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Introduction
HLA class I molecules are assembled in
the endoplasmic reticulum (ER) where
they bind peptides derived from the
degradation of intracellular proteins.
These peptides are transported from the
cytosol into the lumen of the ER by a
peptide transporter constituted of two
subunits, TAP1 and TAP2. Absence of
either of these subunits abolishes the
transport of the peptides, and conse-
quently their presentation by HLA class
I molecules. This general rule may not
apply for particular peptides. Indeed, it
has been reported that some peptides
generated by proteolytic degradation in
the lumen of the ER can be presented by
HLA class I molecules in TAP1+TAP2–

cells but not in TAP1–TAP2+ cells (1).
This observation is consistent with the
fact that TAP1, but not TAP2, interacts
with HLA class I heavy chains during
the assembly of class I molecules (2),
which would suggest that TAP1 alone
could facilitate the transport or binding
of some peptides in TAP2-deficient cells.
Thus HLA class I molecules may not

present the same repertoires of peptides
in TAP1+TAP2– and TAP1–TAP2+ cells.
This raises the question of whether
human TAP1 deficiency would be com-
patible with life, because presentation of
intracellular antigens may be less effi-
cient in cells which are deficient in TAP1
than in TAP2-deficient cells.

Only a few cases of human HLA class
I deficiency have been reported. These
can be divided into two groups, which
are reviewed in ref. 3. In the first group,
at present comprising three individuals,
numbers of HLA class I molecules are
reduced tenfold due to a transcription
defect (4); this deficiency can be partial-
ly overcome by inflammatory cytokines
(3). These patients have not been
reported to be immunodeficient. The
second group includes to date six
patients in whom the cell surface
expression of HLA class I molecules is
reduced to 1–3% of normal levels. The
patients are healthy during the first
years of life and do not appear to suffer
from abnormal viral infections. Howev-
er, in late childhood they begin to dis-

play bacterial infections of the respira-
tory tract with chronic bacterial colo-
nization of the lungs. The syndrome
evolves to progressive degradation of
the lung tissues with the development
of bronchiectasis leading to respiratory
insufficiency. Thus the pathology indi-
rectly demonstrates a defect of the
immune response. Other tissues are not
affected, except the skin. In two cases
chronic skin ulcers were reported (5, 6),
while in a third case general vasculitis
was observed (7). In three cases, the
HLA class I deficiency has been shown
to result from the absence of a func-
tional TAP2 subunit (7, 8). This report
describes the genetic defects of two
other HLA class I–deficient patients
presenting cutaneous lesions (5, 6, 9).

Methods
Cell lines and recombinant vaccinia viruses. BRE
and STF-6 are skin fibroblast cell lines
derived from patient 1 (6) and an unrelated
healthy individual, respectively. TND-3 and
TND-4 are EBV-transformed B (EBV-B) cell
lines from patient 2 and her hemizygous
brother, respectively (9). STF-1 and ST-EMO
are respectively fibroblast and EBV-B cell lines
from a TAP2-deficient patient studied previ-
ously (8), while ST-EAH is an EBV-B cell line
derived from an unaffected brother of the
same patient. MRC-5 (CCL 171; American
Type Culture Collection, Rockville, Mary-
land, USA) is a diploid fibroblast cell line. The
recombinant vaccinia viruses (gift of G. Russ
and J.R. Benink, National Institutes of
Health, Bethesda, Maryland, USA) expressing
either the TAP1 or the TAP2 subunit of TAP
have been previously described (10).

Antibodies and flow cytometry. The mono-
clonal antibodies (MAB) W6/32 (pan
anti–HLA class I) and B1G6 (anti-β2-
microglobulin) were purchased from DAKO
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A/S (Glostrup, Denmark) and Immunotech
(Marseille, France), respectively. Cells were
labeled with W6/32 followed by phycoery-
thrin-conjugated goat anti–mouse Ig
(DAKO A/S) and analyzed on a FACSCal-
iburTM flow cytometer (Becton Dickinson,
San Jose, California, USA).

