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Abstract We applied a cDNA expression screening
procedure with cryopreserved non-clonal CD8+ T cell
populations (Lennerz et al., Proc. Natl. Acad. Sci. USA
102:16013-8, 2005) to the identiWcation of candidate anti-
gens for graft-versus-host disease (GvHD) and graft-ver-
sus-leukaemia (GvL) eVects in allogeneic haematopoietic
stem cell transplantation (allo-HSCT). In a patient–donor
model system with HLA class I disparities, we identiWed an
HLA-B*44 mismatch allele, HLA-B*4405, as the domi-
nant target of alloreactive T cells expanded in vitro from
donor peripheral blood mononuclear cells (PBMC). HLA-
B*4405-reactive T cells were detectable after multiple
in vitro stimulations in the patient’s post-HSCT PBMC. In
a patient–donor model with full HLA compatibility, the
major target antigen of donor lymphocytes stimulated in
vitro with the respective patient’s pre-HSCT PBMC was
restricted by HLA-A*0201 and was encoded by TRIM22-
442C, a newly detected polymorphic allele of the tripartite
motif family member TRIM22 (synonym: STAF50), prefer-
entially expressed in cells of the haematopoietic system. An
arginine(R)-to-cysteine(C) exchange at position 442 gener-
ated an immunogenic T cell epitope equivalent to a minor
histocompatibility antigen (mHag). TRIM22-442C-spe-
ciWc T cells persisted long-term in the patient’s post-HSCT
PBMC. Approximately, 1.3% of Caucasians carry
TRIM22.442C in association with HLA-A*0201. In particu-
lar, the knowledge of a large and diverse panel of such
mHags may be crucial for further improvement of donor
selection and adoptive T cell transfer strategies. The proce-

dure applied herein will help to accelerate and facilitate
their identiWcation.

Keywords Alloreactivity · HLA mismatch · Minor 
histocompatibility antigen · Expression cloning · TRIM22 · 
HLA-B*4405

Introduction

Allogeneic haematopoetic stem cell transplantation (allo-
HSCT) can cure patients of leukaemia. The presence of T
lymphocytes in the grafts proved to be essential for the ben-
eWcial eVects of allo-HSCT. They are relevant mediators of
graft-versus-host disease (GvHD) and graft-versus-leukae-
mia (GvL) eVects in allo-HSCT [1, 25]. T cell depletion
prevents GvHD, but increases the risk of graft rejection and
leukaemia relapse. As a proof of the principle of GvL
eVects, Kolb et al. [13] demonstrated that the adoptive
transfer of blood-derived donor lymphocytes induced com-
plete and durable remissions in patients with relapsing leu-
kaemia after allo-HSCT.

Although a series of relevant target antigens have been
identiWed [9], they are not suYcient in number to explain or
predict GvHD and GvL eVects in a substantial proportion
of patients. The knowledge of a representative spectrum of
minor histocompatibility (mHags) and leukaemia-associ-
ated antigens will be required to improve donor selection
and ex vivo manipulation of transplants and also open up
new ways for adoptive T cell transfer.

In analogy to our work on autologous tumor models [15],
we propose a cDNA expression screening procedure with
cryopreserved non-clonal T cell populations for the molecu-
lar dissection of alloreactive T cell responses. We applied
this procedure to the analysis of HLA class I-restricted
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T cell-mediated alloreactivity in two patient–donor model
systems. As targets, we identiWed HLA allele mismatches
and a new minor histocompatibility antigen encoded by a
polymorphic TRIM22 allele and restricted by HLA-A*0201.

Materials and methods

Patients and donors

Patient WD was diagnosed with acute myelogenic leukae-
mia (AML, FAB M4) at the age of 28 years. She underwent
allo-HSCT from an unrelated donor, referred to as WD
donor. After 1 month, she developed a mild transitory
GvHD. She is now in complete remission without GvHD
for more than 6 years. According to standard serotyping,
the patient and donor had identical HLA class I phenotypes
(HLA-A24; -B7,44; -Cw2,7). DNA sequencing revealed a
mismatch for HLA-A*24 and HLA-B*44. WD cells carried
HLA-A*2402, HLA-A*2403 and HLA-B*4405, whereas
WD donor cells were homozygous at the HLA-A locus for
HLA-A*2402 and carried HLA-B*4403. The HLA class II
phenotypes of patient WD and her donor were identical
according to genotyping (not shown).

