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Introduction
The curative effect of allogeneic stem cell transplantation (allo-
SCT) as a treatment modality for hematological malignancies 
is based on the capacity of donor T cells to effectively induce 
graft-versus-leukemia (GVL) reactivity against malignant hema-
topoietic cells from the patient (1–3). Alloreactive donor-derived 
T cells may, however, also target normal nonhematopoietic tissue 
cells, resulting in potentially life-threatening graft-versus-host dis-
ease (GVHD) (4). T cell depletion of the graft can prevent GVHD 
but also impairs development of the associated GVL effect (5, 6). 
Persistent or recurring malignant hematopoietic cells after allo-
SCT will then require elimination by subsequent donor lympho-
cyte infusion (DLI) (7–12). The observation that T cell depletion 
followed by postponed DLI reduces the development of GVHD 
after alloSCT can be explained by the timing of DLI, when pre- 
alloSCT chemotherapy–induced tissue damage and infections 
have largely been resolved, the “cytokine storm” has subsided, and 
patient-derived antigen-presenting cells (APC) that can induce an 
immune response are gradually being replaced by donor APCs 
(3, 12, 13). Although T cell depletion of the graft followed by DLI 
reduces the incidence and severity of GVHD, this complication 
remains a serious risk factor for morbidity and mortality (14, 15).

Alloreactive T cells recognize non-self antigens on patient 
cells encoded by patient-specific genomic polymorphisms. In fully 
HLA-matched alloSCT, target antigens are minor histocompatibil-
ity antigens (MiHAs), which are polymorphic peptides presented in 
self-HLA encoded by SNPs (16, 17). Genomic disparities between 

donor and patient therefore determine the potential antigen reper-
toire that can be targeted by donor T cells. The tissue distribution 
of HLA class I–restricted MiHAs is a relevant factor that determines 
the clinical effect of donor CD8 T cells after alloSCT. Donor T cells 
recognizing MiHAs with restricted expression on hematopoietic 
cells, including the malignant cells of the patient, are expected to 
induce selective GVL reactivity. Donor CD8 T cells recognizing 
MiHAs with ubiquitous expression on both hematopoietic and non-
hematopoietic tissues are more likely to mediate both GVL reactiv-
ity and GVHD (18). In the fully HLA-matched setting, CD4 T cells 
are less likely to contribute to GVHD due to restricted expression 
of HLA class II. Clinical studies of infusion of purified CD4 T cells 
indeed showed a reduced risk for GVHD (19–21).

In the past decade, increasing numbers of MiHAs have been 
characterized mainly due to the application of whole-genome 
association scanning (WGAs) (22). We identified multiple MiHAs 
by WGAs and demonstrated in several patients that at least 3 to 
8 different HLA class I–restricted MiHAs were targeted by donor 
CD8 T cells after HLA-matched alloSCT and DLI (23–25). While 
severe GVHD frequently coincides with the development of T 
cell responses against ubiquitously expressed MiHAs, relatively 
selective GVL reactivity was not always associated with T cell 
responses recognizing MiHAs selectively expressed by hemato-
poietic cells (23, 24, 26). Apparently, other factors also determine 
the balance between GVL reactivity and GVHD. We hypothe-
sized that, in addition to tissue specificity, the magnitude and 
diversity of the immune response will influence this balance. 
Moreover, the effects of immune responses are subject to envi-
ronmental factors, such as the presence of inflammatory cyto-
kines and chemokines, which are influenced by infections, tissue 
damage, and exogenous immune-regulatory drugs. Inflammato-
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of MiHA-encoding genes is not the main determinant that sepa-
rates GVL reactivity from GVHD, but that inflammatory environ-
mental circumstances also contribute to overcome the threshold 
for GVHD development.

Results
Patient selection. To compare CD8 T cell responses in GVL reactiv-
ity and GVHD after DLI, we selected 11 patients who were treated 
for chronic myeloid leukemia in the chronic phase (CML-CP), acute 
myeloid leukemia (AML), or high-risk myelodysplastic syndrome 
(MDS) between 2000 and 2010 with a T cell–depleted stem cell 
graft from a fully HLA-matched sibling or unrelated donor. Pretrans-
plant conditioning was either myeloablative (cyclophosphamide and 
total body irradiation) or nonmyeloablative (fludarabin, busulphan, 
and in vivo T cell depletion using alemtuzumab combined with horse 
antithymocyte globulin [ATG] if the donor was unrelated). Periph-
eral blood stem cells were the main stem cell source. After engraft-
ment and development of no or limited grade I GVHD, patients with 
mixed chimerism or residual or relapsed disease were treated with 
escalating doses of donor lymphocytes, starting at 6 months with 3 × 
106 CD3 T cells/kg until a response was observed. Patients with unre-

ry cytokines may upregulate the surface expression of HLA and 
costimulatory and adhesion molecules and modify antigen pro-
cessing and presentation, resulting in differential clinical effects 
of donor T cells capable of recognizing MiHAs on various tissues 
from the patient (27).

In this study, we characterized alloreactive CD8 T cell 
responses in 11 patients who entered complete remission and/or 
full donor chimerism after DLI. We investigated the magnitude 
of the response, defined as the abundance of alloreactive T cell 
clones within the activated CD8 T cell compartment; diversity, 
defined as the number of different MiHAs that were targeted and 
the number of MiHA-specific T cell clones with different TCR-β 
chains; and tissue specificity, defined as the capacity of alloreac-
tive T cell clones to recognize MiHAs on hematopoietic and non-
hematopoietic cells. Our data show that the frequency as well as 
diversity of MiHA-specific CD8 T cells were lower in patients with 
selective GVL reactivity as compared with patients with GVHD. 
In patients with selective GVL reactivity, immune responses were 
skewed toward T cells that failed to recognize patient nonhema-
topoietic fibroblasts (FBs). We identified 19 MiHAs, including 13 
novel and 6 known MiHAs, and illustrate that tissue distribution 