Biochemical analyses. Trypsinized fibrob-
lasts or EBV-B cells (5 × 106) were incubated
for 30 min in methionine- and cysteine-free
RPMI 1640 culture medium (ICN Pharma-
ceuticals, Costa Mesa, California, USA) con-
taining 10% dialyzed FCS (Life Technolo-
gies, Ltd., Paisley, United Kingdom). The
cells were then labeled for 20 min in 1 ml of
the same medium supplemented with 0.5
mCi [35S]methionine/[35S ]cysteine mix
(Promix; Amersham, Little Chalfont, United
Kingdom), and washed and chased in com-
plete RPMI 1640 for different times (1b). All
subsequent steps were performed on ice or
at 4°C. After centrifugation, cell membranes
were solubilized in PBS and 1% Triton-X 100
and the lysates pre-cleared for 2 h on protein
A-agarose in the presence of 5 µl normal
mouse serum. HLA class I molecules were
then immunoprecipitated for 1 h using
either W6/32 (50 µl) or B1G6 (5 µg).
Immunoprecipitates were recovered on pro-
tein A–sepharose (Sigma Chemical Corp.,
St. Louis, Missouri, USA). They were treated
or not either with neuraminidase (Sigma
Chemical Co.), in which case they were then
analyzed by isoelectric focusing gel elec-
trophoresis (IEF), or with Endoglycosidase
H (Endo H) (New England Biolabs, Inc., Bev-
erly, Massachusetts, USA), in which case
they were then analysed by SDS-PAGE, as
previously described (8).

Reverse transcriptase-polymerase chain reac-
tion and sequencing. Total RNA from TND-3
and BRF cell lines was reverse transcribed
and TAP1 cDNA was amplified using the
reverse transcriptase-polymerase chain reac-
tion (RT-PCR) Titan kit (Boehringer
Mannheim GmbH, Mannheim, Germany)
and the following pairs of oligonucleotides:
GTGCCAATGGCTAGCTCT/CCTGTCTG-
GTTCTGTTGGAA and TGTCCTGCG-
CCAGGAGACGG/AGTGCGCAGGTCT-
GAGAAGG. Amplified cDNA was cloned
and sequenced or directly sequenced with
the BigDye sequencing kit (PE Applied
Biosystems, Warrington, United Kingdom).
The mutations identified were confirmed
by direct sequencing of genomic DNA,
amplified by PCR using either TTCTGC-
T G A T G C C C T C C A G G / T C A G G G -
AACAGACTGAAGGT (patient 1) or GAG-
AGCTGATCTCATGGGGA/TCAGGGAAC
AGACTGAAGGT (patient 2).

Synthetic peptides and peptide stabilization
assay. Peptides RYLKDQQLL (HLA-A*2402
specific) and ETFNTPAMY (HLA-A*2601
specific) (gifts of S. Stevanovic, University
of Tübingen, Germany) were previously
described (11, 12).