An AML (FAB M4) was diagnosed in patient VX, when
he was 29 years old. Induction chemotherapy led to a par-
tial remission. After total body irradiation, he underwent
allo-HSCT from his fully HLA-matched brother (referred
to as VX donor). He developed limited chronic GvHD.
Cyclosporine A was given for 21 months. There was no
recurrence of GvHD and the patient is in ongoing complete
remission for more than 8 years.

This study was approved by the local ethics committee.
Blood donors gave their written informed consent to partic-
ipate.

Leukaemia cells, peripheral blood mononuclear cells 
and cell lines

WD leukaemia (WD-AML) cells were harvested from a
therapeutic leukapheresis at diagnosis and were cryopre-
served in aliquots. Peripheral blood mononuclear cells
(PBMC) were separated by density centrifugation from
patient WD at diVerent time points after allo-HSCT (day 42
until day 450). PBMC were also isolated from the WD
donor.

VX leukaemia cells were not available. PBMC were
obtained from patient VX at complete haematological
remission before he underwent allo-HSCT (VX pre-HSCT
PBMC) and 5 years after allo-HSCT. PBMC were also iso-
lated from his sibling donor (VX donor).

K562/HLA cells stably expressing HLA class I alleles
after transfection were generated and maintained as

described [3]. EBV-transformed B cells (EBV-B), COS-7
cells and 293T cells were cultured in RPMI 1640 supple-
mented with 10% FCS, 1% L-glutamine and 100 U/ml
penicillin-streptomycin (Invitrogen/Gibco BRL, Breda,
Netherlands).

Allogeneic mixed lymphocyte and mixed lymphocyte-
leukaemia cultures, T cell cloning and peptide stimulation

Allogeneic mixed lymphocyte cultures (allo-MLCs) and
lymphocyte-leukaemia cultures (allo-MLLCs) were performed
on 24-well plates (Greiner, Frickenhausen, Germany;
culture volume 2 ml/well). In the WD model system,
donor-derived PBMC (1 £ 106/well) were stimulated in
allo-MLLCs with irradiated (100 Gy) WD-AML cells
(1 £ 106/well). The medium was AIM-V (Invitrogen/Gibco
BRL) supplemented with human serum from healthy indi-
viduals (10%; referred to as AIM-V/HS). From day 3
onwards, rhIL-2 was added (250 U/ml; Proleukin; Chiron-
Behring, Marburg, Germany). Responder lymphocytes
were weekly restimulated. On day 28, CD8+ T cells were
isolated from MLLC responders using the CD8+ T cell iso-
lation kit (Miltenyi Biotec, Bergisch-Gladbach, Germany)
and stimulated as before. On day 39, the MLLC responder
population was cryopreserved in aliquots 4 days after the
last stimulation. Prior to their use in assays, the aliquots
were thawed and kept in AIM-V/HS with IL-2 for 2 days.
This lymphocyte population was referred to as WD/1. An
aliquot of WD/1 lymphocytes was cloned on day 35 by lim-
iting dilution on 96-well plates with irradiated (100 Gy)
WD-AML cells (2 £ 104/well) as well as allogeneic AK-
EBV-B cells and PBMC as feeders (each 2.5 £ 104/well,
irradiated with 100 Gy).

In the VX model system, allo-MLCs were generated by
co-culturing CD8+ T cells (1 £ 106/well), isolated from
donor PBMC, with irradiated (35 Gy) patient VX pre-
HSCT PBMC as stimulators (2 £ 106/well) and irradiated
(35 Gy) CD8¡ donor PBMC as feeders (5 £ 105/well).
MLC medium was AIM-V/HS supplemented with rhIL-2
(150 U/ml) and rhIL-7 (5 ng/ml; R&D, Wiesbaden-Nor-
denstadt, Germany) from day 3 onwards. MLC responders
were weekly restimulated under the same conditions. From
the second week onwards, stimulators (VX pre-HSCT
PBMC) were reduced to 1 £ 106/well. MLC responder
cells were cryopreserved in aliquots 4 days after the Wnal
restimulation. The aliquots were thawed, restimulated once
under identical conditions and applied 4–6 days later to all
further testing and screening procedures. The VX-MLC
population applied herein was referred to as VX/33 and was
cryopreserved on day 66. VX/33 responders were cloned
on round-bottom 96-well plates (Greiner; culture volume
200 �l/well) by limiting dilution on day 66, and T cell
clones were propagated by weekly restimulations with
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irradiated patient VX pre-HSCT PBMC (1 £ 104/well) and
irradiated donor EBV-B lymphocytes as feeders (100 Gy;
2.5 £ 104/well).

