
either mediated by FC7RII, complement re
ceptors, or both. These divergent roles for 
FcRs and complement in autoimmune dis
ease offer an explanation for the apparent 
paradox that deficiencies in complement in
crease the risk of lupus (37', 38). The com
plement system may regulate autoreactive B 
cells (39) as well as contribute to IC clear
ance, whereas FC7RIII mediates the inflam
matory activation by ICs. Thus, deficiencies 
in complement would result in an increase in 
autoantibodies and a reduction of IC clear
ance with a corresponding increase in IC 
deposition, thereby increasing FcR-mediated 
activation^ These studies and ours indicate 
that complement and Fc receptors have 
evolved for distinctly different roles in their 
interaction with ICs. Complement has been 
shown to be essential for innate immunity 
against microbial pathogens, requiring natu
ral antibodies to mediate their protective 
effect (40, 42), whereas FC7RS have emerged 
as the principal system for coupling antigen-
specific IgG antibodies to cellular effector 
responses and play a minor role in host in
nate immunity (29, 43, 44). Therefore, this 
distinction argues for the development of 
new therapeutic strategies based on FcR 
blockade for the treatment of autoimmune 
glomerulonephritis. 
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cal BMT is GvHD (1). Disparities in genes 
other than the major histocompatibility 
complex (MHC), referred to as minor his
tocompatibility antigens (mHags), are 
clearly involved in the development of 
GvHD. The mHags are recognized by T 
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cells and were shown to be peptldes derlved 
from intracellular proteins presented by 
M H C  molecules (2-4). A retrospective 
analysis revealed a significant association 
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between mismatching for the mHag HA-1 
and the development of severe GvHD after 
HLA-identical BMT (5). HA-1 is recog- 
nized by HLA-A'Q201-restricted cytotoxic 
T cells (CTLs), is present in 69% of the 
HLA-A*0201-positive population, and is 
only expressed by cells of hetnatopoietic 
origin (6, 7). Family analysis demonstrated 
a Mendelian mode of inheritance for HA- 1 
and segregation independent from the 
M H C  complex (8). T o  identify the mHag 
HA-  1, HLA-A*020 1 molecules were puri- 
fied from the HA-l-expressing Epstein- 
Barr virus-transformed B lymphoblastoid 
(EBV-BL) cell line Rp (9). The HLA- 
A"0201-bound peptides were isolated and 
fractionated by multiple rounds of reversed 
phase high-performance liquid chromatog- 

Fig. 1. Reconstitution of HA-1 with 
HPLC-fractionated peptides eluted ::m $!!rl 
from HLA-A'0201 molecules in a 40 

"Cr-release assay with mHag MA- -20 w 20 

l-specfic T cell clone 3HA15. (A) 5 3 0  

Peptdes were eluted from 9 x 1 01° " 10 20 30 40 50 60 70 

HA-1- and HLA-A'0201-posit~ve S i r  Fraction number 

Rp cells and separated by reversed 
phase HPLC with HFBA as an or- 20 

ganc modifer and a gradient of 1 % 0 

acetonitrile/min. (B) Fractlon 24 of l5 25 35 45 55 

the first HPLC dimension that con- Fraction number 

talned HA-1 activity was further 
fractionated by reversed phase HPLC with TFA as an organlc mod- 
ifier and a gradlent of 0.70i0 acetonitrie/min. (C) HA-I-containing ' 5  " '' B8 B9 'I0 

fraction 27 of the second gradent was further chromatographed Well number 

with a thrd shallower gradent conssting of 0.1 YO acetonitrie/min. 
Background ysis of T2 by the CTL In the absence of any peptldes 

-1 
was in (A) 3%, and in (B) and (Cj 0% Postive control ysis was in (A) 
99%, in (B) 74%. and In (C) 66%. (D) Determination of candidate HA-1 peptides. HPLC fraction 33 from 
the separaton In (Cj was chromatographed with an on-ne microcaplary column effluent splitter and 
analyzed by electrospray lonzation mass spectrometry and a "'Cr-release assay. HA-l-reconstituting 
actvity as percent speciflc release was compared with the abundance of peptide candidates measured 
as ion current. 

