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Summary

 

Alloreactive T cells may be activated via a direct or an indirect antigen pre-
sentation pathway. We questioned whether the frequency of interferon (IFN)-
gggg

 

 producing cells determined by enzyme-linked immunospot (ELISPOT)
assay is an effective tool to monitor the direct and/or indirect presentation
pathway. Secondly, we wondered whether early and late acute rejection (AR)
are associated with both pathways. Before (

 

n

 

 ====

 

 15), during (

 

n

 

 ====

 

 18) and after
(

 

n

 

 ====

 

 16) a period of AR, peripheral blood mononuclear cell (PBMC) samples
were tested from 13 heart transplant recipients. The direct presentation
pathway was always present. The number of IFN-gggg

 

 producing cells reactive to
this pathway increased significantly (

 

P ====

 

 0·04) during AR and the number
decreased (

 

P ====

 

 0·005) after AR therapy. In contrast, the indirect allogeneic
presentation pathway was present in only eight of 18 AR samples. When the
indirect presentation pathway was detectable, it increased significantly during
AR. Five of eight of these AR occurred more than 6 months after transplan-
tation. The ELISPOT assay, enumerating alloreactive IFN-gggg

 

 producing cells, is
a valuable tool to determine the reactivity via both the direct and the indirect
presentation pathway. The direct presentation pathway always plays a role in
AR, while the indirect pathway contributes especially to late AR.
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 heart transplantation, host-
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-graft disease, human studies, T
cells 

 

Introduction

 

The recognition of allo-major histocompatibility complex
(MHC) antigens by T cells is the central event that initiates
acute rejection (AR). This alloantigen recognition occurs via
two mechanisms: the direct and the indirect allorecognition
pathway [1]. Direct recognition refers to recognition by T
cells of determinant peptides on intact donor MHC mole-
cules displayed on the surface of transplanted cells. The T cell
precursor frequency involved in the direct recognition path-
way is extremely high [2], and can be driven by antigenic
mimicry [3]. Indirect recognition refers to the stimulation of
antigen-presenting cells (APCs) of the recipient by peptides
of donor proteins presented by self-MHC antigens.

On the basis of experimental models, it seems that the
direct presentation pathway is most active during the first
weeks after grafting, but becomes less potent when the
donor-derived APCs have left the graft [4,5]. Early clinical
AR may also be mediated predominantly via this pathway,

because at that time grafts contain many donor-derived pas-
senger APCs expressing a high density of allo-MHC mole-
cules. In renal transplant recipients with stable graft function
the direct pathway was not different from that of healthy vol-
unteers, whereas these patients showed no response to anti-
gens presented via the indirect pathway [6]. After heart and
renal transplantation, the direct donor-specific recognition
increased during AR [7], while more than 1 year after trans-
plantation donor-specific T cell hyporesponsiveness via the
direct pathway was observed [8,9].

In human studies, the indirect pathway of allorecognition
after organ transplantation has also been analysed. Several
groups have shown a relation with proliferative responses to
specific donor HLA peptides via this pathway and chronic
rejection in renal [9,10], heart [11] and lung [12–14] trans-
plant recipients. Some investigators also found this correla-
tion after stimulating peripheral blood mononuclear cells
(PBMC) from heart or kidney transplant recipients with
fragmented donor cells [15] or with allogeneic PBMC that



 

Direct and indirect allorecognition

 

© 2005 British Society for Immunology, 

 

Clinical and Experimental Immunology

 

, 

 

141:

 

 534–540

 

535

 

had been depleted of APCs [6,16]. The advantage of using
fragmented donor cells is that the T cells that react to donor
cells via the indirect pathway may respond to the full reper-
toire of donor HLA epitopes, in contrast to the limited num-
ber of synthetic peptides used by most groups.

In healthy volunteers, it has been demonstrated that the
frequency of T cells engaged in the indirect pathway of
allorecognition is about 100-fold lower than that of T cells
participating in the direct recognition of native HLA-DR
antigen [17].