Figure 1. Clinical course of selected patients. Interventions and follow-up for each patient are depicted on the horizontal dotted lines. Regular monitor-
ing after alloSCT was conducted to detect donor chimerism (squares) or BCR-ABL (circles) by PCR and the presence of blasts in bone marrow aspirates as 
determined by morphology. White symbols indicate full donor chimerism or absence of disease. Disease recurrence was detected by the presence of blasts 
by bone marrow morphology (black squares), detectable BCR-ABL transcripts (black circles), or mixed chimerism (gray squares). DLI was administered 
(black triangles; doses were given in 106 CD3 T cells/kg), and patients experienced selective GVL reactivity (n = 6, A) or were diagnosed with GVHD (n = 5, 
white diamonds, B), requiring systemic immunosuppressive treatment (black diamonds). Arrows indicate collected samples. Vertical dotted line indicates 
1 year after DLI. Patient 4716 died 74 days after DLI. For detailed patient characteristics, see Supplemental Table 1.
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and considered “expanding” if their frequencies increased by 
at least 100-fold compared with pre-DLI frequencies. The data 
showed that the median number of expanding clonotypes was 
lower in patients without GVHD (24, range 9–87) than in those 
with GVHD (58, range 47–116), but this difference did not reach 
statistical significance (P = 0.095). Expanding TCR-β clonotypes 
may include alloreactive T cell responses but are likely to be dom-
inated by pathogen-specific T cell responses. Since we hypothe-
sized that recently activated CD8 T cells in post-DLI immune 
responses expressed HLA-DR, we analyzed the frequencies of 
circulating HLA-DR+ CD8 T cells in samples before and after DLI 
by flow cytometry (Figure 2). The percentage of HLA-DR+ CD8 T 
cells increased significantly from 10.3% ± 5.3 % (mean ± SD) in 
pre-DLI samples to 33.2% ± 19.1% in post-DLI samples, irrespec-
tive of GVHD status (P = 0.002). To identify the compartment in 
which the alloreactive T cells resided, HLA-DR+ and HLA-DR– T 
cells were separately isolated from post-DLI samples of patients 
4461, 5866, and 6181. T cell clones were generated from sorted 
single cells and tested for alloreactivity, as defined by recognition 
of the patient EBV-transformed B lymphoblastic cell line (EBV-
LCL) exceeding at least 5 times the background release of IFN-γ 
by the T cell clone and a complete absence of recognition of the 
donor EBV-LCL. Of 261 T cell clones obtained from sorted HLA-
DR+ CD8 T cells, 41 T cell clones were alloreactive, whereas only 
1 alloreactive T cell clone was identified in 268 T cell clones from 
HLA-DR– cells. In contrast, the numbers of EBV-LCL–reactive T 
cell clones, as defined by recognition of both patient and donor 
EBV-LCLs, were similar in HLA-DR+ and HLA-DR– compartments 
(data not shown). Tetramer staining of EBV-LCL–reactive T cell 
clones from patient 5866 revealed that 56% of the T cell clones 
recognized validated EBV epitopes derived from the viral proteins 
BRLF1, BMFL1, EBNA3B, or BZLF1 (data not shown). Whereas 
pathogen-specific T cells were present in both the HLA-DR+ and 
HLA-DR– compartments, our results confirmed that alloreactive 
T cells during clinical immune responses after DLI specifically 
reside in the HLA-DR+ CD8 T cell compartment.

Frequencies of alloreactive T cells. To compare the magnitude of 
alloreactive T cell responses in GVL and GVHD, we selected 20 sam-
ples from 6 patients who developed selective GVL reactivity without 
GVHD and 12 samples from 5 patients with GVHD. HLA-DR+ CD8 
T cells were single-cell sorted, and T cell clones were tested for reac-
tivity against patient and donor EBV-LCLs. In addition, if sufficient 
pre-alloSCT cells were available, we tested T cell reactivity against 
monocyte-derived DCs (monoDCs) and B cells that were expanded 
using CD40L-expressing mouse fibroblasts (CD40L B cells) (Sup-
plemental Table 3). Alloreactive T cell clones were defined by recog-
nition of the patient cells exceeding at least 5 times the background 
release of IFN-γ and a complete absence of recognition of the donor 
cells. For each sample, we determined the contribution of alloreac-
tive T cell clones (Figure 3A). The median percentage of alloreactive 
T cell clones in post-DLI samples was significantly lower in patients 
without GVHD (0.6%, range 0%–17.1%) than in those with GVHD 
(30%, range 0.5%–36.6%, P = 0.001). In addition to alloreactive 
T cells, we isolated T cell clones that recognized both patient and 
donor EBV-LCLs. These T cell clones did not react with monoDCs 
and CD40L-activated B cells, illustrating a recognition of antigens 
expressed by B cells after EBV transformation. In 4 of 6 patients 

lated donors received 1.5 × 106 CD3 T cells/kg as a starting dose. We 
selected 11 patients on the basis of well-documented GVL reactivi-
ty and an absence or presence of GVHD and availability of samples 
at relevant time points before and after DLI. With the exception of 
patient 7103, no cytoreductive treatment was administered prior to 
DLI (Supplemental Table 1; supplemental material available online 
with this article; doi:10.1172/JCI86175DS1). Post-DLI samples were 
taken at routine follow-up time points and upon development of 
GVHD. GVL reactivity was defined by a conversion to full donor chi-
merism or a disappearance of leukemic cells, indicating molecular 
remission. Of the 11 patients, 6 remained free of GVHD (Figure 1A), 
while 5 patients developed GVHD and received systemic immuno-
suppressive treatment (Figure 1B and Supplemental Table 1). Four of 
six patients without GVHD were treated with DLI in the second year 
after alloSCT, whereas all five patients with GVHD received DLI in 
the first year after alloSCT. Of the 11 patients, 1 died 74 days after DLI 
as a result of complications related to grade IV GVHD and therefore 
could not be evaluated for long-term GVL reactivity. In the other 10 
patients, curative GVL reactivity was established, and all patients 
were alive between 5 and 15 years after alloSCT.

Selection of alloreactive T cells. We first analyzed the overall 
immune response after DLI by deep sequencing of the TCR-β 
transcriptome of purified CD8 T cells. Within the repertoire of 
TCR-β sequences, a clonotype is defined as a unique T cell recep-
tor–β (TCR-β) sequence. The abundance of a clonotype within the 
total number of identified TCR-β transcripts was correlated with 
the frequency of T cells expressing that TCR-β (see also Supple-
mental Table 2:  T cell receptor-β sequencing analysis). Simpson’s 
diversity indices were comparable between pre- and post-DLI 
samples, except for patient 7995, for whom the pre-DLI sample 
was dominated (93%) by a single clone. After DLI, however, this 
clone decreased to 21%, resulting in an increased diversity index. 
We did not observe a unidirectional change of TCR-β diversity 
between pre- and post-DLI samples. Since diversity indices were 
similar between patients with GVHD and those without GVHD, 
we conclude that post-DLI T cell repertoires are not dominated 
by responding alloreactive T cells. All unique TCR-β clonotypes 
with frequencies of greater than 0.1% after DLI were selected 

Figure 2. HLA-DR expression on CD8 T cells. In samples taken before 
and after DLI, HLA-DR+ CD8 T cells were detected by flow cytometry. 
Percentages of CD8 T cells that expressed HLA-DR are depicted. Lines 
connect pre- and post-DLI samples for each patient (patient IDs are 
indicated in the graph).



