party until post-Tx 
day 30. Altogether, these observa- 
tions (dense graft cellular infiltrate, 
early post-Tx Thl cytokine produc- 
tion, early preserved cellular prolif- 
erative responses), suggest that the 
development of tolerance is preceded 
by an active Thl cytokine-mediated 
immune response. The mechanisms 
by which an early Thl response pro- 
motes tolerance need to be further 
studied. 
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established immunomodulatory strategy to promote 
graft acceptance, clinically and experimentally [3, 151. 

Introduction 

Tolerance can be induced by various immunomodula- However, -the nature of the operaiing mechanisms, in 
tory strategies. In certain models, induction of toler- particular the role of the Thl/Th2 cytokines balance, 
ance is accompanied by a Thl downregulation/Th2 remains controversial. We recently developed a rat 
immune deviation, but data have been conflicting [20]. model in which a single pre-transplant (Tx) DSBT in- 
Donor-specific blood transfusion (DSBT) is a well- duces donor-specific tolerance after heart transplanta- 
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tion (Htx). In order to delineate better the mechanisms 
underlying DSBT-induced tolerance in that model, we 
analyzed intragraft mRNA cytokine profiles at different 
time points, early and late post-Tx, in DSBT-tolerized 
grafts and in rejecting grafts. In addition, at the same 
time points, we looked at the degree of mononuclear 
cell infiltration in DSBT-tolerized grafts and in reject- 
ing grafts. Finally, we examined the peripheral mixed 
lymphocyte culture (MLC) responses in tolerant 
recipients. 

Materials and methods 

Transplant surgical model 

Fully mismatched male rats RA (RTlp-RTlAu:B/Dl), weigh- 
ing 150-200 g, and male PVG rats (RTlc-RTlAc: B/Dc), 
weighing 200-250 g were used as donors and recipients, 
respectively. The heart graft was implanted in the recipient 
abdomen by standard microsurgical technique [ 111. The heart- 
beat was monitored daily through the abdominal wall by manual 
palpation. Rejection was defined as complete cessation of heart 
beat. 

Immunomodulation for tolerance induction 

A transfusion of 1.5 ml of heparinized donor-specific blood 
was given to the recipient via the dorsal penile vein on pre-Tx day 12 
[91. 

Confirmation of donor-specific tolerance 

To confirm donor-specific tolerance, we implanted a donor-mat- 
ched or third-party secondary heart graft in the right cervix on 
post-Tx day 100 as previously described [XI .  

Experimental transplant groups 

1. Syngeneic control group: RA to RA syngeneic Htx was carried 

2. Allo-Htx rejecting control group: RA to PVG allo-Htx was 

3. DSBT-tolerant group: RA to PVG allo-Htx was carried out; 

out (n = 6). 

carried out with no DSBT ( n  = 6). 

DSBT was given 12 days before Tx (n  = 6). 

Histological analysis for mononuclear cell infiltrate in  the graft 

The heart grafts were harvested from the DSBT-tolerant group and 
the syngeneic control group on post-Tx days 2, 5 ,  9, 30, and 90. 
Heart grafts from the Allo-Htx rejecting control group were har- 
vested on post-Tx days 2, 5 and 9. The horizontal section of the 
mid-portion of the specimen was fixed with 10% formalin and 
embedded in paraffin. Sections 4-pm thick were prepared and 
stained with hematoxylin eosin (HE). In each group and at each 
time point, five grafts were analyzed. To quantify the degree of 
mononuclear cell infiltration, we used a scoring system. Endocar- 
dial and perivascular infiltrates were scored as follows: 0, no 

infiltrate; 1, mild infiltrate; 2, moderate infiltrate; 3, severe infiltrate. 
Both scores were added, and a 0-to-6 score was reported for each 
sample. 

Real-time reverse transcriptase-polymerase chain reaction 

Total RNA was extracted from the heart graft with Trizol (Life 
Technologies, Gaithersburg, Md.). A constant amount of 1 pg of 
target RNA was reverse transcribed using 100 U Superscript 2 RT 
(Life Technologies) at 42 "C for 80 "min in the presence of 5 pmol/l 
oligo(dT)16. Real-time quantitative reverse transcriptase-polymer- 
ase chain reaction (RT-PCR) was performed for IFN-gamma, 
IL-2, IL-10, IL-4 and hypoxanthine phosphoribosyl transferase 
(HPRT). Briefly, PCR reactions were performed with the ABI 
Prism 7700 Sequence Detector (Perkin Elmer/Applied Biosystem, 
Foster City, Calif.). 