For peptide stimulation in the VX model system, sibling
donor VX PBMC were loaded for 2 h in AIM-V without
human serum with peptide MAVPPCCIGV (10 �g/ml).
Peptide-loaded cells were irradiated (35 Gy) and applied as
stimulators (2 £ 106/well) of CD8+ VX post-HSCT PBMC
(1 £ 106/well) on 24-well plates. Irradiated CD8¡ PBMC
(35 Gy) served as feeders (5 £ 105/well). We used the same
medium as for allo-MLC. Responder lymphocytes were
restimulated weekly.

Cloning of HLA class I-encoding cDNAs

HLA class I-encoding cDNAs were cloned by RT-PCR into
pcDNA3.1/Amp (Invitrogen/Gibco BRL) as described [6].
In particular, these were HLA-A*2402, -A*2403, -B*0702,
-B*4405 and –Cw*0202 from WD leukaemia cells, HLA-
B*4403 from WD donor cells, as well as HLA-A*0201,
HLA-A*2402, HLA-B*1501, HLA-B*3901 and HLA-
Cw*0303 from VX pre-HSCT PBMC.

Synthetic peptides

The peptides were predicted with the help of public databases
(http://www.uni-tuebingen.de/uni/kxi/; http://bimas.dcrt.nih.
gov/molbio/hla_bind/) and were synthesized by Dr.
J.W. Drijfhout (University of Leiden, The Netherlands).
The peptides were solubilized in PBS/5% DMSO and
stored at ¡20°C. They were loaded on target cells for T cell
recognition testing as described [3].

In vitro transcribed mRNA

In vitro transcription (IVT) was performed on linearized
plasmids with the Ribomax large-scale RNA production
system T7 (Promega, Mannheim, Germany) according to
the manufacturer’s instructions. In vitro transcribed RNA
was polyadenylated using the Poly (A) Polymerase (USB,
Cleveland, OH, USA) according to the manufacturer’s
instructions. IVT-mRNA was resuspended in water and
stored at ¡80°C. For T cell recognition testing, IVT-
mRNA was electroporated according to [28].

Construction of a cDNA library

A cDNA library was constructed from VX pre-HSCT
PBMC using the pCMV-Script XR Library Construction
Kit (Stratagene, Amsterdam, The Netherlands). BrieXy,
total RNA was isolated and poly(A+) mRNA was prepared
with the Oligotex mRNA Kit (Qiagen, Hilden, Germany).
mRNA was converted into cDNA using an oligo-dT primer

containing an XhoI site at its 5� end. The cDNA was ligated
to EcoRI adaptors. The ligation products were then digested
with XhoI and ligated into XhoI and EcoRI sites of expres-
sion vector pcDNA3.1/Amp (Invitrogen/Gibco BRL). The
recombinant plasmids were electroporated into E.coli
XL10-Gold Ultracompetent Cells (Stratagene, Amsterdam,
The Netherlands) and the resulting library was divided
into 1,920 pools of approximately 100 cDNA clones
(100 £ pools). Each pool was ampliWed and plasmid DNA
was extracted with the QIAprep 96 Turbo Miniprep Kit
(Qiagen).

IFN-� ELISPOT assays

T cell recognition of peptide-loaded or transfected targets
was veriWed with IFN-� ELISPOT assays performed as
described [3]. The assay medium was the same as that
applied to lymphocyte expansion. Spot numbers were semi-
automatically determined with the use of computer-assisted
video image analysis (KS ELISPOT Release 4.2.0; Zeiss,
Jena, Germany).