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

4 jci.org

Figure 3. Frequencies of alloreactive T 
cells. HLA-DR+ CD8 T cells were single-cell 
sorted and expanded from samples taken 
before (day 0) and after DLI. Patients were 
stratified by development of GVHD, and 
time points of sample collection are indi-
cated for each patient on the x axis. The 
percentages of tested T cell clones that 
were alloreactive (A) or EBV-LCL reactive 
(B) are shown on the y axis. (A) Alloreactive 
T cell clones were defined by recognition 
of patient EBV-LCLs exceeding at least 
5 times the background release of IFN-γ 
by the T cell clone alone and a complete 
absence of recognition of donor EBV-LCLs. 
Absolute numbers of identified alloreac-
tive T cell clones are depicted on top of the 
bars. The percentages of alloreactive T cell 
clones in post-DLI samples were compared 
between patients with selective GVL 
reactivity and patients with GVHD using an 
unpaired Mann-Whitney U test (insert).  
(B) In the same samples, T cell clones rec-
ognizing EBV-LCLs from both the patient 
and donor were quantified and depicted 
as a percentage of the total number of 
isolated T cell clones. No differences in 
the percentages of EBV-LCL–reactive T cell 
clones were detected between patients 
with selective GVL reactivity and those 
with GVHD. See Supplemental Table 3 for 
sorting details and tested stimulator cells.

without GVHD and 3 of 5 patients with GVHD, more than 50% of 
the T cell clones were EBV-LCL reactive, illustrating that patients 
in both groups were equally capable of eliciting antiviral immune 
responses and that the low frequencies of alloreactive T cells in 
patients without GVHD cannot be explained by a general suppres-
sion of the immune system (Figure 3B). To exclude the possibility 
that alloreactive T cells that lack reactivity against hematopoietic 
cells were missed during screening, all growing T cell clones from 3 
patients with GVHD were tested against patient FBs (Supplemental 
Table 3). To obtain maximal sensitivity, FBs were preactivated for 4 
days with IFN-γ (200 IU/ml). No T cell clones that recognized FBs 
in the absence of recognition of EBV-LCL were identified (data not 
shown). In conclusion, our data show that patients with GVHD after 
DLI have higher frequencies of circulating alloreactive CD8 T cells 
than do patients without GVHD.

Diversity of alloreactive T cells. To investigate the functional 
diversity of the alloreactive T cell clones, we determined HLA 
restriction, MiHA frequencies, and TCR-β clonality for 31 clones 
from patients with selective GVL reactivity and 127 clones from 
patients with GVHD. HLA restriction was determined using broad 

and allele-specific HLA-blocking antibodies and by retroviral 
transduction of third-party EBV-LCLs with the relevant HLA class 
I restriction allele (Table 1 and Supplemental Table 4). To deter-
mine whether the T cell clones were specific for the same MiHA, 
we tested the recognition of 24 EBV-LCLs that endogenously 
expressed HLA-A*02 and B*07 (data not shown). This panel was 
retrovirally transduced with the relevant HLA class I restriction 
allele for T cell clones recognizing MiHAs restricted to other HLA 
molecules. The data showed recognition of 67 different MiHAs. 
Of these antigens, 19 MiHAs were targeted in patients without 
GVHD, and 48 MiHAs were targeted in patients with GVHD 
(Table 1). The median number of MiHAs recognized in patients 
with selective GVL reactivity was 3.0 (range 1–10) as compared 
with 11.0 (range 4–18, P = 0.056) in patients with GVHD. Since 
different T cells can target the same MiHA, we also investigated 
T cell diversity on the basis of the number of TCR-β transcripts 
and identified 79 unique TCR-β clonotypes. TCR-β diversity was 
again lower in patients with selective GVL reactivity (median 4.0, 
range 1–10) than in patients with GVHD (median 13, range 5–22,  
P = 0.040). In addition, for each patient, we estimated the pro-
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by steady-state FB revealed a trend toward higher IFN-γ production 
by T cell clones from patients with GVHD (1.9 fg IFN-γ/T cell/20 h) 
as compared with patients with selective GVL reactivity (0.7 fg IFN-
γ/T cell/20 h, P = 0.10 at a ratio of 1:1) (Figure 4E). This difference 
reached statistical significance when T cell clones were stimulated 
with IFN-γ–treated FBs (GVHD: 4.4 fg IFN-γ/T cell/20 h; selective 
GVL reactivity: 1.3 fg IFN-γ/T cell/20 h, P = 0.03) (Figure 4F). We 
observed similar results when FBs were incubated with IFN-γ in 
combination with TNF-α (10 ng/ml) and IL-4 (500 IU/ml) (see also 
“Mixed models statistical analysis” in the Supplemental Experi-
mental Procedures). In conclusion, T cell clones recognizing MiHAs 
that are presented on both hematopoietic EBV-LCLs and nonhema-
topoietic FBs were more frequently found in patients with GVHD.

Antigen specificity. To molecularly characterize the MiHAs that 
were targeted by the isolated T cell clones, we applied WGAs to 
detect MiHA-encoding SNPs. T cell clones restricted to HLA-A*02 
or B*07 were tested on an extensive panel of SNP-genotyped 
EBV-LCLs that endogenously expressed these HLA molecules 
(24). T cell clones restricted to other HLA class I molecules were 
tested against the same EBV-LCL panel after retroviral transduc-
tion of the relevant HLA molecule. We analyzed T cell clones for 
19 MiHAs targeted in patients with selective GVL reactivity and 
48 MiHAs targeted in patients with GVHD. Three T cell clones 
selectively recognized male EBV-LCLs, indicating recognition 
of Y chromosome–encoded antigens, which was confirmed in 
one case by staining with KDM5D-A*02 tetramers (Table 2). For 
the remaining specificities, we identified 23 associating SNPs. T 
cell clones from patients 5569 and 4716 were associated with an 
identical SNP in the NDC80 gene. For the 22 unique associations, 
13 SNPs were located in coding sequences of known genes, and 
9 SNPs were located in noncoding regions. For the latter 9 SNPs, 
sequencing revealed additional donor-to-patient SNP dispari-
ties in 6 cases, 5 of which were located in coding exons and 1 in a 
genomic region that was not known to contain a functional gene 
but encoded an amino acid polymorphism in a 255-bp ORF. For 

portion of the identified TCR-β clonotypes within the entire 
TCR-β repertoire of purified CD8 T cells from samples before 
and after DLI. The median contribution of alloreactive CD8 T 
cells in post-DLI samples from patients with selective GVL reac-
tivity was 0.76% (range 0.09%–9.27%) as compared with 7.91% 
(range 3.01%–57.62%) in patients with GVHD (P = 0.095, Table 1 
and Supplemental Table 4). In conclusion, our data show that the 
repertoire of targeted MiHAs and the diversity of responding allo-
reactive T cells are more restricted in patients with selective GVL 
reactivity than in those with GVHD.