The role of the indirect presentation pathway in AR is less
clear. The group of Suciu-Foca reported reactivity to syn-
thetic peptides corresponding to the hypervariable regions of
the mismatched HLA-DR antigens of the donor during AR
after heart and liver transplantation [18,19]. In a small pilot
study, it has been suggested that the presence of both the
direct and indirect pathway is predictive for AR after kidney
transplantation [6,16], but there is no consensus on the
reproducibility of the test used for measuring the indirect
allorecognition pathway [20] and more data are necessary to
support this hypothesis.

In the present study we questioned, first, whether the
enzyme-linked immunospot (ELISPOT) assay, enumerating
alloreactive interferon (IFN)-

 

g

 

 producing cells (pc) is an
adequate tool to determine the frequency of T cells respond-
ing via the direct and indirect allogeneic presentation path-
way. We used fragmented donor cells to test the indirect
presentation pathway. From literature [21] and from our
centre [22], it is known that most AR occur in the first
6 months after heart transplantation. Thereafter, fewer AR
episodes occur, but still exist. Therefore, we questioned
whether these late AR differ from early AR, and correlated
early (0–6 months after transplantation) AR and late

(

 

>

 

 6 months after transplantation) with the direct and the
indirect presentation pathway.

 

Materials and methods

 

Patients

 

We made a selection of PBMC available from patients who
experienced early and/or late AR episodes. Patient character-
istics are depicted in Table 1. Before (

 

n

 

 

 

=

 

 15), during (

 

n

 

 

 

=

 

 18)
and after (

 

n

 

 

 

=

 

 16) periods of AR, PBMC samples from 13
patients were tested in the first 15 months after heart trans-
plantation. Twenty-two of these 49 PBMC samples were
taken more than 6 months after transplantation (before AR,

 

n

 

 

 

=

 

 7; during AR, 

 

n

 

 

 

=

 

 8; after AR, 

 

n

 

 

 

=

 

 7). Blood sampling was
approved by the local medical ethical committee on human
research. All patients gave informed consent before blood
sampling.

Only patients with biopsy proven ISHLT grade 

 

≥

 

 3A
episodes [23] were considered to experience acute cellular
rejection.

 

Peripheral blood mononuclear cells (PBMC) and 
spleen cells

 

PBMC were isolated from heparinized blood by density gra-
dient centrifugation using Ficoll-Paque (Amersham Phar-
macia Biotech, Uppsala, Sweden) as described previously
[24] and stored at 

 

-

 

140

 

∞

 

C until use.
Spleen cells were obtained by mechanical dissociation of

small pieces of spleen derived from the organ donor [24].
Subsequently, the cell suspension was filtrated through a
40 

 

m

 

m cell strainer (Falcon, Franklin Lakes, NJ, USA) and

 

Table 1.

 

Patient characteristics of heart transplant recipients during the period of an acute rejection 

(AR) period.

Patient ID Time after transplantation of AR Immunosuppressive load* (dose per day)

Ka 1 week 650 mg CsA 

 

+

 

40 mg Pred

Po 6 months 200 mg CsA 

 

+

 

100 mg AZA 

 

+

 

10 mg Pred

Fl 7·4 months 300 mg CsA 

 

+

 

10 mg Pred

Ru 3·1 weeks 550 mg CsA 

 

+

 

20 mg Pred

3·7 months 500 mg CsA 

 

+

 

10 mg Pred

Ho 7·2 months 300 mg CsA 

 

+

 

150 mg AZA 

 

+

 

10 mg Pred

8·8 months 250 mg CsA 

 

+

 

100 mg AZA 

 

+

 

10 mg Pred

Cl 13·3 months 250 mg CsA 

 

+

 

150 mg AZA 

 

+

 

10 mg Pred

Th 12·8 months 350 mg CsA 

 

+

 

3000 mg MMF 

 

+

 

10 Pred

Ri 4 weeks 350 mg CsA 

 

+

 

2000 mg MMF 

 

+

 

15 Pred

6·6 weeks 400 mg CsA 

 

+

 