The system uses the 5 nuclease activity of the Tag polymerase 
to cleave a non-extendable dual-labeled fluorogenic probe. Fluo- 
rescent emission was measured continuously during the PCR 
reaction. Therefore, PCR amplification and detection were done 
in a single step. PCR amplifications were performed in a total 
volume of 25 11 containing 0.5 pl cDNA sample; lxbuffer A 
(50 mmol/l KC1, 10 mmol/l Tris-HC1, pH 8.3, 10 mmol/l EDTA, 
60 nmol/l passive reference 1); 200 pmol/l dNTPS; 3-9 mmol/l 
MgC12; 100-200 nmol/l of each primer; and 0.625 U AmpliTag- 
Gold. Each reaction was performed in triplicate wells under the 
following conditions: 2 min at 50 "C and 10 min at 94 "C, fol- 
lowed by a total of 40 or 45 two-temperature cycles (15 s at 94 "C 
and 1 niin at 60 "C).  

For the generation of standard curves, plasmid clones 
containing a partial cDNA sequence of the target DNA were 
constructed by the cloning of the corresponding PCR 
fragments into pGEM Teasy plasmid vector (Promega, Madi- 
son, Wis.). The exact identity of the cloned fragments was 
confirmed by sequence analysis (Pharmacia, Uppsala, Sweden). 
Serial dilutions from the resulting plasmid clones were used as 
standard curve, each containing a known amount of template 
copy number. We derived normalized values by dividing the 
measured fluorescent emission increase for the transcript of in- 
terest by the mean HPRT value for the individual sample. 
Table 1 shows primer and probe sequences for each cytokine as 
well as for HPRT [13]. In the syngeneic control group and the 
DSBT-tolerant group, RNA was extracted from the heart graft 
on post-Tx days 2, 5 ,  9, 30, and 90. In the allo-Htx rejecting 
control group, RNA was extracted in the same manner on post- 
Tx days 2, 5 ,  and 9. At each point in each group, five grafts 
were examined. 

Mixed lymphocyte reaction 

Recipient animals in the DSBT-treated tolerant group were killed 
at the time of Htx, on post-Tx day 30, or on post-Tx day 90. At 
each time point, three animals were examined. Mixed lympho- 
cyte reaction (MLR) was performed as described previously. 
Recipient peripheral blood mononuclear cells (PBMCs) were 
isolated from heparinized blood by density gradient centrifuga- 
tion over Percoll (Pharmacia, Uppsala, Sweden). Single-cell sus- 
pensions of the spleen were prepared for the stimulator by the 
gentle compression of the minced spleen on nylon mesh. The 
medium used for culture was RPMI with 10% Fetal calf serum 
(FCS) and 2-mercaptoethanol. Cells were seeded at a concen- 
tration of 5x105 cells/well in 96-well microtiter plates in repli- 
cates of 4. The cells from one animal were divided into four 
wells per plate; the mean value of counts per min (cpm) for 
those four wells was used for calculation. Per well, 5x105 cells 
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Table 1 Primer and probe sequences for the cytokines and HPRT. Forward ( F W )  and reverse (RV) primers are always located in different 
exons. Fluorogenic probes (TP)  are FAM-labeled at the 5 end and TAMRA-labeledat the 3 end. All cDNA sequences were obtained 
from the Genbank database 

Name Sequence Amplicon length (bp) 