Results
Maturation of HLA class I molecules in HLA
class I–deficient cell lines. To find the
cause of the low expression of HLA
class I molecules on the plasma mem-
brane, we examined the maturation
and assembly of HLA class I molecules
in cell lines derived from the patients.
This work was performed using a skin
fibroblast cell line, BRE, obtained from
an Italian patient (patient 1) (6) and an
EBV-B cell line, TND-3, derived from a
Japanese patient (patient 2) (9). HLA
class I+ controls were the fibroblast cell
line MRC-5 and TND-4, an EBV-B cell
line from a hemizygous healthy broth-
er of patient 2. Cells were metabolical-
ly labeled with [35S]methionine and
[35S]cysteine and lysed in detergent.
HLA class I molecules were then
immunoprecipitated with the MAB
W6/32 and treated or not with neu-
raminidase. The samples were analyzed
by isoelectric focusing gel elec-
trophoresis. In the absence of neu-
raminidase treatment, samples from
HLA class I+ control cells (MRC-5) dis-
played additional bands corresponding
to sialylated HLA class I heavy chains.
In contrast, neuraminidase treatment
did not change the IEF migration pat-
tern of samples from HLA class I–defi-
cient cells, showing that the HLA class
I heavy chains of these cells were not
sialylated (Fig. 1a). An absence of sialy-
lation indicates that HLA class I mole-
cules cannot reach the distal Golgi
compartments and must therefore be
blocked in upstream compartments.
The possibility of a retention of class I
heavy chains in the ER was further
investigated by testing the Endo H sen-
sitivity of HLA class I heavy chains (Fig.
1b). Cells were metabolically labeled
and chased for 0–4 hours. HLA class I
molecules were then immunoprecipi-
tated with W6/32, treated or not with
Endo H and analyzed by sodium dode-
cyl sulfate-polyacrylamide gel elec-
trophoresis. Autoradiography showed
that in the HLA class I+ control cells
MRC-5 and TND-4, HLA class I heavy
chains were stable and became Endo
H–resistant in less than one hour (data
shown for TND-4 only). In contrast, in
HLA class I–deficient cells, the quanti-
ty of labeled HLA class I molecules
decreased during the 4 hours of chase
and a barely detectable number (if any;
the faint band seen may have been an
artifact) of the heavy chains became
Endo H–resistant. These experiments

demonstrate that HLA class I mole-
cules are blocked in the ER of the defi-
cient cells.

All these findings point to a defect in
peptide loading. Therefore, we tested
whether HLA class I/β2 microglobulin
(β2m) complexes were unstable at
37°C, as this is a property of peptide-
free HLA class I molecules. Cells were
metabolically labeled, chased, and lysed
in detergent, and HLA class I molecules
were immunoprecipitated using the
anti-β2m MAB B1G6. After adsorption
on protein A–sepharose, the immuno-
precipitates were incubated at 37°C for
different times. Samples from HLA
class I+ cells were treated with neu-
raminidase (+N), whereas those from
TND-3 and BRE (HLA class I–) cells
were not (–N). TND-4 immunoprecipi-
tates treated or not with neuraminidase
provided a control of the sialylation of
heavy chains. The samples were then
analyzed by IEF (Fig. 1c). As compared
to the immunoprecipitates with W6/32
(Fig. 1a), HLA-B molecules from BRE
and TND-3 cells were poorly immuno-
precipitated. This discrepancy was con-
firmed by repeating the experiments
using W6/32 and B1G6 in parallel (data
not shown). Because W6/32 recognizes
HLA class I heavy chains that associate
with β2m, the difference may result
from low stability in the particular
HLA-B isotype, even at 4°C, the tem-
perature used for immunoprecipita-
tion. Consistent with this hypothesis,
HLA-B molecules were highly unstable
in immunoprecipitates from HLA class
I– cells and nearly undetectable after 30
minutes of incubation at 37°C. HLA-A
molecules from these cells were also
unstable, although HLA-A*24 mole-
cules from TND-3 cells appeared to be
less sensitive to incubation at 37°C.
The HLA class I heavy chain/β2m com-
plexes from HLA class I+ controls were
in fact stable at 37°C. Altogether, these
experiments show that the HLA class I
molecules of the class I–deficient cells
are peptide-free and consequently
remain blocked in the ER.