100 213 350 465 580 693 806 935 1024 
Val Xxx His Asp AY Xxx Xxx Glu Ala 
1024 925 812 675 560 445 332 219 90 

raphy (HPLC) with different organic mod- 
ifiers and different gradients (10). 

The  fractions were analyzed for their 
capacity to reconstitute HA-1-specific lysis 
of T 2  cells, by an HA-1-specific CTL 
clone, in a "Cr-release assay (Fig. 1, A to 
C )  ( I  1 ). The  two active fractions (33 and 
34) of the third HPLC fractionation were 
analyzed by microcapillary HPLC-electro- 
spray ionization tandem mass spectrometry 
(12). Because more than 100 different pep- 
tides were present in these fractions, about 
40% of fraction 33 was chromatographed 
with an on-line microcapillary column ef- 
fluent splitter (2 ,  13) and simultaneously 
analyzed by tandem mass spectrometry and 
"Cr-release assay (Fig. ID) .  Five peptide 
species [at mass-to-charge (mlz) ratios of 
550, 520, 513, 585, and 5021 were present 
in fractions that contained HA-l-reconsti- 
tuting activity and absent in fractions with- 
out activity. To  determine which of the five 
candidates was the HA-1 peptide, we frac- 
tionated a second HA-1 purification from 
the EBV-BL cell line Blk (9) under similar 
conditions, except that the third dimension 
separation was done on a microcaplllary 
HPLC column. Mass spectrolnetric analysis 
of the peptides in the single peak of recon- 
stituting activity revealed that the only 
candidate species that was present was that 
of m/z 513 (14). 

The m/z 513 peptide was analyzed by 
collision-activated dissociation (CAD) anal- 
ysis and determined to have the sequence 
VXHDDXXEA (X stands for either Ile or 
Leu, which cannot be distinguished by 
Inass spectrometry under these conditions) 
(Fig. 2A) (15) .  Of all possible isomers 
containing either Ile or Leu in place of X 
in this sequence, only synthetic peptide 

Concentration (nM) 

Fig. 2. Sequencing of mHag HA-1 peptide by tandem mass spectrometry. 
(A) CAD mass spectrum of peptide candidate w~th m/z of 513. (B) Recon- 
stitution assay with different concentrations of synthetic mHagHA-1 peptide 
wlth three HA-l-speciflc T cell clones, 3HA15, clone 15, and 5W38. Back- 
ground ysis of T2 by CTLs In the absence of any peptide was for 3HA15. 
4%; for clone 15, 10% and for 5W38, 2%. Positlve control lysis was for 
3HA15, 46% for clone 15, 47%; and for 5W38,48%. 

masstcharge 
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VLHDDLLEA coeluted with the naturally 
processed peptide mJz 513 on the microcap 
illary HPLC column (14). In a 51Cr-release 
assay, synthetic peptide VLHDDLLEA was 
recognized by three different HA-1-specific 
CTL clones, derived from two unrelated 
individuals, with a half maximal activity at 
150 to 200 pM (Fig. 2B). Thus, the mHag 
HA-1 is the nonapeptide VLHDDLLEA. 

Database searches revealed that the 
HA-1 peptide VLHDDLLEA was identical 
at eight of nine residues with the pep- 
tide VLRDDLLEA, which is encoded by the 
partial cDNA sequence designated 
KIM0223 from the acute myelogenous leu- 
kemia KG-1 (1 6). Because HA-1 has a pop- 
ulation frequency of 69%, we reasoned that 
the VLRDDLLEA peptide sequence might 
represent the HA-1-negative allelic coun- 
terpart present in the remaining 3 1% of the 
population. To test this hypothesis, we ana- 
lyzed the cDNA sequence spanning this re- 
gion of KIM0223 in EBV-BL cell l ies  

A Fig. 3. The KIAA0223 poly- 

1 .  160 ....i.6* 101 los to. 
Peptide (nM) 

01 

Fig. 4. Binding of HA-1 I+ and HA-1 peptides to 
HLA-A*0201. HA-1 and HA-1 peptides were 
assayed for their ability to inhibit the binding of 
fluorescent peptide FLPSDCFPSV to recombi- 
nant HLA-A*0201 and p,-microglobulin in a cell- 
free peptide binding assay. One representative 
experiment is shown. The IC,, was determined on 
the basis of the results of four experiments and 
was 30 nM for VLHDDLLEA and 365 nM for 
VLRDDLLE A. 