IFN-gamma IFN-gamma-TP 
IFN-gamma-FW 
IFN-gamma-RV 

IL-2 IL-2-TP 
IL-2-FW 
IL-2-RV 

IL- 10 IL- 10-TP 
1L-10-FW 
IL-10-RV 

IL-4 IL-4-TP 
IL-4-FW 
IL-4-RV 

HPRT HPRT-TP 
HPRT-FW 
HPRT-RV 

CCG TCC TTT TGC CAG TTC CTC CAG 
C C A T G A G T G C T A C A C G C C G  
CAG GTG CGA TTCGAT GAC AC 
CCCAAGCAGGCCACAGAATTGAAAC 27 1 
TGT CCT CCT TGT CAA CAG CG 
TCC AGC GTC TTC CAA GTG AA 
CTG CGA CGC TGT CAT CGA TTT CTC CC 
GGT TGC CAA GCC TTG TCA GA 
T T C A C C T G C T C C A C T G C C T T  
CAACAAGGAACACCACGGAGAACGAG 208 
T C C A C G G A T G T A A C G A C A G C  
TTG TTC TTC AAG CAG GGA GGT 
TGA GAG ATC ATC TCC ACC AAT AAC TTT TAT GTC CC 
TTA TCA GAC TGA AGA GCT ACT GTA ATG ATC 
TTACCAGTGTCAATTATATCTTCAACAATC 

299 

194 

127 

were irradiated (3,000 rad), and stimulator lymphocytes were 
added to the culture for 96 h. After 72 h of incubation, 50 1.11 of 
3H-thyrnidine uptake was added per well at a concentration of 
10 U Ci/ml. The cells were incubated for a further 12 h, and the 
3H-thymidine uptake was determined by standard techniques 
~ 4 1 .  

Statistical analysis 

Fisher’s protected least significant difference (PLSD) test and the 
t-test were performed by StatView-J4.02 (Macintosh). P < 0.05 was 
regarded as significant. 

Results 

In vivo findings 

Primary and secondary graft survival 

Syngeneic Htx survived indefinitely ( >  140 days). Allo- 
Htx rejecting controls succumbed to rejection on post- 
Tx day 9 * 0.6. However, DSBT prolonged primary 
graft survival indefinitely ( > 140 days) and induced 
tolerance, as assessed by the survival of the second do- 
nor-specific but not the third-party graft. The donor- 
specific second graft (n=5) survived for more than 40 
days, while third party grafts (n= 1) (WKAKH) were 
rejected in 7 days. 

Mononuclear cell infiltrate in the grafl 

Mononuclear cell infiltrate in the graft is shown in 
Fig. 1. In syngeneic control rats, a transient infiltration 
was seen on post-Tx days 2-9 but had completely dis- 
appeared by day 90. In both the allo-Htx-rejecting and 
the DSBT-tolerant groups, a substantial infiltration was 
seen as early as day 2 post-Tx. The extent of that 

Score of mononuclear cell infiltrate in the graft 

+ AlloHtx rejecting 

(mean ? SE) 

Day2 Day5 Day9 Day30 Day90 

Fig. 1 Scoring for mononuclear cell infiltrate in the graft on post- 
Tx days 2, 5, 9, 30 and 90 

infiltration increased from day 2 to day 9 in both the 
allo-Htx-rejecting and the DSBT-tolerant groups. On 
post-Tx day 5, the DSBT tolerant group showed a more 
dense infiltration than the allo-Htx group, but this dif- 
ference did not reach significance (DSBT-tolerant group 
and allo-Htx-rejecting group: score 3.8 k 0.4 and 
2.4k 1.9, respectively; P= 0.1). In the DSBT-tolerant 
group, the graft infiltrate declined until post-Tx day 90, 
but remained higher than in syngeneic controls (DSBT- 
tolerant group and syngeneic: score 2.810.8 and 0+0 ,  
respectively; P < 0.05). 

Intragraft cytokines 

Figure 2 shows intragraft cytokines on post-Tx day 2. 
The DSBT-tolerant group displayed an increased IFN- 
gamma production compared with allo-Htx-rejecting 
and syngeneic controls ( P  < 0.005). IFN-gamma pro- 
duction in the DSBT-tolerant group was ten-times 
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jecting and tolerized groups (Fig. 4). The IFN-gamma/ 
IL-10 ratio was highest on post-Tx day 2 in the DSBT- 
tolerant group. It declined thereafter and reached its 
lowest value by post-Tx day 30. The ratio in rejecting 
animals was the lowest at day 2 but then slightly 
increased until day 9. A Similar tendency was observed 
in the ratios of IFN-gamma/IL-4, IL-2/IL-10, and IL-2/ 
IL-4 (data not shown). In syngeneic controls, Thl and 
Th2 mRNA cytokines remained poorly produced at all 
time points tested. 