Tissue specificity of alloreactive T cells. We next investigated 
whether MiHAs targeted in patients with selective GVL reactivi-
ty were expressed on different cell types compared with MiHAs 
targeted in patients with GVHD. T cell clones were tested against 
titrated numbers of hematopoietic cells (EBV-LCLs, Figure 4A) 
and compared between patients with GVHD and those with selec-
tive GVL reactivity. As nonhematopoietic cells, FBs obtained from 
skin biopsies were tested. FBs were cultured in the absence of cyto-
kines (steady-state FBs, Figure 4B) or in the presence of IFN-γ (200  
IU/ml) for 4 days to mimic inflammatory conditions (IFN-γ–treated  
FBs, Figure 4C). Under inflammatory conditions sensitivity for 
T cell recognition can increase as a result of higher expression of 
HLA and proteins involved in antigen processing, costimulation, 
and adhesion (4, 13). We quantified T cell recognition by calculat-
ing the absolute amount of IFN-γ produced per single T cell during 
overnight stimulation. Recognition of FBs was absent or low as 
compared with recognition of EBV-LCLs by most T cell clones. 
Comparison of stimulation including the entire range of stimula-
tor/T cell ratios was performed by mixed-models statistical analysis 
(see also “Mixed models statistical analysis” in the Supplemental 
Experimental Procedures). The data showed that, upon stimula-
tion with patient EBV-LCLs, IFN-γ production by alloreactive T cell 
clones was comparable between patients with GVHD (137.0 fg IFN-
γ/T cell/20 h) and patients with selective GVL reactivity (87.8 fg  
IFN-γ/T cell/20 h, P = 0.26 at a ratio of 9:1) (Figure 4D). Stimulation 

Table 1. Response diversity

Patient ID
MiHA diversityA CDR3 diversity of 

alloreactive TCR-βB
Simpson’s diversity index Contribution of alloreactive TCR-β 

within total CD8 TCR-β repertoire (%)C

HLA-A HLA-B HLA-C Unknown Total Before DLI After DLI before DLI after DLI
7103 1       1 2 0.85 0.75 0.00 4.14
3356 3 7 10 10 0.92 0.93 0.00 0.76
4461 2 2     4 4 0.82 0.89 0.00 0.66
5835 1 2 3 5 0.94 0.96 0.00 0.09
5866   1     1 1 0.84 0.94 0.00 9.27
5596 7 4 11 13 0.79 0.98 0.02 7.91
7995 1 2 1   4 6 0.14 0.89 0.00 6.95
5852 6 8 3 1 18 22 0.88 0.95 0.71 10.38
6181 1 3     4 5 0.78 0.72 0.17 57.62
4716 4 6   1 11 16 0.92 0.98 1.10 3.01

ANumbers represent the number of different MiHAs recognized by isolated T cell clones as determined by antibody blocking and panel studies. BCDR3 
diversity of TCR-β was determined by ARTISAN PCR and PacBio full-length sequencing of TCRB transcripts. CTCRB transcripts of purified CD8 T cells 
were amplified by ARTISAN PCR and sequenced using an Illumina HiSeq 2500 system. CDR3 nucleotide sequences of MiHA-specific T cell clones were 
quantified within the repertoire of TCR-β. For detailed data on the T cell clones, see Supplemental Table 4. For detailed data on TCR-β deep sequencing, 
see Supplemental Table 2: T cell receptor-β sequencing analysis.
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the 3 remaining SNPs in noncoding gene regions of POLE, RWD-
D4A, and TTK, we found no disparities between patient and donor 
transcripts, hampering further characterization of the antigenic 
peptide. Peptide sequences spanning the 19 identified amino acid 
polymorphisms were searched for T cell epitopes by the prediction 
algorithm NetCTLpan (28). We tested T cell specificity for predict-
ed patient-type epitopes but not donor-type controls after loading 
titrated synthetic peptides onto donor EBV-LCLs. The predict-
ed epitopes were recognized at IC50 levels ranging from 5 × 10–6  
M to 1 × 10–10 M, whereas donor variants were not recognized or at 
much lower peptide concentrations, which validated the identifi-
cation of 19 MiHAs (Table 2). In conclusion, our strategy identified 
19 MiHAs targeted by alloreactive CD8 T cell clones isolated from 
9 different patients. Of these 19 MiHAs, 6 MiHAs have previously 
been reported (24, 29), and 13 MiHAs are novel T cell epitopes.

Expression of MiHA-encoding genes. To determine the potential 
role of alloreactive T cells in GVL reactivity and GVHD, we first 
interrogated the European Molecular Biology Laboratory – Europe-
an Bioinformatics Institute (EMBL-EBI) Expression Atlas for glob-
al expression levels of MiHA-encoding genes (www.ebi.ac.uk/gxa). 
We classified genes on the basis of selective expression in hema-
topoietic tissues (bone marrow, lymph node, and spleen) as com-
pared with tissue-independent expression (Supplemental Table 
5). Expression was restricted to hematopoietic tissues for HMHA1 
and ARHGDIB and was more frequent in hematopoietic tissues 
for CCL4, NDC80, and APOBEC3B. All other genes were similar-
ly expressed in hematopoietic and nonhematopoietic tissues and 
thus classified as broadly expressed genes. Next, to investigate 
whether the mRNA expression profiles of the identified MiHA- 
encoding genes could explain the FB recognition patterns shown in 

Figure 4. Tissue specificity of allore-
active T cell clones. (A–C) T cell clones 
representing the specificities targeted 
in patients with selective GVL reactiv-
ity (18 T cell clones, left) and patients 
with GVHD (46 T cell clones, right) were 
incubated at 833 and 2,500 T cells per 
well with 0.1-, 0.3-, 1-, 3-, and 9-fold 
excess of stimulator cells. On the x axis, 
T cell specificities are plotted for each 
patient, including the number of isolated 
T cell clones with identical specificity (see 
also “Response diversity “ in Supple-
mental Table 4). The following cells were 
used for stimulation: EBV-LCLs (A), FBs 
cultured under steady-state conditions 
(B), and FBs cultured for 4 days with 
200 IU/ml IFN-γ (C). Bars represent the 
dose-response range between the lowest 
and highest ratio of stimulator cells as 
measured by the production of IFN-γ 
in femtograms per single T cell per 20 
hours. (D–F) Mixed-models statistical 
analysis was applied to compare dose- 
response ranges between T cell clones 
from patients with selective GVL 
reactivity (dashed line) and those with 
GVHD (solid line) after stimulation with 
EBV-LCLs (D), steady-state FBs (E), and 
IFN-γ–treated FBs (F). The x axes of E 
and F are in log scale, since inclusion of 
the log(ratio) instead of the ratio led to 
a better model fit for FB outcomes. P 
values refer to differences in outcome 
between both patient groups at stimu-
lator/T cell ratios of 9:1 for EBV-LCLs (D) 
and 1:1 for FBs (E and F).
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diverse. Furthermore, MiHA-specific T cell clones from patients 
with selective GVL reactivity showed lower reactivity against FBs 
than did T cell clones from patients with GVHD, whereas all T cell 
clones responded equally strongly to EBV-LCLs. We identified 22 
autosomal SNPs that were associated with T cell recognition of 
MiHAs and validated 19 MiHAs, including 6 known and 13 novel 
MiHAs. For individual MiHAs, we analyzed gene expression and 
T cell recognition using EBV-LCLs and FBs as target cells and 
demonstrated that MiHAs encoded by broadly expressed genes 
are relatively frequently targeted in patients with GVHD. Howev-
er, differences in expression of the type of MiHA-encoding genes 
do not discriminate between patients showing GVL reactivity with 
or without GVHD. Our data demonstrate that both the magnitude 
and diversity of the alloreactive T cell response in patients with 
GVHD are higher than in those without GVHD. In patients with-
out GVHD, the alloreactive T cell response was sufficiently strong 
to mediate GVL reactivity, but apparently below the threshold for 
GVHD due to skewing toward T cells that efficiently target hema-
topoietic cells but not nonhematopoietic cells.