2000 mg MMF 

 

+

 

10 Pred

He 4·9 weeks 450 mg CsA 

 

+

 

3000 mg MMF 

 

+

 

17·5 mg Pred

12·9 weeks 350 mg CsA 

 

+

 

1000 mg MMF 

 

+

 

10 mg Pred

Jo 8·1 weeks 450 mg CsA 

 

+

 

3000 mg MMF 

 

+

 

10 mg Pred

Sc 9·8 months 350 mg CsA 

 

+

 

3000 mg MMF 

 

+

 

10 mg Pred

11·2 months 300 mg CsA 

 

+

 

10 mg Pred

Co 10·3 weeks 250 mg CsA 

 

+

 

1500 mg MMF 

 

+

 

10 mg Pred

Sh 3 weeks 350 mg CsA 

 

+

 

2000 mg MMF 

 

+

 

20 mg Pred

*CsA: cyclosporin A, MMF: mycophenolate mofetil, AZA: azathioprine, Pred: prednisone.
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washed. Thereafter, the cells were centrifuged over a Ficoll-
Paque (Amersham Pharmacia Biotech) density gradient, col-
lected, washed and stored at 

 

-

 

140

 

∞

 

C.
To test the direct presentation pathway, intact spleen cells

were used.
To test the indirect presentation pathway, cells were sub-

jected to three cycles of 5 min in liquid N

 

2

 

 and rapidly
thawed in a water bath of 37

 

∞

 

C.

 

Enzyme linked immunospot (ELISPOT) assay

 

To test the direct presentation pathway, 100 

 

m

 

l with 1 

 

¥

 

 10

 

5

 

patients’ PBMC in complete culture medium [RPMI-
1640 D

 

M

 

 (

 

Gibco

 

 BRL, Scotland, UK) supplemented with
2 m

 

m l

 

-glutamine (BioWhittaker, Verviers, Belgium),
100 IU/ml penicillin (BioWhittaker), 100 

 

m

 

g/ml streptomy-
cin (BioWhittaker) and 10% pooled heat-inactivated and fil-
tered (0·20 

 

m

 

m sterile syringe filter, Corning Incorporated,
Corning, NY, USA) human serum, that was tested for ade-
quate cell growth support in mixed lymphocyte cultures]
was added to (a) culture medium in round-bottomed wells
(sixfold) of a 96-well plate (Nunc, Roskilde, Denmark); (b)
100 

 

m

 

l 1 

 

¥

 

 10

 

5

 

 irradiated (40 Gy) spleen cells derived from
the donor; or (c) 100 

 

m

 

l 1 

 

¥

 

 10

 

5

 

 irradiated (40 Gy) spleen
cells derived from a third party, which did not share HLA
antigens with the donor and patient. For each patient the
same third-party cells were used in all experiments.

To test the indirect presentation pathway, 100 

 

m

 

l with
2 

 

¥

 

 10

 

5

 

 patients’ PBMC in complete culture medium was
added to (a) 100 

 

m

 

l 2 

 

¥

 

 10

 

5

 

 fragmented spleen cells derived
from the donor or (b) tetanus toxoid (TET: RIVM,
Bilthoven, the Netherlands) at 30 lf/ml final concentration as
a positive control of this presentation pathway.

After 40 h of incubation, the non-adherent cells were har-
vested and transferred in triplicate to a flat-bottomed 96-well
ELISPOT plate (U-CyTech biosciences, Utrecht, the Nether-
lands) precoated with a mouse antihuman IFN-

 

g

 

 mono-
clonal antibody (mAb) and postcoated with phosphate
buffered saline (PBS) containing 1% bovine serum albumin
(BSA). Cells were incubated in the ELISPOT plate for 5 h to
allow spot formation. Subsequently, the bulk of cells was
flicked off and 200 

 

m

 

l/well ice-cold milli-Q water was pipet-
ted, and the plate was placed for 10 min on melting ice.
Thereafter, the wells were washed 10 times with PBST (PBS
containing 0·05% Tween-20). Then, 100 