Mixed lymphocyte reaction 

Proliferative responses were examined for donor and 
third-party antigens. As shown in Fig. 5 ,  vigorous anti- 
donor MLR responses were maintained from the time of 
Tx until post-Tx day 30. These responses were equiva- 
lent to the MLR responses against third-party antigen. 
Hypo-responsiveness was observed on post-Tx day 90. 

Discussion 

Fig. 2 Normalized transcription levels of T cell-derived intragraft 
Thl/Th2 cytokines from syngeneic control, Allo-Htx-rejecting 
group and DSBT-tolerant group on post-Tx day 2 

higher than in allo-Htx-rejecting controls. Similarly to 
IFN-gamma, IL-2 was augmented in the DSBT-tolerant 
group, but the difference did not reach significance. In 
contrast, IL 4 and IL 10 did not differ among the 
groups. 

Figure 3 shows the kinetics of each cytokine from 
post-Tx day 2 to post-Tx day 90 in allo-Htx and in 
tolerant rats. On post-Tx day 5 ,  all cytokines 
tested showed higher peaks in allo-Htx controls than in 
tolerant groups. Both IFN-gamma and IL-10 were sig- 
nificantly suppressed in the DSBT-tolerant group, 
compared with allo-Htx-rejecting controls (for IFN- 
gamma, P < 0.005; for IL-10, P < 0.001). Similarly, IL-2 
and IL-4 were lower in the DSBT-tolerant group than in 
allo-Htx-rejecting controls, although this difference did 
not reach significance (for IL-2, P=O.1; for IL-4, 
P = 0.6). In the DSBT-tolerant group, IFN-gamma and 
IL-2 reached their highest values on post-Tx days 9 and 
5 ,  respectively, before gradually declining until post-Tx 
day 90. In contrast, IL-4 and IL-10 in the DSBT-toler- 
ant group continued to rise and reached their highest 
values by post-Tx day 30, before showing an abrupt 
decline by post-Tx day 90. To determine the evolution 
of the Thl/Th2 cytokine balance, we measured the IFN- 
gamma/IL-10 ratio at different time points in the re- 

The efficacy of DSBT has long been described in both 
experimental and clinical situations [3, 151, However, the 
operating mechanisms are not elucidated yet. Various 
mechanisms have been hypothesized: a specific devel- 
opment of suppressor cells, anti-idiotypic antibodies, a 
non-specific macrophage-mediated immunosuppression, 
development of regulatory cells, and microchimerism 
[7, 17, 181. A Th2 cytokine immune deviation was in- 
volved in the development of tolerance following various 
immunomodulatory strategies - including DSBT -but 
the exact role of the Thl/Th2 cytokine unbalance in 
DSBT-induced tolerance remains controversial [ 1, 4, 51. 
Our study was not consistent with previous studies 
suggesting that a Th2 immune deviation solely is pivotal 
in the development of tolerance. In contrast, we found 
an early (day 2) Thl cytokine upregulation in grafts 
destined to become tolerized. In addition, IL-10 was 
more expressed in rejecting grafts at day 5 than in to- 
lerized grafts. However, a Th2 profile (IL-10 and in 
particular IL-4) was observed, but only at a later period 
(day 30) in the tolerized grafts. 

In addition to this intriguing early intragraft Thl 
upregulation, we noted that DSBT-tolerized grafts do 
contain a pronounced mononuclear cellular infiltrate 
that is equivalent in intensity to that present with 
rejecting grafts. This infiltrate was present as early as 
day 2 post-Tx and reached its maximum value by day 9, 
before gradually decreasing. This shows that an active 
immune response is taking place in the graft and prob- 
ably precedes the development of tolerance, a phenom- 
enon that has already been documented in certain 
transplant models [2, 101. The question arises as to the 
nature of that “protective” infiltrate and the operating 
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mechanisms. First, graft-infiltrating cells may undergo 
apoptosis in certain situations where lymphocytes are 
abnormally or exceedingly stimulated. This phenome- 

IFN-gammallL-10 ratio in AlloHtx rejecting and DSBT 
tolerant groups 

4 5  
4 

3 3  
3 

2,s 
2 

1,5 
1 (meankSE) 