Following DLI, the occurrence of clinical acute GVHD is a 
sign of the development of an alloimmune response that enables 
accurate sampling. In patients with selective GVL reactivity with-
out GVHD, timing of the alloreactive immune response is more 
difficult. However, testing of multiple post-DLI samples identi-
fied alloreactive T cell clones in 5 of 6 patients without GVHD. It 
is conceivable that in 1 patient, the immune response was missed 
because of a lack of sample(s) at relevant time points or the occur-
rence of a low response magnitude. We show that the alloreactive 
CD8 T cell repertoire resides in the HLA-DR+ T cell population, 
indicating that an active immune response is induced after DLI. 
Detection of alloreactive T cell clones was based on selective 
recognition of patient- but not donor-derived hematopoietic 
test cells. During GVHD, responding T cells may, however, also 
target nonhematopoietic MiHAs. Testing FB recognition by all 
growing T cell clones from 3 patients with GVHD did not identify 
alloreactive T cell clones that failed to recognize hematopoietic 
cells. These results indicate that EBV-LCLs present a repertoire 
of MiHAs targeted in GVL and GVHD that are either specific for 
hematopoietic cells or more broadly expressed on hematopoietic 
as well as nonhematopoietic cells.

Our analyses showed a higher magnitude and diversity of CD8 
alloreactivity in patients with GVHD. This could not be explained 
by a difference in capacity to elicit immune responses after allo-
SCT, since patients with selective GVL reactivity and patients with 
GVHD were equally able to elicit T cell responses against EBV. 
High frequencies of EBV-LCL–reactive T cells are concordant with 
the observation that viral reactivation is frequent, especially in 
patients receiving allografts under T cell–depleting conditions (31). 
Although the small sample size of our cohorts limited a reliable 
comparison, it is noteworthy that all patients with GVHD received 
DLI within the first year after alloSCT as compared with only 2 of 
6 patients without GVHD. It was shown that the probability to sur-
vive without GVHD was highest if DLI was given 1 year or more 
after alloSCT (32, 33). Early after alloSCT, higher levels of residual 
patient APCs may elicit higher response magnitudes. APCs may 
also persist longer as a result of the nonmyeloablative pretrans-
plant conditioning that was given to 3 of 5 patients with GVHD 

Figure 4, we quantified MiHA gene expression in third-party EBV-
LCLs and FBs by microarray techniques using Illumina Human-
HT-12 v3 Expression BeadChips (30). Probe fluorescences of 2 
of the 22 autosomal MiHA–encoding genes (CCL4 and PDCD11) 
and the male-specific gene (KDM5D) did not exceed background 
levels. Moreover, no probe was included for the LB-C16ORF-1R–
encoding transcript. For 19 MiHAs, we investigated and compared 
gene expression (Figure 5A, left panel) with T cell recognition 
(Figure 5A, right panel) in steady-state FBs, IFN-γ–treated FBs, 
and EBV-LCLs. According to T cell recognition patterns of FBs, 3 
different types of MiHAs could be distinguished. Type 1 MiHAs 
were not recognized on FBs. Type 2 MiHAs were recognized on 
FBs, but only after pretreatment with IFN-γ. Type 3 MiHAs were 
recognized on both steady-state and IFN-γ–treated FBs. Of the 19 
MiHAs, 6 antigens were classified as type 1. These antigens includ-
ed 3 MiHAs targeted in patients with GVHD and 3 MiHAs targeted 
in patients without GVHD. For 5 of these antigens, gene expression 
in both steady-state and IFN-γ–treated FBs was lower than in EBV-
LCLs. In addition to type 1 antigens, 8 MiHAs were identified as 
type 2, including 4 MiHAs targeted in patients with GVHD and 4 
MiHAs targeted in patients without GVHD. For all type 2 antigens, 
we observed no difference in gene expression between steady-
state and IFN-γ–treated FBs. Furthermore, the majority of type 2 
antigens did not differ in gene expression between FBs and EBV-
LCLs. Finally, 5 MiHAs were classified as type 3 antigens. Four of 
these MiHAs were targeted in patients with GVHD, and only one 
MiHA was targeted in a patient without GVHD. As with type 2 anti-
gens, the majority of type 3 MiHAs did not differ in gene expres-
sion between FBs and EBV-LCLs. Since gene expression for type 2 
MiHAs was comparable in steady-state and IFN-γ–treated FBs and 
can therefore not explain enhanced T cell recognition upon pre-
treatment with IFN-γ, we postulated that accessory molecules may 
be relevant and contribute to T cell recognition of FBs. We ana-
lyzed the expression levels of genes involved in peptide generation 
(PSMB8 and PSMB9), intracellular translocation (TAP1 and TAP2), 
and presentation (HLA-A, HLA-B, and HLA-C) and observed strong 
upregulation of gene expression levels in IFN-γ–treated versus 
steady-state FBs (Figure 5B). In conclusion, our data indicate that 
expression of the MiHA-encoding gene is required, but not always 
sufficient, for T cell recognition of FBs and that accessory mole-
cules may also be relevant. Furthermore, we found that there was 
no strict distinction in the type of MiHAs that are targeted in GVL 
and GVHD, but that T cell reactivity was skewed toward broadly 
expressed MiHAs in patients with GVHD.