 

m

 

l/well of an appro-
priately diluted biotinylated anti-human IFN-

 

g

 

 detector
antibody preparation was added and incubated overnight at
4

 

∞

 

C. After six cycles of washing with PBST, the wells were
incubated with 50 ml 

 

F

 

-labelled goat-antibiotine antibody
for 1 h at 37

 

∞

 

C. After another washing step (sixfold) with
PBST, 30 

 

m

 

l/well of reagent (activator I 

 

+

 

II) was added that
activated 

 

F

 

. After 20–30 min incubation at room tempera-
ture in the dark spots became microscopically visible. The
reaction was then stopped by discarding the solution and
rinsing the plate with milli-Q water.

The spots were counted automatically using a Bioreader
3000 ELISPOT reader (BioSys GmbH, Karben, Germany).

 

Proliferation assay

 

At the same time that the ELISPOT assay was performed, the
phytohaemagglutinin (PHA) proliferation assay [25] was
performed to control viability of the PBMC. Only ELISPOT
data of viable cells, according to this stimulation assay (stim-
ulation index: ratio of the counts per minute obtained in the
presence of PHA to the counts per minute in the absence of
PHA 

 

≥

 

 50), were analysed in the described results.

 

Statistical analysis

 

The paired Wilcoxon signed-rank test was used to test the
difference between before, during and after AR. Two-sided

 

P

 

-values 

 

£

 

 0·05 were considered significant.

 

Results

 

We used the ELISPOT assay to evaluate the frequency of
IFN-

 

g

 

 alloreactive cells before, during and after a period of
AR. PBMC were activated via the direct or indirect allorec-
ognition pathway.

 

Direct allorecognition pathway

 

The T cell response directed against donor antigens mea-
sured via the direct presentation pathway was always
readily detectable (Fig. 1). This response increased during
an episode of AR from median 120 (range: 20–830) to 235
(50–1070) IFN-

 

g producing cells (pc)/106 PBMC (50–
1070) (P = 0·04). After successful treatment the response
decreased to 90 (10–610) IFN-g pc/106 PBMC (P = 0·005).

When we analysed the PBMC samples only around a
late period of AR (> 6 months after transplantation), the
response increased significantly from 90 IFN-g pc/106

PBMC (range: 40–660) to 340 IFN-g pc/106 PBMC (range:
50–1070) during AR (P = 0·02). The response decreased
again after successful AR therapy to 90 IFN-g pc/106 PBMC
(range: 10–610) (P = 0·02).

The third-party reactivity via the direct pathway was not
significantly different when we compared the AR episode
with the period before AR (Fig. 2). However, the response
decreased after AR treatment from 155 IFN-g pc/106 (range:
20–900) to 65 IFN-g pc/106 PBMC (range: 0–440) (P = 0·05).

Indirect allorecognition pathway

No intact cells were observed by microscopic examination of
the fragmented donor spleen cells, and no spots were gener-
ated in response to PHA. Also, no spots were generated when
fragmented spleen cells were stimulated with fragmented
spleen cells from another donor.
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Response via the indirect allogeneic pathway was present
in eight of 27 (29·6%) PBMC samples taken in the first
6 months after transplantation, and in 15 of 22 (68·2%)
samples taken more than 6 months after transplantation
(Fisher’s exact test: P = 0·01). The number of PBMC reactive
to donor antigens via the indirect pathway was significantly
lower than the reactivity via the direct pathway both in the
first 6 months (eight of 27 versus 27 of 27, P < 0·0001) and
more than 6 months (15 of 22 versus 22 of 22, P = 0·009)
after transplantation.

Reactivity via the indirect pathway was present in only
eight of 18 samples during AR, in only three of 10 samples
from early AR and in five of eight samples taken during late
AR (Fig. 3). When the reactivity was detectable during AR
(median: 35 IFN-g pc/106 PBMC, range 5–165), it was sig-
nificantly lower before AR (median: 3 IFN-g pc/106 PBMC,
range 0–15) (P = 0·008), but not after AR. In particular, we
found an increased response via the indirect presentation

pathway during late AR (median 65 IFN-g pc/106 PBMC,
range 15–165) compared to before AR (median: 10 IFN-g pc/
106 PBMC, range 0–15) (P = 0·06).