To demonstrate HLA class I-restricted T cell recogni-
tion, ELISPOT assays were performed in the presence of
the following murine monoclonal antibodies: W6/32 (anti-
HLA class I) [2], MA2.1 (anti–HLA-A2) [17] and B1.23.2
(anti–HLA-B/C) [14].

cDNA library screening

COS-7 cells (20,000/well) were co-transfected on Multi-
Screen HA plates (Millipore, Eschborn, Germany) with
HLA-A*0201 cDNA in pcDNA3.1/Amp (100 ng/well) and
pooled cDNA from the VX library (»300 ng/well) using the
PolyFect™ transfection reagent (0.5 �l/well; Qiagen) in
35 �l RPMI. After 20–24 h, allo-MLC responders were
added to COS-7 transfectants at 5,000–10,000/well in 50 �l
AIM-V/HS containing rhIL-2 (150 IU/ml) and rhIL-7 (5 ng/
ml). Four days earlier, cryo-preserved MLC responder cells
had been thawed and restimulated (at 1 £ 106/well) in 2 ml
AIM-V/HS containing irradiated VX pre-HSCT PBMC
(1 £ 106/well), rhIL-2 (150 IU/ml) and rhIL-7 (5 ng/ml).
These T cells were incubated with COS-7 transfectants for
16–20 h at 37°C in 5% CO2. T cell recognition was veriWed
with IFN-� ELISPOT assays (see above).

Peptide/HLA tetramer staining

The MAVPPCCIGV/A2 tetramer (peptide MAVPPCCIGV
complexed with HLA-A2.1; Proimmune Limited, Oxford,
UK) was applied according to the manufacturer’s recom-
mendations. PBMC (4 £ 106) were incubated with phyco-
erythin-labeled tetramers for 45 min on ice in 100 �l buVer
(PBS, 1% BSA, pH 7.4). Then anti-CD8 FITC (Caltag
123
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Laboratories, Burlingame, CA, USA) was added. After
15 min, the cells were washed three times and resuspended
in buVer with PI (2 �g/ml). PI-negative cells were gated
and 500,000 events were counted using a Coulter Epics XL
Xow cytometer (Beckman Coulter, Brea, CA, USA).

RT-PCR ampliWcation of the polymorphic TRIM22 region

Total RNA was isolated from VX pre-HSCT PBMC and
from donor PBMC. Reverse transcription was performed
on 3 �g of total RNA using the Superscript First Strand
cDNA synthesis kit (Invitrogen/Gibco BRL). A 690 bp
TRIM22-cDNA fragment was ampliWed by PCR using the
forward primer 5�-GCAGAGGCAGGATGCCAGCACG
C-3� (nucleotide positions 827–849) and the reverse primer
5�-GAGACAATGCCTGCCTCATAGTC-3� (nucleotide
positions 1494–1516) for 30 cycles (1 min at 95°C, 1 min
at 65°C, and 1 min at 68°C). PCR products were sequenced
to discriminate between the TRIM22-442C and -442R
alleles.

Allele frequency determination with LightCycler PCR

LightCycler PCR was applied to Wnd out, how frequently
TRIM22 alleles are polymorphic at nucleotide position
1476. The forward primer 5�- CAATATGGCTACTGGGT
TATAGGATT-3� (positions 1362-1387) and the reverse
primer 5�-CTGAGCGACATCCAGAGAACTTGTAGAT-3�

(positions 1548-1572) were used to amplify a 210 bp
fragment of the human TRIM22 gene harbouring the poly-
morphic site. These ampliWcation primers were synthesized
by standard phosphoramidite chemistry (TIB MOLBIOL,
Berlin, Germany). The 3�-Xuorescein-labelled detection
probe was a 21-mer oligonucleotide. Its sequence, 5�-CTG
TGCCTCCCTGTCGTATTG-X-3�, was complementary to
the antisense strand of TRIM22 with the polymorphic
nucleotide located seven bases from its 3� end. The anchor
probe labelled at its 5� end with LightCycler Red 640 and
modiWed at its 3� end by phosphorylation to block exten-
sion was a 31-mer binding at a distance of two bases
5� to the detection probe (5�-LC Red640-GTTTTCC
TAGACTATGAGGCAGGCATTGTCTp-3�). Both Xuoro-
phore-labelled probes were synthesized and puriWed by
reverse-phase HPLC (TIB MOLBIOL). PCR was per-
formed with genomic DNA isolated from PBMC of 184
individuals. PCR ampliWcation was performed using
10 pmol of forward and reverse primers and 3 pmol of
anchor and detection probe for 1 cycle as denaturation step
(10 min at 95°C), 39 cycles for ampliWcation (3� at 95°C,
12� at 58°C and 15� at 72°C), 1 cycle as melting step (30�

from 48°C to 85°C at 0.1°C/s), then for 30� at 40°C to cool
the reaction.