The low expression of HLA class I molecules
on BRE and TND-3 cells results in each case
from a homozygous mutation in the TAP1
gene. The properties of these HLA class I
molecules suggest a peptide transporter
defect. Because the TAP genes are located
in the HLA class II genetic region, and
both patients were born from first-
cousin parents, we checked whether they
were HLA homozygous. DNA was
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extracted from BRE and TND-3 cells and
the HLA genotypes were determined by
molecular typing. The two patients were
found to be HLA homozygous [HLA-
A*2601, B*4901, C*07, DRB1*1302,
DRB3*0301, DQB1*0604, DPB1*1501,
patient 1; HLA-A*2402, B*4006, C*15,
DRB1*0803, DQB1*0601, DPB1*0501
patient 2]. These results were thus com-
patible with a TAP deficiency. Levels of
expression of class I molecules were com-
pared using skin fibroblast cell lines
derived from patient 1 (BRE), a previ-
ously described TAP2-deficient patient
(STF-1), and an unrelated healthy indi-
vidual (STF-6). Experiments were also
performed using EBV-B cell lines from
patient 2 (TND-3), the same TAP2-defi-
cient patient (ST-EMO), and a normal
individual (ST-EAH). These cells were
labeled with W6/32 and analyzed by flow
cytometry. The mean fluorescence inten-
sities of HLA class I molecules at the sur-
face of cells from patients 1 and 2 and
from the TAP2-deficient individual were
similar to each other and 100-fold less
than on normal cells (Fig. 2a).

To determine whether the defect
could be explained by a TAP deficiency,
BRE and TND-3 cells were infected

overnight with recombinant vaccinia
viruses expressing either the TAP1 or
the TAP2 subunit. The cells were then
labeled with W6/32 and assayed by flow
cytometry (Fig. 2b). In these experi-
ments, infection with the recombinant
vector expressing the TAP1 subunit
restored HLA class I expression on the
surface of fibroblasts from patient 1
(BRE) and on 40% EBV-B cells from
patient 2 (TND-3). The latter partial
effect is not surprising as EBV-B cell
lines are poorly infected by vaccinia
virus. Infection with the TAP2 recom-
binant virus did not change HLA class I
expression on BRE or TND-3 cells, but
restored this expression on TAP2-defi-
cient fibroblasts (STF-1) and EBV-B
cells (ST-EMO; data not shown). These
results demonstrate that patients 1 and
2 are both TAP1 deficient.

Absence of peptide loading was further
confirmed using a peptide stabilization
assay. TND-3 and BRE cells were incu-
bated overnight at 26°C in the presence
of HLA-A*2402 and HLA-A*2601–spe-
cific peptides, labeled with W6/32 MAB
and analyzed by flow cytometry (Fig. 2c).
Incubation alone at 26°C induced an
increase of the cell surface expression of

HLA-class I molecules, an expected
result as peptide-free HLA class I mole-
cules are more stable at lower tempera-
tures. Addition of HLA-matched pep-
tides induced a further increase of cell
surface HLA class I molecules. Controls
with HLA-unmatched peptides had no
effect. This stabilization effect was also
observed when the cells were incubated
overnight at 37°C (not shown).

Finally, to characterize the mutations
in the TAP1 gene, RNA from BRE and
TND-3 cells was reverse transcribed,
and TAP1 cDNA was PCR amplified
and sequenced. TAP1 cDNA from BRE
cells displayed a deletion of one cyto-
sine in exon 2, at nucleotide 819 of the
coding sequence, while in TND-3 TAP1
cDNA one guanine was missing at posi-
tion 778, at the exon 1–exon 2 junction.
The identity and homozygosity of these
mutations were verified by amplifica-
tion and direct sequencing of genomic
DNA from BRE and TND-3 cells (Fig.
2d). This showed the mutation in the
TAP1 gene of patient 2 to be more pre-
cisely a G-to-A transition in the consen-
sus sequence of the 3′ terminus of the
intron, which, since exon 2 begins with
a guanine, leads to a shift of the splicing
site by one nucleotide.