Tetanus toxoid (TET) reactivity was present in a compa-
rable number of patients in the early (12 of 27) and late
(14 of 22) period after transplantation.

The number of IFN-g pc reactive to TET increased during
AR (median: 5 IFN-g pc/106 PBMC, range 0–170) (P = 0·05)
compared to before AR (median: 5 IFN-g pc/106 PBMC,
range 0–125) and decreased again after AR therapy (median:
3 IFN-g pc/106 PBMC, range 0–135) (P = 0·05) (Fig. 4). The
number of IFN-g pc responsive to TET was comparable
before, during late AR and after therapy.

Discussion

T cells that recognize alloantigens are present in the circula-
tion of transplant recipients before and during the onset of

Fig. 1. Number of interferon (IFN)-g producing cells (pc) reactive to 

donor cells via the direct presentation pathway (a) determined from 

peripheral blood mononuclear cells (PBMC) of heart transplant patients 

before, during and after a period of acute rejection (AR). (b) PBMC 

samples taken more than 6 months after transplantation.
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Fig. 2. Number of interferon (IFN)-g producing cells (pc) reactive to 

third-party cells via the direct presentation pathway (a) determined 

from peripheral blood mononuclear cells (PBMC) of heart transplant 

patients before, during and after a period of acute rejection (AR). 

(b) PBMC samples taken more than 6 months after transplantation.
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AR. These cells migrate into the graft and play a key role in
initiating and sustaining AR by secreting cytokines and
growth factors required for the and maturation proliferation
of cytotoxic T cells. The ELISPOT technique represents a
sensitive method for the detection of individual cytokine
producing T cells allowing the quantification of antigen-
specific responses of in vivo activated peripheral blood cells
[26,27]. The ELISPOT assay determines the number of reac-
tive cells and not the overall amount of cytokines produced,
as in enzyme linked immunosorbent assay (ELISA). In the
present study, we investigated whether the frequency of IFN-
g pc determined by ELISPOT assay is an effective tool to
monitor contribution of the direct and indirect presentation
pathways in relation to AR.

We demonstrated that the donor-specific T cell response
via the direct presentation pathway is always detectable using
the IFN-g ELISPOT assay. During an AR episode this
response increases significantly. Lechler’s group also used the

ELISPOT assay to determine alloreactivity via the direct pre-
sentation pathway. Long after transplantation, they demon-
strated donor-specific hyporesponsiveness via the direct
presentation pathway in 50% of the patients after heart
transplantation [8] and in 77% of the patients after renal
transplantation [9]. Hyporesponsiveness was defined as an
anti-donor response lower than the third-party response. In
the present study, we found that the anti-donor response in
most patients via this pathway was higher than the third-
party response (before AR in 80% of the patients, during AR
in 72% and after AR in 69% of the patients); moreover, the
anti-donor response was always present. The difference may
be explained by the time after transplantation: we deter-
mined T cell reactivity in the first year after transplantation,
while the other group [8,9] performed their tests 1–7 years
after heart transplantation and 8–28 years after kidney trans-
plantation. Heeger’s group [28,29] also performed the IFN-
g ELISPOT assay to determine the reactivity to donor cells

Fig. 3. Number of interferon (IFN)-g producing cells (pc) reactive to 

fragmented donor cells via the indirect presentation pathway (a) deter-

mined from peripheral blood mononuclear cells (PBMC) of heart trans-

plant patients before, during and after a period of acute rejection (AR). 

(b) PBMC samples taken more than 6 months after transplantation.
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Fig. 4. Number of interferon (IFN)-g producing cells (pc) reactive to 

tetanus toxoid (TET) via the indirect presentation pathway (a) deter-

mined from peripheral blood mononuclear cells (PBMC) of heart trans-

plant patients before, during and after a period of acute rejection (AR). 