rnorphism exactly correlated 
with mHag HA-1 pheno- 

derived from a presumed HA-1 homozygous 
positive (HA-I+/+) individual, from an 
HA-1 homozygous negative (HA-lP) indi- 
vidual, and from the KG-1 cell line (1 7). Six 
of six cDNA sequences from the HA-lP 
individual showed 100% homology with the 
reported KIM0223 sequence. In contrast, 
six of six sequences amplified from the HA- 
I+'+ individual displayed a two-nucleotide 
difference from the KIM0223 sequence 
(CTGCA instead of TTGCG), leading to 
the amino acid sequence VLHDDLLEA. 
This sequence was identical to that of the 
peptide identified by mass spectrometry as 
the HA-1 mHag. The KG-1 cell line ex- 
pressed both sequences. These results are 
consistent with the hypothesis that the 
mHag HA-1 sequence VLHDDLLEA is en- 
coded by an allele (designated HA-lH) of 
the cDNA sequence KIM0223. We desig- 
nated the cDNA sequence of KIM0223 
present in the data bank as HA-lR. 

Further support for this hypothesis was 
obtained by screening a family consisting of 
the parents and four children, which had 
been previously typed for HA-1 with HA- 
l-specific CTLs, for their KIM0223 se- 
quence polymorphism ( 18). All HA-1-neg- 
ative members of family 1 displayed the 
HA-lR sequence, whereas all HA-1-posi- 
tive members expressed both HA-lH and 
HA-lR sequences. We subsequently de- 
signed HA-1 allele-specific polymerase 
chain reaction (PCR) primers to evaluate a 
second family previously typed for HA-1 
(19) (Fig. 3A). The screening of this family 
also revealed an exact correlation of the 
HA-1 phenotype and the KIM0223 gene 
polymorphism. Together these results indi- 
cate that the KIM0223 gene forms a dial- 
lelic system of which the HA-lH allele leads 
to recognition by the mHag HA-l-specific 
T cell clones. 

To prove that the HA-lH allele of 
KIM0223 encodes the mHag HA-1, we 

cloned the appropriate regions of both the 
HA-lH and the HA-lR alleles in eukaryotic 
expression vectors and transiently trans- 
fected them in HA-1-negative HeLa cells in 
combination with HLA-A*0201 (20). The 
HeLa cells transfected with the HA-lH se- 
quence, but not the HA-lR sequence, were 
recognized by two HA-l-specific CTL 
clones, as revealed by a tumor necrosis fac- 
tor* (TNF-a) release assay (Fig. 3B). The 
latter absence of recognition was expected, 
because exogenous VLRDDLLEA peptide 
was not recognized by HA-1-specific CTL 
clones 5W38 and clone 15 and was only 
recognized by 3HA15 at peptide concentra- 
tions 10,000 times that necessary for the 
VLHDDLLEA peptide (21). Thus, the 
mHag HA-1 is encoded by the HA-lH allele 
of the KIM0223 gene. 

Although polymorphism is present at 
the genetic level, the functional poly- 
morphism is determined by HLA-A*0201- 
restricted T cell reactivity. Therefore, 
to determine whether the HA-lR pep- 
tide VLRDDLLEA is presented by HLA- 
A*0201, we eluted peptides from HLA- 
A*0201 molecules from a HA-lR homozy- 
gous EBV-BL cell line, fractionated them by 
reversed phase HPLC, and analyzed them 
by mass spectrometry. The synthetic 
VLRDDLLEA peptide was used as a marker. 
Peptide VLRDDLLEA could not be detect- 
ed in the HLA-A*0201-eluted peptides 
(22), indicating that this peptide is not 
presented or is presented in very low 
amounts by HLA-A*0201 on the cell sur- 
face. This is most likely the result of a 
binding affinity of peptide VLRDDLLEA 
[50% inhibitory dose (ICSo) of 365 nM] 
that was 1/12 that of peptide VLHDDLLEA 
(IC,, of 30 nM) for HLA-A*0201 (Fig. 4) 
(23). In addition, one amino acid polymor- 
phism can result in different proteasomal 
processing and differences in peptide pre- 
sentation (24). The absence of the HA-1 