T Cell Receptor V beta chain analysis

The T cell receptor (TCR) V beta usage of T cell clones
was analysed by using the IOTest Beta Mark TCR V Rep-
ertoire kit (Beckman Coulter) or by RT-PCR with TCR V
chain-speciWc primers [21].

Results

Allo-MLLC and allo-MLC responder populations

We analysed the speciWcity of CD8+ allo-MLC and allo-
MLLC responder populations generated in allo-HSCT
model systems WD and VX. According to HLA class I
genotyping, patient WD and her donor diVered in an HLA-
B*44 and an HLA-A*24 allele mismatch, while patient VX
and his sibling donor were fully HLA class I-matched. The
generation of allo-MLLC WD/1 and allo-MLC VX/33 from
donor-derived peripheral blood lymphocytes is detailed in
Materials and methods. We regularly observed that total
lymphocyte counts increased only after 2 or 3 weeks
(Fig. 1). T cell expansion depended on the presence of
stimulator cells (data not shown), which strongly suggested
that it was antigen driven.

In both models, recognition of stimulator cells by allore-
active T cells was constantly detectable in IFN-� ELISPOT
assays and was almost completely blocked by an antibody
against a common HLA class I determinant. The WD/1
responders were completely blocked by an antibody against
a common HLA-B/C determinant, whereas VX/33 respond-
ers were blocked by an anti-HLA-A2 antibody. Patient-
derived EBV-B cells were only available in the WD model
and were recognized by WD/1 responders. Donor-derived
EBV-B cells were not recognized in any case (not shown).

Fig. 1 Expansion of allo-MLLC and allo-MLC responder popula-
tions. Allo-MLLC WD/1 and allo-MLC VX/33 were generated in
model systems WD and VX from blood lymphocytes of the respective
healthy donors as detailed in Materials and methods. On day 21, CD8+
responder lymphocytes were puriWed from allo-MLLC WD/1 respond-
ers and expanded further. * Cryopreservation
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Panel testing for recognition of known targets

In each model system, a panel of plasmids encoding
patient-derived HLA class I alleles was transiently transfec-
ted into COS-7 or 293T cells and transfectants were tested
for their ability to induce IFN-� spot formation by alloreac-
tive T cells (not shown). In model WD, only the mismatch
allele HLA-B*4405 conferred recognition by WD/1
responder lymphocytes. Figure 2 demonstrates their anti-
HLA-B*4405 reactivity on mRNA transfectants.

In model VX, VX/33 responder cells derived from the
fully HLA-matched sibling donor did not recognize any of
the respective HLA transfectants (not shown). This indi-
cated that the alloreactive T cells were peptide speciWc. We
excluded targeting of the mHag HA-1 [5] (not shown).
Considering the patient’s HLA class I phenotype, further
known candidate mHags would have been HA-2 and HA-8
[9]. Due to the low number of candidates, we refrained
from mHag typing and further antigen panel testing and
directly prepared for a cDNA library screening.

cDNA library screening and expression cloning 
(model VX)

A cDNA library was constructed from VX pre-HSCT
PBMC. We screened 1.920 100 £ pools of this library with
allo-MLC VX/33 (d66 + 4) responder T cells. Due to the
preferential restriction of VX/33 (see above), cDNA pools
were co-transfected with HLA-A*0201 into COS-7 cells.
The transfectants were tested for their ability to induce
IFN-� spot formation. Only 100 £ pool #609 was clearly
positive and was stepwise cloned. We identiWed the spot-
inducing cDNA clone #609.4.33. Its recognition depended
on the co-transfection of HLA-A*0201 (not shown).

The insert of #609.4.33 (sequence available under
EMBL/GenBank accession number AM040752) was
2,064 bp long and was found to contain a 5�-deleted frag-
ment (deletion size: 826 bp) of the “tripartite binding motif
22” or TRIM22 cDNA (synonym: STAF50) [27]. Align-
ment with the published TRIM22 cDNA sequence (acces-
sion numbers BC035582 and NM_006074) revealed, that

the #609.4.33 insert carried a cytidine-to-thymidine (C!T)
exchange at the complete ORF’s nucleotide position 1324
causing an arginine(R)-to-cysteine(C) exchange at amino
acid position 442. Considering that the cDNA library had
been constructed from normal VX pre-HSCT haemato-
poietic cells, we had found a natural polymorphism of
TRIM22. Indeed, pre-HSCT lymphocytes of patient VX
expressed both TRIM22.442R and TRIM22.442C, while the
donor’s lymphocytes expressed only the TRIM22.442R
allele (Fig. 3).