(b) PBMC samples taken more than 6 months after transplantation.
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via the direct presentation pathway. They showed that the
mean frequency of IFN-g pc measured during the first
6 months after kidney transplantation was higher in patients
with AR than in those without AR [29], but they did not dis-
tinguish early from late AR.

Donor APCs prime T cells through the direct pathway.
Direct T cell priming is time-limited, as the donor APCs are
destroyed. This may imply that the direct pathway might
only mediate rejection early post-transplantation. However,
initial high-frequency priming through the direct pathway
may result in a residual population of donor-reactive mem-
ory T cells [30]. These memory T cells can be reactive, even
in the absence of new direct priming, and may mediate late
AR detected via direct allorecognition. This phenomenon
could explain that we found a correlation with the direct
allorecognition pathway not only during early AR, but also
during late AR. It should be kept in mind that T cells in vivo
primed via indirect presented alloantigens can induce mem-
ory T cells that can be reactive via the direct pathway in vitro.

In the present study, we have demonstrated that the
ELISPOT assay is a useful tool to determine T cell alloreac-
tivity not only via the direct but also via the indirect presen-
tation pathway. We have shown that the number of PBMCs
responding to donor antigens via the indirect pathway is sig-
nificantly lower than the reactivity via the direct pathway. We
also demonstrated that when alloreactivity via the indirect
presentation pathway is present, this reactivity increases dur-
ing AR. Other studies have also used the ELISPOT assay to
determine the indirect pathway [31,32]. These groups used
synthetic HLA-DR peptides that were matched for donor
HLA-DR to monitor indirect alloreactivity among trans-
plant recipients. The advantage of the present study is the use
of whole splenocytes as a source of donor antigen; this results
in the full repertoire of donor HLA epitopes, in contrast to
the synthetic HLA-DR peptides used by most groups.

Some studies have demonstrated the presence of peptide
immunodominance [10,11,32], with a shift of T cell
responses toward different allopeptides with time. Our
results could not be influenced by this process, termed
‘epitope shifting’ or ‘spreading’, because all different allopep-
tides are present in the donor splenocytes used.

Studies about indirect allorecognition are published
mainly in relation to chronic rejection. The incidence of
chronic rejection after heart transplantation was signifi-
cantly higher in patients who continued to respond against
donor HLA-DR peptides late after transplantation [11].
Lechler’s group showed that donor reactivity, determined by
the helper T lymphocyte frequency, via the indirect presen-
tation pathway was low (< 12/106 IFN-g pc/106 PBMC) in
patients with chronic rejection after heart transplantation.
This reactivity against frozen/thawed donor cells was always
higher than that to third-party cells [15]. The same group
demonstrated that after renal transplantation higher donor
responses via the indirect pathway were found in patients
with chronic allograft nephropathy than those without

chronic allograft nephropathy [9]. Another group showed
that when the direct and indirect pathways after kidney
transplantation were detected, a correlation with AR and
chronic rejection was found [6,16]. These investigators
found a correlation with the presence of these pathways in
two patients who developed AR in the first 2 months after
transplantation and two patients who had late AR (20 and
36 months after transplantation). In the present study, a
cohort of 18 AR periods were investigated. In patients with
early AR only three of 10 (30%) PBMC samples showed a
donor response via both the direct and indirect presentation
pathway, while during late AR five of eight (62·5%) PBMC
samples were reactive via both pathways.

In future, we will use our assay to monitor both the direct
and indirect allogeneic presentation pathways in PBMC
from patients with and without signs of chronic rejection
after organ transplantation. T cells remaining in the circula-
tion after treatment for AR that are responsive to donor
antigens, presented via the indirect pathway, could be
responsible for the development of chronic rejection in
transplant recipients.

In conclusion, the ELISPOT assay is a valuable tool to
determine the reactivity via both the direct and the indirect
presentation pathways. The direct presentation pathway cor-
related with early and late AR, while the indirect pathway is
associated especially with late AR.
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