CTL HA-1+ 
DNA: HA-1HIHA-1 I? 
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type. (A) HA-1 allele-specific 
CTL HA-1+ 
DNA: HA-lnlHA-1 R 

PCR reaction in a HA-1- 
typed family correlated ex- 
actly with the HA-1 pheno- 

patient type. The sizes of the result- 
ing PCR products were con- 

02 
sistent with the expected 

05 sizes deduced from the 
cDNA sequence. (B) Trans- 

CTL HA-1- CTL: HA-I+ CTL. HA-1- CTL, HA-l+ 1 1 2 2 fection of the HA-1 allele of 
DNA HA-1VHA-1 R DNA HA-1 HIHA-1R DNA HA-1 RIHA-lR DNA' HA-1 HIHA-1 n 

------ 
Q66.9 3H415 5W38 (266.9 3H415 5W38 

KIAA0223 leads to recogni- 
00 01 02 03 05 06 KO-1 V.R tion by mHag HA-1-specific 

T cells. The HA-IH and the 
HA-1 H allele HA-1 coding sequence of KIAA0223 were transfected together with HLA-A'0201 into HeLa cells. After 3 days 

the HA-I-specific CTL clones 5W38 and 3HA15 were added, and after the 24 hours TNF-CY release was 

HA-l , measured in the supernatant. The clone Q66.9 is specific for the influenza matrix protein residues 58 to 66. No 
TNF-a production was observed after transfection of the pcDNAS.l(+) vector alone. 



peptide in HLA-A'Q201 suggests that this 
allele can be considered as a null allele with 
regard to HLA-A"C201-restricted T cell 
reactivity. This further suggests that only 
BMT from an HA-lRIR donor to an HA- 
lHIH or HA-lHIR recipient and not the 
reverse nrould be significantly associated 
with GvHD. This was indeed observed in 
a retrospective study in which HLA- 
A*C2Gl-positi~~e BMT pairs were typed for 
HA-1 (5). However, it remains possible 
that other peptides that contain the HA-lR 
allelic difference bind to other HLA alleles 
and are recognized by T cells. 

Only a few non-sex linked mHag-encod- 
ing genes have been identified so far. In 
mice, two maternally inherited tnHags are 
encoded by two ~nitochondrial genes with 
two and four alleles (25). Recently, the H13 
locus was defined as a H-2 Dh-binding non- 
apeptide differing in one amino acid from its 
allele. Reciprocal T cell responses could be 
elicited (26). The human mHag HA-2 has 
only been sequenced on the peptide level 
(2). The identification of the gene encoding 
the rnHag HA-1 is the first example of a 
human non-sex linked rnHag that is derived 
from a polytn'rphic gene. The HA-l-en- 
coding KIA40223 gene has at least two al- 
leles differing in two nucleotides that lead to 
a single amino acid difference. 

Although the number of different hu- 
man mHags is probably high, it is envisaged 
that only few immunodominant ~nHags can 
account for the risk for GvHD (27). HA-1 
demonstrates an irnmunodominant behav- 
ior. First, CTL clones reactive to HA-1 
were obtained from peripheral blood lym- 
phocytes of three individuals, each trans- 
planted across a multiple and probably dis- 
tinct ~nHag barrier (6). Second, in the study 
mentioned earlier investigating the influ- 
ence of tnHags HA-1 to HA-5 mismatching 
on the development of GvHD, a tnisrnatch 
of only HA-1 was significantly associated 
with GvHD in adult patients (5). The im- 
munodo~ninance of HA-1 was recently con- 
firmed by others. Roosnek et al, demon- 
strated HA-1-specific T cell clones in two 
out of two HA-1 mismatched HLA-identi- 
cal BhlT recipients (28). The direct appli- 
cability of the identification of the HA-1 
alleles is the typing before BMT of HLA- 
matched donor-recipient combinations. 
This will improve bone marron7 donor se- 
lection as well as prediction of develop~nent 
of HA-1-induced GvHD. 
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