Only transfection of TRIM22.442C cDNA, but not of
TRIM22.442R cDNA induced T cell recognition (not
shown). This suggested that the polymorphic residue
442 generated an immunogenic epitope. HLA-A2.1-
binding nonamer peptides (FMAVPPCRI, FMAVPPCCI,
AVPPCRIGV, AVPPCCIGV) and decamer peptides
(MAVPPCRIGV, MAVPPCCIGV, TLFMAVPPCR,

Fig. 2 Allo-MLLC WD/1 lymphocytes recognize the mismatch allele
HLA-B*4405. The WD/1 responder population was generated from
donor lymphocytes by stimulation with WD-AML cells. Shown are Wl-
ters of an IFN-� ELISPOT assay. Targets were patient-derived EBV-B
cells (WD-EBV-B, 1 £ 105 cells/well), stimulator leukaemia cells

(WD-AML, 1 £ 105 cells/well) and 293T cells (1 £ 105 cells/well;
mock-transfected, electroporated with IVT-mRNA encoding patient-
derived HLA-B*4405, or electroporated with IVT-mRNA encoding
donor-derived HLA-B*4403). EVectors (allo-MLLC WD/1) were add-
ed at 10,000 cells/well. a denotes lymphocytes only

targets
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Fig. 3 Expression of TRIM22.442C and TRIM22.442R alleles in pa-
tient VX and his sibling donor’s PBMC. Total RNA was extracted
from VX pre-HSCT PBMC and from donor PBMC. RT-PCR ampliW-
cation of the polymorphic TRIM22 region was performed as detailed
in Materials and methods and PCR products were directly sequenced.
Sequences around codon 442 are shown

donor
PBMC

Arginine
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TLFMAVPPCC) around polymorphic residue 442 were pre-
dicted with the help of public algorithms, synthesized and
tested for recognition by MLC VX/33 (d66 + 4) responder
T cells. The decamer peptide 436-445 (MAVPPCCIGV)
and the nonamer peptide 437-445 (AVPPCCIGV) were
recognized, while the corresponding TRIM22.442R pep-
tides (MAVPPCRIGV and AVPPCRIGV) did not sensitize
targets. The decamer 442C peptide was recognized at the
lowest concentration. It induced half-maximal recognition
at 0.01 nM concentrations in lysis assays (Fig. 4).

A LightCycler PCR was developed that allowed to dis-
criminate between both TRIM22 alleles. With this test we
detected the TRIM22.442C allele in 5 out of 184 individual
blood samples (not shown).

Clonal analysis of allo-MLLC and allo-MLC responders

Clonal T cells were derived by limiting dilution from WD/1
and from VX/33 responders as detailed in Materials and
methods. We analysed 26 clones from WD/1 responders. A
total of 23 clones showed reactivity towards leukaemia and
patient-derived EBV-B cells as well as COS-7, 293T or
K562 cells transfected with HLA-B*4405. Two clones rec-
ognized leukaemia cells, but not the patient’s EBV-B cells
and not HLA-B*4405-transfected cells. One T cell clone
recognized targets transfected with HLA-A*2403. This indi-
cated that anti-HLA-B*4405 reactivity dominated among
WD/1 responders, whereas T cells against the other mis-
match were rare and therefore not detectable in the panel
test. TCR V� analysis revealed that the anti-HLA-B*4405
T cell response was oligoclonal and involved at least three
distinct receptors (not shown).

Eight clones were derived from VX/33 responders that
recognized the patient’s pre-HSCT PBMC. Seven of them
were speciWc for TRIM22.442C as demonstrated with
transfectants and peptide-loaded target cells (not shown).

This meant that TRIM22.442C-speciWc T cells predomi-
nated among the allo-MLC responder cells in the VX
model.