Discussion
In this study, we analyzed alloreactive T cell responses in 11 
patients who responded to DLI after T cell–depleted alloSCT and 
compared CD8 T cell response characteristics between patients 
with selective GVL reactivity and those who developed GVL reac-
tivity in the presence of GVHD. In vivo–activated CD8 T cells were 
isolated, clonally expanded, and analyzed for reactivity against 
hematopoietic and nonhematopoietic cells representing targets 
for GVL and GVHD, respectively. We measured lower frequencies 
of MiHA-specific T cells in patients with selective GVL reactivi-
ty. Moreover, we found that TCR-β repertoires of identified allo-
reactive T cells in patients with selective GVL reactivity were less 
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by a direct increase of MiHA gene expression. It may, however, 
also be the indirect result of more efficient processing of the anti-
genic peptide, stronger adhesion and costimulation, and higher 
HLA expression levels. Following the initiation of hematopoiesis- 
directed alloreactivity, the chance that T cells target nonhemato-
poietic tissues may depend on the response magnitude, since high 
numbers of alloreactive T cells may contribute to the inflammato-
ry environment that increases antigen presentation on nonhema-
topoietic tissues, resulting in GVHD.

For one-third of the different MiHA specificities, we could 
identify associating SNPs and genes. Failure to characterize 
remaining MiHAs can be explained by high or low MiHA popula-
tion frequencies, or by an absence of the MiHA-encoding SNP in 
the data set we used. Our WGAs panel of 80 EBV-LCLs allowed 
the identification of MiHA-encoding SNPs with a frequency rang-
ing from 0.13 to 0.88. The lack of association for 24 MiHAs can 
be explained by frequencies outside this range. Furthermore, our 
panel was genotyped for 1.1 million SNPs, which may not represent 

as compared with 1 of 6 patients without GVHD. During immune 
recovery, patients are susceptible to viral infections leading to 
the release of inflammatory cytokines, thereby amplifying allore-
sponses after DLI. In addition to inflammation, disturbance of the 
composition of intestinal microbiota caused by pretransplant con-
ditioning is associated with GVHD (34). Whereas genetic donor-
to-patient disparities determine the maximal repertoire of MiHAs 
that can be targeted, the presence of residual patient APCs and/or 
inflammatory conditions is likely to contribute to the magnitude of 
the alloreactive response.

In addition to higher response magnitudes, we observed 
stronger FB recognition by T cell clones from patients with 
GVHD. This was not caused by different response capacities of 
the T cells, since the strength of EBV-LCL recognition was com-
parable. MiHA recognition of EBV-LCLs and FBs indicates broad 
MiHA expression, whereas MiHAs that are selectively recognized 
on EBV-LCLs but not on FBs are more likely to be hematopoiesis 
specific. FB recognition after activation with IFN-γ may be caused 

Figure 5. Gene expression for MiHA and accessory molecules. Gene expression for MiHA (A) and accessory molecules (B) were determined in 6 different 
third-party EBV-LCLs (white bars) and 4 different FBs (gray and black bars) using Illumina Human HT-12 v3 BeadChips. FBs were analyzed in steady state 
(gray bars) and after treatment with 200 IU/ml IFN-γ for 4 days (black bars). (A) Gene expression is depicted for each gene as the MFI ± SD (left panel). T 
cell recognition of patient EBV-LCLs and FBs (steady-state and IFN-γ–treated) was measured by IFN-γ ELISA after incubation at stimulator/T cell ratios of 
9:1 (right panel). Specificities were stratified by the GVHD status of the patient from whom the T cell clones were isolated (top panel shows patients with 
selective GVL reactivity; bottom panel shows patients with GVHD). MiHA specificities with comparable recognition patterns were grouped as follows: type 
1, no FB recognition; type 2, recognition of IFN-γ–treated FBs only; type 3, recognition of both steady-state and IFN-γ–treated FBs. (B) Expression of genes 
involved in antigen processing and presentation was analyzed, and MFI values ± SD are depicted for the immunoproteasome subunits PSMB8 and PSMB9, 
the peptide transporters TAP1 and TAP2, and the peptide-presenting HLA-A, HLA-B, and HLA-C molecules.
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Methods
Isolation and expansion of CD8 T cell clones. Peripheral blood mononu-
clear cell (PBMC) samples were thawed and washed, and CD4 T cells 
and monocytes were depleted using magnetic CD4 and CD14 microbe-
ads, respectively (Miltenyi Biotec). CD8 T cell–enriched samples were 
stained using FITC-conjugated CD8 (BD Biosciences) and phyco-
erythrin-conjugated (PE-conjugated) anti–HLA-DR (BD). Single cells 
were sorted using a BD FACSAria device with BD FACSDiva software 
and collected in 96-well round-bottomed TC plates (Corning) pre-
filled with 100 μl T cell culture medium (TCM) consisting of Iscove’s 
modified Dulbecco’s medium (IMDM) (Lonza) with 5% pooled human 
serum (Sanquin), 5% FBS (Lonza), 120 IU/ml IL-2 (Chiron), 2 ng/ml 
IL-7, and 2 ng/ml IL-15 (Miltenyi Biotec). T cells were stimulated with 
0.8 μg/ml phytohemagglutinin (PHA) (Murex Biotec Ltd.) and 5 × 104 
irradiated (50 Gy) allogeneic PBMCs. Growing T cell clones were trans-
ferred to 24-well TC plates, and remaining negative wells were restim-
ulated under identical conditions. Alternatively, CD8 T cell clones 
were expanded after bulk sorting of HLA-DR+ CD8 T cells, followed 
by manual limiting dilution in 384-well TC plates prefilled with 30 μl 
TCM with 0.8 μg/ml PHA and 2.5 × 104 irradiated allogeneic PBMCs 
per well. On day 7, T cells were restimulated with 0.8 μg/ml PHA and  
5 × 104 irradiated allogeneic PBMCs in 50 μl TCM. From day 10 onward, 
growing T cell clones were collected in flat-bottomed 96-well TC plates. 
Expansion of selected T cell clones by restimulation was repeated every 
14 days in TCM at 2 × 105 T cells per ml with 0.8 μg/ml PHA and 1 × 106 
allogeneic feeder cells per ml. TCM was added twice weekly.