03 
0 

p G q  
+AlloHtx wntrol 

day2 day5 day9 day30 day90 

Fig. 4 Evolution of intragraft Thl/Th2 cytokine balance in Allo- 
Htx-rejecting and DSBT-tolerant groups represented by the IFN- 
gamma to IL-10 ratio at each time point 

non has been particularly well documented in certain 
liver transplant models in rodents [16]. In those models, 
tolerance is accompanied by an intragraft Thl cytokines 
upregulation [2, 161. Thl cytokines, which are necessary 
for lymphocyte proliferation, are paradoxically known 
to cause lymphocyte apoptosis [2]. Thus, despite a severe 
infiltration, the liver graft escapes from rejection via a 
Thl -dependent mechanism referred to as "activation- 
induced cell death". Activation-induced cell death has 
also been shown to operate in a model where tolerance is 
induced by leukocyte infusion [19]. We are currently 
investigating whether activation-induced cell death in- 
tervenes in our model. 

An alternative possibility is that the infiltrating cells 
in tolerized grafts represent, at least in part, a population 
of regulatory cells. Regulatory cells have been shown to 
mediate tolerance in some models. Several studies have 
demonstrated the ability of T cells to transfer tolerance 
from tolerant to nai've animals, a phenomenon termed 
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0 WKAH stimulator ~. RA stimulator 1 

MLR in tolerant recipients 

Atthetimeof ~ 1 
Tx 

At postTxday i ~ 

30 

At postTxday , ~ *+ 1 1 
90 

Naive PVG 

0 5000 10000 15000 20000 25000cpm 

(mean 2 SE) 

Fig. 5 MLR in tolerant recipients at the time of Tx, on post-Tx 
days 30 and 90 

infectious tolerance [12, 211. In these studies, the source 
of transferred T cells was the spleen. More recently, 
however, in a model of regulatory T cell-mediated tol- 
erance, it was shown through techniques of T cell 
receptor gene polymorphism, that T cell clonal expan- 
sion preferentially took place within accepted grafts 
themselves rather than in the spleen or the draining 
lymph nodes [22]. These authors hypothesized that reg- 
ulatory T cells originate and expand at the graft site 
early on and migrate toward the peripheral lymphoid 
organs thereafter. If this hypothesis is true, it is not 
surprising to find an early transient intragraft Thl  
cytokine upregulation that may contribute to expansion 
of regulatory cells. In fact, an early Thl  cytokine upre- 
gulation was observed in a previous study showing the 
role of regulatory cells in DSBT-induced tolerance. One 
graph in that work clearly shows a very early Thl  
cytokine upregulation in the graft, although this fact was 
not discussed in that paper [6]. Further studies are in 
progress to determine the phenotype of both infiltrating 

cells and circulating cells, and particularly the role of 
CD4 + CD25 + cells in DSBT-induced tolerance. 

Finally, we found preserved MLR responses in vitro, 
against donor-matched antigen, until post-Tx day 30. 
Preserved peripheral proliferative responses contrast 
with the observed in vivo unresponsiveness, a phenom- 
enon previously referred to as split tolerance. This ob- 
servation indirectly supports the hypothesis that the 
induction phase of tolerance is probably taking place in 
the graft itself. However, by day 90, hypo-responsive- 
ness is also present peripherally. 

That an active Th 1 cytokine-dependent immune 
process may be necessary for the induction of tolerance 
has important implications for the judicious use of im- 
munosuppression. In fact, it has been shown that certain 
immunosuppressive agents - particularly steroid and 
calcineurin inhibitors ~ though effective at blocking re- 
jection, may equally block tolerance and trigger rejec- 
tion under certain circumstances [2, 9, 101. For example, 
we showed earlier in an analogous DSBT tolerance 
model that administration of steroids at the time of 
DSBT or at transplantation triggers rejection [9]. 

In conclusion, we report a paradoxical, early intra- 
graft Thl upregulation in a model of DSBT-induced 
tolerance. This state of tolerance was associated with the 
presence of a dense mononuclear infiltration within the 
graft and with a preserved peripheral proliferative re- 
sponse at early post-Tx. We hypothesize that an intra- 
graft early Thl  cytokine upregulation is a prerequisite 
for the development of tolerance. That the development 
of tolerance is preceded by a dynamic/active Thl 
response may have important clinical implications for 
the use of immunosuppressive drugs that influence Thl  
cytokine production. Further studies using IFN-y neu- 
tralizing antibodies will be needed to determine whether 
this early Thl  cytokine upregulation is a simple marker 
of tolerance or a prerequisite for the development of 
tolerance. 
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