Frequency analyses in peripheral blood

In the WD model, blood samples were collected from the
patient at diVerent time points from day 42 to day 450 after
allo-HSCT. In ex vivo IFN-� ELISPOT analyses, reactivity
against HLA-B*4405 transfectants could not be detected in
any of these samples, whereas reactivity against WD-EBV-
B cells derived from the patient’s pre-HSCT PBMC was
continuously present from day 63 onwards. Also in the
peripheral blood of the donor, HLA-B*4405-reactive T
cells were not detectable ex vivo (not shown). This indi-
cated that the frequencies of anti-HLA-B*4405 T cells in
the patient’s post-day 42 blood and in the donor’s blood
were below 1 in 5,000 CD8+ T cells (<0.02%), which we
regard as the detection limit for IFN-� ELISPOT assays.
PBMC collected from the patient’s blood on day 83 after
allo-HSCT were then stimulated with EBV-B cells derived
from the patient’s blood before allo-HSCT. After 11 stimu-
lations, T cells against the HLA-B*4405 mismatch allele
were detectable among responder lymphocytes (not
shown).

In the VX model, PBMC were separated from the
peripheral blood of the patient 5 years after allo-HSCT (VX
post-HSCT PBMC). According to chimerism analysis,
these PBMC were of donor origin. They were directly
stained with MAVPPCCIGV/A2 tetramers. As shown in
Fig. 5, tetramer-positive T cells did not form a clearly dis-
tinct subpopulation and were detectable at a frequency level
of 0.1% within ex vivo CD8+ T cells. These PBMC were
then weekly stimulated with irradiated VX pre-HSCT
PBMC (MLC 42) or with donor PBMC loaded with peptide
MAVPPCCIGV (pIVS). As seen after double Xuorescence
staining of responders, TRIM22.442C-speciWc CD8+ T
cells forming distinct subpopulations were enriched in both
populations. Tetramer-positive T cells were isolated from
pIVS responders. They were found to recognize VX
pre-HSCT PBMC and target cells loaded with the
TRIM22.442C peptide both in a 51Cr release assay and in
an IFN-� ELISPOT assay (not shown). This indicated, that
TRIM22.442C-speciWc CD8+ T cells persisted in the
patient’s peripheral blood even years after allo-HSCT.

Discussion

We applied an expression screening procedure to the dis-
section and the molecular characterization of alloreactive T
cells. In two patient–donor model systems, with and with-
out HLA class I disparities, allo-MLLC or allo-MLC

Fig. 4 Recognition of TRIM22 peptides by VX/33 responder lympho-
cytes. Data of a 4 h 51Cr release assay are shown. Targets were 51Cr-
labeled K562/A*0201 cells (2 £ 103/well) pulsed with graded doses of
TRIM22 peptides (sequences and concentrations as indicated, poly-
morphic 442 residues are indicated in bold characters). EVectors were
VX/33 (d66 + 4) responder lymphocytes added at an eVector-to-target
cell ratio of 10:1
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responder populations were generated from PBMC of the
respective healthy donors. Stimulator cells were leukaemia
cells in allo-MLLC and patient-derived pre-HSCT PBMC
in allo-MLC. The usage of cryopreserved responder popu-
lations avoided permanent T cell propagation and the
a priori availability of T cell clones and thereby improved
the feasibility of T cell-based expression screening [15].
The procedure allowed us to verify HLA class I mismatch
responses and responses to HLA-presented peptides and let
us identify a new mHag recognized in association with
HLA-A*0201.

Mismatch HLA alleles can evoke GvHD and graft rejec-
tion, but may also induce GvL eVects. The prediction of
permissive and non-permissive HLA mismatches in unre-
lated allo-HSCT is still an unresolved issue [11, 22]. AML
patient WD and her unrelated donor were mismatched for
HLA-B*44 and HLA-A*24 alleles. These disparities were
serologically not detectable. HLA-B*4405-reactive T cells
were readily expandable in allo-MLLCs from the donor’s
PBMC and dominated in independently generated allo-
MLLCs, while T cells against HLA-A*2403 only consti-
tuted a minority of responder lymphocytes. At least
HLA-B*4405-reactive T cells were detectable in the patient’s
post-HSCT PBMC after multiple stimulations in vitro.
Clinically, the HLA-B*44 and HLA-A*24 mismatches
were obviously permissive in the patient’s case, because
she only experienced mild GvHD. However, mismatches of
HLA-B*4402 and HLA-B*4403, the two most frequent
HLA-B*44 alleles, are considered to represent a signiWcant

barrier to transplantation and have been associated with
transplant rejection and GvHD [7, 12]. HLA-B*4402 and
HLA-B*4403 diVer in a single amino acid at position 156
within the alpha 2 domain. HLA-B*4405 is closer related
to HLA-B*4402, both diVering only in the amino acid posi-
tion 116, located in the F pocket region of the peptide-bind-
ing groove. The impact of these HLA-B*44 polymorphisms
on peptide loading and binding has been extensively stud-
ied [16, 26].