Generation and culture of test cells. EBV-LCLs were generated from 
PBMCs from patients, donors, and third-party individuals and cultured 
in IMDM with 10% FBS (Lonza) (37). monoDCs were generated from 
PBMCs after CD14 enrichment using microbeads (Miltenyi Biotec) 
by culturing for 2 days in IMDM with 10% FBS, 100 ng/ml GM-CSF 
(Novartis), and 500 IU/ml IL-4 (Schering-Plough), followed by mat-
uration for 2 days with 10 ng/ml TNF-α (R&D Systems), 10 ng/ml  
IL-1β (Immunex), 10 ng/ml IL-6 (Cellgenix), 1 μg/ml prostaglandin 
E2 (PGE2) (Sigma-Aldrich), and 500 IU/ml IFN-γ (Boehringer Ingel-
heim). CD40L B cells were generated from PBMCs after CD19 enrich-
ment using microbeads (Miltenyi Biotec) and stimulated with irradi-
ated (70 Gy) murine fibroblasts expressing CD40L in IMDM with 
10% FBS and 100 IU/ml IL-4 (Schering-Plough). Expanding CD40L 
B cell cultures were restimulated every 2 weeks (38). Fibroblast cell 
lines (FBs) were obtained by seeding mechanically dissociated skin 
biopsies in low-glucose DMEM (Lonza) with 10% FBS. Confluent FB 
cultures were trypsinized, diluted, and re-seeded. We were unable to 
obtain a skin biopsy from patient 4716, but instead generated a bone 
marrow–derived stromal cell line. For stimulation experiments, con-
fluently grown FB cultures were maintained in culture medium alone 
(steady-state FBs), or were stimulated with 200 IU/ml IFN-γ for 4 days 
(activated FBs). Prior to testing, FBs were harvested by trypsinization 
and vigorously washed 3 times to remove IFN-γ. All cell lines used 
were free of mycoplasma contamination.

Testing of T cell reactivity. For initial screening of growing T cell 
clones, resuspended culture aliquots were taken, washed, and diluted 
in 0.2 ml IMDM with 5% pooled human serum (HS), 5% FBS, and 10 
IU/ml IL-2. Two thousand T cells were dispensed in 20 μl in 384-well 
TC plates. EBV-LCLs and CD40L B cells (2 × 104), monoDCs (5 × 103), 
and FBs (7.5 × 103) were added in a volume of 20 μl. For HLA-blocking 
experiments, frequency analysis, and WGAs, cultures of T cell clones 

all SNPs that may be present. The lack of association can thus be 
explained by an absence of associating SNPs in our data set. MiHA 
identification is probably more efficient when EBV-LCLs are used 
that have been SNP genotyped more extensively, for example, by 
whole-genome sequencing. Recently, it has been demonstrated 
that a proportion of the HLA ligandome is encoded by “noncod-
ing” genomic regions that are not known to contain functional 
genes (35). Here, we confirm that these genomic regions indeed 
encode relevant T cell epitopes, as illustrated by the characteriza-
tion of LB-C16ORF-1R as a novel MiHA that is targeted by CD8 
T cells in the setting of alloSCT and DLI. In addition to a range of 
novel MiHAs, we isolated T cells for a known MiHA (HA-1) and 
T cells for the novel MiHA LB-NDC80-1P that was targeted in 2 
different patients. Furthermore, the genes GEMIN4, APOBEC3B, 
and C19ORF48 were found to encode MiHAs restricted to HLA 
molecules different from those previously reported (24, 36). Alto-
gether, these findings suggest that, despite countless missense 
SNP disparities between donor and patient, a certain degree of 
immunodominance occurs, resulting in targeting of a limited rep-
ertoire of immunogenic polymorphic peptides. Ongoing MiHA 
discovery will give rise to a panel of MiHAs that are clinically rele-
vant for both GVL reactivity and GVHD.

Despite the fact that FBs do not represent the full repertoire of 
nonhematopoietic cells that can be targeted in GVHD, T cell recog-
nition and gene expression for individual MiHAs were investigated 
and compared in FBs from skin biopsies as the only nonhematopoi-
etic cell type available for all selected patients. Differential T cell 
recognition patterns against FBs enabled clustering of 3 types of 
MiHAs. Type 1 MiHAs were not recognized on FBs; type 2 MiHA 
recognition on FBs depended on pretreatment with IFN-γ; where-
as type 3 MiHAs were also recognized on nontreated FBs. For the 
majority of type 1 MiHAs, the absence of FB recognition can be 
explained by no or low gene expression. Strong FB recognition 
correlated with comparable gene expression in FBs and EBV-LCLs 
for the majority of type 3 MiHAs. For type 2 MiHAs, however, gene 
expression patterns were more diverse. Probably, surface expres-
sion of type 2 MiHAs on FBs is insufficient for T cell recognition, 
but inflammatory conditions may increase T cell recognition by 
enhancing antigen processing and presentation and by upregulation 
of costimulatory and adhesion molecules. We identified T cells spe-
cific for all 3 MiHA types, irrespective of GVHD development, and 
propose that during initiation of the immune response after DLI, 
professional APCs present all 3 MiHA types. Subsequent skewing 
toward more broadly expressed MiHAs may occur under inflamma-
tory conditions, resulting in GVHD. This implies that GVHD pre-
vention after DLI should focus on both specificity of the response 
and monitoring and manipulation of in vivo circumstances.

In conclusion, our data show that the magnitude and diversity 
of the alloreactive CD8 T cell response in patients with selective 
GVL reactivity are lower than in patients with GVHD, but that 
there is no strict separation in the type of MiHAs targeted by T 
cells in either patient group. However, the alloimmune response 
in patients with GVHD is skewed toward T cells with stronger FB 
recognition. Our data suggest that the outcome of alloSCT can be 
improved in favor of selective GVL reactivity, with a reduced risk 
of GVHD, either by T cell infusion for hematopoiesis-restricted 
MiHAs or T cell depletion for broadly expressed MiHAs.
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(MUS4H4), Bw6 (KAM3H9), A*02 (BB7.2), B*13 (JOK3H5), or B*35 
(IND2D12). In addition, EBV-LCLs were transduced with potential 
HLA restriction molecules using a retroviral LZRS vector, containing 
the truncated nerve growth factor receptor (ΔNGFR) marker (47, 48). 
Retroviral supernatants were generated from HLA-A*11:01, A*24:02, 
B*13:02, B*35:01, B*44:02, B*44:03, B*51:01, C*05:01, C*14:02, and 
C*16:01. Nontreated 96-well plates (Greiner) were coated with Ret-
ronectin CH-296 (Clontech) and blocked with 2% human albumin 
(Sanquin). Viral supernatants were diluted 3 times in IMDM with 10% 
FBS, and aliquots of 50 μl per well were spun at 3,000 g for 30 minutes. 
Supernatants were discarded, and 5 × 104 EBV-LCLs were transferred to 
each well. EBV-LCLs showed a retroviral transduction efficiency ranging 
from 20% to 70%, as evidenced by staining with anti ΔNGFR-PE (BD).