Discussion
Six severely affected HLA class I–defi-
cient individuals have been described to
date. Among these patients, three have
been found to have TAP2 deficiency (7,
8). In this work, we analyzed the genet-
ic defects of two other patients. Using a
simple complementation assay, we
showed that they display a TAP1 defi-
ciency. Molecular genetic experiments
further demonstrated that one of these
individuals has a deletion of one
nucleotide in exon 2, while the second
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Figure 1
Absence of maturation and instability of HLA class I molecules in HLA class I–deficient
patients. (a) BRE and TND-3 cells from HLA class I–deficient patients and MRC-5 HLA
class I+ control cells were metabolically labeled, lysed, and HLA class I molecules
immunoprecipitated with W6/32 (pan anti–HLA class I heavy chains). Immunoprecip-
itates were treated (+N) or not (–N) with neuraminidase and analyzed by IEF. (b) BRE
and TND-3 (HLA class I–) and TND-4 (HLA class I+) cells were metabolically labeled for
20 min and chased for 0, 1, 2, or 4 hours. HLA class I molecules were immunoprecipi-
tated with W6/32, treated (+) or not (–) with Endo H, and separated by SDS PAGE. (c)
Cells were metabolically labeled for 30 min and chased for 30 min, and HLA class I mol-
ecules were immunoprecipitated with B1G6 (anti-β2m) and adsorbed on
protein–agarose beads. The adsorbed proteins were further incubated for 0, 30, or 60
min at 37°C in lysis buffer, and the beads were washed. After treatment (+N) or not
(–N) with neuraminidase, the immunoprecipitated proteins were eluted and analyzed by
IEF. IEF, isoelectric focusing gel electrophoresis; SDS-PAGE, sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis; β2m, β2-microglobulin.



has a mutation at the 3′ splicing site of
intron 1. Both mutations introduce a
frame shift into the first third of the
coding sequence, leading to the absence
of a functional TAP1 subunit. Due to
this deficiency, most HLA class I heavy
chain/β2m complexes are retained in
the ER and are unstable at 37°C. The
complexes can be stabilized by binding
with exogenous HLA-A–specific pep-
tides. HLA-B appeared to be more
unstable than HLA-A, probably as a
result of the biochemical properties of
these particular variants, since in TAP2-
deficient patients we found HLA-B
molecules to be more stable than HLA-
A (13). On the other hand, the defi-
ciency does not seem to affect the
expression of CD1 antigen: it was pre-
viously shown that Langerhans’ cells, in
non-lesional skin, normally expressed
this HLA class I–like molecule (6), in
agreement with our previous observa-
tion on TAP2-deficient dendritic cells
(14).

These observations suggest that TAP
deficiency is the most frequent if not
the sole cause of severe HLA class I defi-
ciency. These two newly characterized
patients developed chronic inflamma-
tion of the respiratory tract in late
childhood and skin lesions at different
ages. In patient 1, skin lesions were first
observed at the age of 8, whereas they

developed at the age of 21 in patient 2.
These lesions were found to be negative
for microorganisms and from their
appearance do not reflect viral infec-
tions but rather a vasculitic process (5,
6). General vasculitis has been observed
in one TAP2-deficient patient (7). Thus,
although TAP1 and TAP2 subunits dis-
play different biochemical and func-
tional properties, the pathologies
resulting from TAP1 and TAP2 defi-
ciency are similar. However, due to the
limited number of HLA class I–defi-
cient individuals, the identification of
additional cases may be important in
defining a general clinical picture asso-
ciated with HLA class I–deficiency.

The effects of TAP deficiency on T cell
subsets have been partially studied in
the present two patients, who were
reported to have normal ratios of CD8+

to CD4+ T cells (6, 9). However, we have
previously shown in two TAP2– defi-
cient patients that numbers of CD8+ αβ
T cells are generally low and normal
ratios of CD8+ to CD4+ cells can result
from a sharp expansion of γδ T cells,
one third of them being CD8+ (8). Addi-
tional studies will thus be necessary to
investigate more precisely the T cell
populations in patient 2, a 46-year-old
who is still alive but no longer followed
by one of our teams.