Minor histocompatibility antigens described so far were
predominantly identiWed with T lymphocyte clones isolated
from patients’ peripheral blood during acute graft rejection
or GvHD following HLA-matched allo-HSCT [6]. In the
VX model, we sensitized PBMC derived from the patient’s
fully HLA-matched sibling donor against patient-derived
pre-HSCT PBMC in vitro to generate anti-mHag T cells.
We reasoned that mHag-reactive T cells might be more
diYcult to expand and maintain in vitro from patients’ post-
HSCT PBMC during the Wrst few months after allo-HSCT,
when they are heavily immunocompromised.

Expansion of MLC responders was delayed, probably
due to the low frequency of mHag-reactive T cells in the
donor’s blood lymphocytes (Fig. 1). The allo-response gen-
erated in the VX model system was mainly restricted by
HLA-A*0201 and found to predominantly target a peptide
encoded by a new polymorphic allele of the TRIM22 gene,
named TRIM22.442C. Nonamer and decamer peptides
containing the 442C residue on position six or seven,
respectively, sensitized targets. The T cells’ avidity for the

Fig. 5 Persistence of TRIM22.442C-speciWc CD8+ positive T cells in
the peripheral blood of patient VX after allo-HSCT. PBMC of patient
VX, isolated 5 years after allo-HSCT, were weekly stimulated with
irradiated patient VX-derived pre-HSCT PBMC (MLC 42) or with

irradiated donor-derived PBMC loaded with TRIM22.442C peptide
MAVPPCCIGV (pIVS). Results of double Xuorescence staining at
indicated time points with the MAVPPCCIGV/A2 tetramer and anti-
CD8 antibodies are shown
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decamer peptide (Fig. 4) was in the same range as seen for
anti-viral T cells [24]. Since homologous 442R peptides
carrying the same agretopes were not recognized (Fig. 4)
and TRIM22.442R cDNA did not induce T cell recognition
even in the high-eYciency COS expression system (not
shown), we assume that the polymorphic residue consti-
tuted a speciWc epitope.

The protein encoded by the TRIM22 gene, located on
chromosome 11p15, is a member of the tripartite motif
(TRIM) family and is also designated as stimulated trans-
acting factor of 50 kDa (StAF50). TRIM22 mRNA is pre-
dominantly expressed in peripheral blood leukocytes and in
lymphoid tissues. Its expression is upregulated by p53 and
can be induced by interferons. It is believed to mediate cell
proliferation arrest in p53 and interferon (IFN) signaling
pathways and to contribute to the interferons’ antiviral
eVects [18, 19, 27]. TRIM22 was also shown to be
expressed at high levels in human immature CD34+
progenitor cells and to decline during maturation in most
lineages [20]. Thus, it might be speculated that an
immunogenic TRIM22 mismatch can lead to preferential
killing of patient-derived haematopoiesis cells including
leukaemic cells and thereby prevent graft rejection and
accelerate the establishment of complete chimerism. This
process might be supported by proinXammatory cytokine
storms regularly occurring during the early phase after allo-
HSCT.

T cells against TRIM22.442C were still detectable in the
patient’s peripheral blood 5 years after allo-HSCT and
4 years after the immunosuppressive drugs were deWnitely
discontinued (Fig. 5). The patient is still free of detectable
disease and shows no sign of GvHD, although TRIM22 is
supposedly expressed at basal levels in non-lymphohaemat-
opoiesis tissues [23]. Animal experiments demonstrated
that T cells against such antigens could mediate anti-leu-
kaemic eVects in the absence of GvHD [8]. As an explana-
tion, it was argued that non-haematopoiesis tissues are less
sensitive to T cell recognition than haematopoiesis cells due
to lower levels of MHC or antigen expression on non-
haematopoiesis cells [4, 10].

TRIM22.442C is a rare allele. We estimate that approxi-
mately 1.3% of Caucasians carry it in association with
HLA-A*0201. But improvement of donor selection or adop-
tive T cell transfer might depend on the knowledge of a
large and diverse panel of such mHags. The procedure
introduced herein will help to accelerate and facilitate the
search for further GvHD and GvL candidate antigens.
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