MiHA identification. WGAs was performed as previously described 
(24). Briefly, a panel of 80 EBV-LCLs was genotyped for 1.1 million 
SNPs using microarrays. T cell recognition of the panel was measured, 
and recognition patterns were compared with the SNP genotype data. 
The level of matching between the patterns of recognition and SNP 
genotypes was calculated by Fisher’s exact test using PLINK WGA 
analysis software (49). MiHA-encoding genes were amplified and 
Sanger sequenced from both patient- and donor-derived EBV-LCLs 
using cDNA that was obtained by reverse transcription of TRIzol- 
isolated (Invitrogen, Thermo Fisher Scientific) RNA with oligo(dT) 
primers (Roche Diagnostics) (see also the Supplemental Experimental 
Procedures for the gene-specific primer sequences). Sequences were 
searched for donor-to-patient disparities using alignment software 
(Geneious). Protein sequences spanning SNP-encoded amino acid 
polymorphisms were analyzed by NetCTLpan to identify peptides with 
predicted HLA binding (28). Candidate peptides were synthesized, dis-
solved in DMSO, diluted in IMDM, and incubated with 2 × 104 donor 
EBV-LCLs in 20 μl in 384-well TC plates for 2 hours at 37°C. Thereaf-
ter, 2 × 103 T cells were added to each well in 20 μl, and after overnight 
incubation, supernatants were tested by ELISA for IFN-γ production.

Gene expression profiles. Total RNA was isolated from EBV-LCLs 
and FBs using a RNAqueous Total RNA Isolation Kit and amplified 
with a TotalPrep RNA Amplification Kit (both from Ambion, Ther-
mo Fisher Scientific). After preparation using a whole-genome gene 
expression direct hybridization assay (Illumina), samples were dis-
pensed onto Human HT-12 v3 Expression BeadChips (Illumina) and 
hybridized for 17 hours at 58°C. Mean fluorescence intensities (MFIs) 
were quantified using an Illumina BeadArray 500GX device. Raw data 
were analyzed after quantile normalization in R 2.15 (50).

Statistics. Fisher’s exact test was applied to detect SNPs that associ-
ated with recognition patterns of EBV-LCL panels (see “Antigen spec-
ificity” in Table 2). The Wilcoxon matched-pairs, signed-rank test was 
applied to calculate the significance of difference of HLA-DR expres-
sion in paired pre- and post-DLI samples (Figure 2). A Mann-Whitney  
U test was applied to calculate the significance of difference in 
unpaired magnitudes of alloreactivity (Figure 3A) and various types 
of response diversities between patients with selective GVL reactivity 
and those with GVHD (Table 1). To analyze experiments determining 
recognition strength and tissue specificity, mixed-models statistical 
analysis was applied to calculate the differences of recognition of EBV-
LCLs (Figure 4D), steady-state FBs (Figure 4E), and IFN-γ–treated  
FBs (Figure 4F) between patients with GVHD and those without 
GVHD and the dependence of these differences on the stimulator/T 
cell ratio, taking into account clustering of patients and T cell clones. 

were washed, diluted to 2 × 103 T cells per 20 μl, and added to 7.5 × 103 
EBV-LCLs in 20 μl. After overnight incubation, IFN-γ production was 
measured in 10 μl aliquots by ELISA according to the manufacturer’s 
instructions, adapted to a 384-well format (Sanquin). Recognition was 
defined as more than 5 times the IFN-γ production in the absence of 
stimulator cells. For measurement of tissue specificity, stimulator/T 
cell ratios ranging from 9 to 0.1 were obtained by coculturing 7.5 × 103, 
2.5 × 103, 8.3 × 102, and 2.8 × 102 EBV-LCLs or FBs with 8.3 × 103 or 2.5 
× 102 T cells. ELISA was performed on undiluted, 3-fold and 10-fold 
diluted supernatants, and the amount of IFN-γ produced per single T 
cell was calculated.

Tetramer staining. HY antigen–specific tetramers were constructed 
by folding peptides into biotinylated HLA monomers and multimeriza-
tion using streptavidin conjugated to PE as previously described (39).

TCR-β sequencing. TCR-β transcripts were identified using ARTI-
SAN PCR adapted for TCR (40, 41). Briefly, mRNA was isolated from T 
cell clones or purified CD8 T cells from PBMCs using magnetic beads 
(Dynabead mRNA DIRECT Kit; Invitrogen, Thermo Fisher Scientif-
ic). Messenger RNA (±10 μl) was mixed with 4 pmole TCR-β constant 
region–specific primer and 10 pmole SA.rt anchor template-switching 
oligonucleotide (TSO) and denaturated for 3 minutes at 72°C (see also 
“Primers used for cDNA synthesis, amplification, and sequencing of 
TCR-β” in the Supplemental Experimental Procedures). After cooling, 
cDNA was synthesized for 90 minutes at 42°C with 170 U SMARTer 
reverse transcriptase (Takara, Clontech) in a total volume of 20 μl con-
taining 30 U RNase OUT (Invitrogen, Thermo Fisher Scientific), 1.7 
μM DTT (Invitrogen, Thermo Fisher Scientific), 15 pmole each of high- 
purity RNAse-free dNTPs (Invitrogen, Thermo Fisher Scientific) and 
4.0 μl of 5× first-strand buffer. During cDNA synthesis, a nontemplat-
ed 3′ polycytosine terminus was added, which created a template for 
extension of the cDNA with the TSO (42). PCR (1 s at 98°C, 40 cycles 
× [15 s at  67°C, 15 s at 72°C], 2 min at 72°C) of 5 μl cDNA was per-
formed using Phusion Flash (Thermo Fisher Scientific) with 10 pmole 
anchor-specific primer (SA.pcr) and 5 pmole each of nested primers 
specific for the constant regions of TCR-β.1 and TCR-β.2. Both forward 
and reverse PCR primers contained overhanging sequences suitable 
for barcoding. Amplicons were purified and underwent a second PCR 
(1 s at 98°C, 10 cycles × [15 s at 65°C, 30 s at 72°C], 2 min at 72°C) using 
10 pmole of forward and reverse primers with overhanging sequences 
with barcodes and adapter sequences appropriate for PacBio (Pacific 
Biosciences) or Illumina HiSeq platforms. Barcoded amplicons were 
purified, quantified, and pooled into libraries for full-length sequenc-
ing on PacBio (T cell clones) or paired-end sequencing of 125 bp on 
an Illumina HiSeq2500 (CD8 T cells from PBMCs). Deep sequencing 
was performed at the Leiden Genome Technology Center. PacBio full-
length sequences of T cell clones were analyzed using IMGT/V-QUEST 
(43). Illumina paired-end sequences of purified CD8 T cells were ana-
lyzed with the MiXCR algorithm (44). The MixCR output was evaluat-
ed for diversity by calculating Simpson’s diversity index (45, 46). This 
index measures the probability that any 2 clonotypes are different and 
give greater importance to the more abundant clonotypes. Simpson’s 
diversity index ranges between 1, for perfectly even contribution of clo-
notypes, and 0, for populations that consist of a single clonotype.

HLA restriction and MiHA frequency analysis. HLA restriction of 
MiHA-specific T cell clones was determined by blocking the recognition 
of patient EBV-LCLs that were preincubated for 30 minutes with anti-
bodies specific for HLA class I (W6.32), HLA-BC (B1.23.2), Bw4/A*24 
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