In one case, no cytotoxic response to

autologous cells infected with herpes
virus could be raised in vitro, although
antibodies were found in the serum (6).
This is in accordance with the expected
inefficient HLA class I restricted cytotox-
ic response of CD8+ αβ T cells, because in
these TAP-deficient patients the HLA
class I restricted immune response can
only be directed against TAP-independ-
ent epitopes, which should be less
numerous than their TAP-dependent
counterparts. Cytotoxic CD8+ αβ T cells
recognizing viral antigens may neverthe-
less exist, since we previously demon-
strated in one TAP2-deficient patient
that HLA class I molecules can present
peptides from an intracellular viral anti-
gen to CD8+ αβ T cells, allowing the
development of cellular immune
responses against pathogens (13). The
frequency of precursors of cytotoxic
CD8+ αβ T cells will have to be more
extensively investigated using lympho-
cytes from patient 2.

HLA class I–peptide complexes are rec-
ognized by specific receptors (such as
killer inhibitory receptors), which are
expressed on natural killer (NK) cells
and other cells of the immune system
including T cells. Some of these recep-
tors seem to recognize well defined
repertoires of peptide complexes and
hence control immune responses.
Recently, we showed that while skin
fibroblasts are killed by activated autol-
ogous NK cells, inflammatory cytokines
such as interferons alpha and gamma
protect normal, but not TAP2–, fibrob-
lasts by increasing levels of cell surface
HLA class I molecules (15). This sug-
gests a role of HLA class I/killer
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Figure 2
BRE and TND-3 cell lines are TAP1 deficient. (a) Cells were labeled with the
MAB W6/32 and analyzed by flow cytometry. Closed histograms, isotype con-
trol. Thick lines: left, BRE fibroblast cell line from patient 1; right, TND-3 EBV-
B cell line from patient 2. Dotted lines: left, STF-1 TAP2-deficient fibroblast cell
line; right, ST-EMO TAP2-deficient EBV-B cell line. Thin lines: left, STF-6 nor-
mal fibroblast cell line; right, ST-EAH normal EBV-B cell line. (b) Cells were
infected overnight with TAP1 or TAP2 recombinant vaccinia viruses, labeled
with W6/32, and analyzed by flow cytometry. Left, BRE cells from patient 1;
right, TND-3 cells from patient 2. (c) BRE and TND-3 cells were incubated
overnight at 26°C in culture medium (RPMI 1640 supplemented with 10%
FCS; Life Technologies) in the presence of 100 µg/ml synthetic peptides, then
labeled with MAB W6/32 and analyzed by flow cytometry. Closed histograms,
isotype control. Thick lines, incubation without peptide. Thin lines: P1, HLA-
A2402-specific peptide; P2, HLA-A2601-specific peptide. (d) Molecular
genetic characterization of the mutation. Upper sequence, normal TAP1
sequence; lower sequences, corresponding TAP1 sequences in patients 1 and 2.
G indicates the exon 2 nucleotide involved in the splicing reaction between
exon 1 and exon 2, and arrows point to the positions of the two mutations.



inhibitory receptor interactions in the
control of immune responses in normal
individuals. An absence of such immune
regulation in HLA class I–deficient
patients could lead to autoimmune
reactions. The skin lesions of the two
TAP1-deficient patients, which likely
result from vascular inflammation,
could be explained by such an immune
disorder. NK cells activated by inflam-
matory cytokines may be implicated in
these lesions. In addition, T cells, which
have been found in lesion areas (5, 6),
may be also involved, due to the absence
of regulation of their potential cytotox-
icity or ability to produce cytokines by
HLA class I/CD94 or other HLA class
I/killer inhibitory receptor interactions.
This disorder could perhaps be observed
in other HLA class I–deficient patients,
and may explain previously described
general vasculitis (7).

In conclusion, our results demon-
strate that human TAP1 deficiency is
compatible with life. The syndromes
associated with TAP1 and TAP2 defi-
ciency are similar and characterized by
the development of chronic inflamma-
tion of the respiratory tract in late
childhood and vasculitis at variable
ages. Medical observations suggest that
the different biochemical properties of
the TAP1 and TAP2 subunits do not

result in major differences in the health
status of the patients. The question of
why chronic skin lesions develop in
severe HLA class I deficiency will
require further investigation to deter-
mine the identity and function of the
immune cells in the lesion areas.
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