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Abstract

 

T cell responses to non-MHC antigens are targeted to a re-

stricted number of immunodominant minor histocompati-

bility antigens whose identity remains elusive. Here we re-

port isolation and sequencing of a novel immunodominant

minor histocompatibility antigen presented by H-2D

 

b

 

 on the

surface of C57BL/6 mouse cells. This nonapeptide (AAPD-

NRETF) shows strong biologic activity in cytotoxic T lym-

phocyte sensitization assays at concentrations as low as 10

pM. C3H.SW mice primed with AAPDNRETF in incom-

plete Freund’s adjuvant generated a potent anti-C57BL/6 T

cell-mediated cytotoxic activity, and T lymphocytes from

AAPDNRETF-primed mice caused graft-versus-host dis-

ease when transplanted in irradiated C57BL/6 recipients.

These results (

 

a

 

) provide molecular characterization of a

mouse dominant minor histocompatibility antigen, (

 

b

 

) iden-

tify this peptide as a potential target of graft-versus-host

disease and, (

 

c

 

) more importantly, demonstrate that a single

dominant minor antigen can cause graft-versus-host dis-

ease. These findings open new avenues for the prevention of

graft-versus-host disease and should further our under-

standing of the mechanisms of immunodominance in T cell

responses to minor histocompatibility antigens.
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Introduction

 

MHC molecules are peptide binding proteins whose ligands
are mostly derived from the partial proteolysis of endogenous
self proteins distributed among various cellular compartments
(1, 2). These peptide ligands provide a molecular definition of
self that is critical for T and NK cell function. Indeed, class I-
and class II-associated self peptides are involved in positive

and negative selection of thymocytes, and the former also reg-
ulate susceptibility to NK cell-mediated lysis (3–6). Some of
these self peptides, called minor histocompatibility antigens
(MiHAs)

 

1

 

, are polymorphic and can therefore trigger potent T
cell responses between MHC-identical individuals (7). The
most important immune reactions elicited by in vivo alloreac-
tivity to MiHA are graft rejection, graft-versus-host disease
(GVHD), and graft-versus-tumor effect (8). When it was real-
ized that the number of MiHA differences between two strains
of mice, such as C57BL/6 and BALB.B, is greater than 40,
MiHAs were considered an insurmountable obstacle to suc-
cessful transplantation (9, 10). However, analysis of cytotoxic
T cell (CTL) responses in the BALB.B anti-C57BL/6 strain
combination revealed that, in fact, anti-MiHA responses could
be attributed to a very limited number of antigens, called im-
munodominant, while the vast majority of MiHAs are ne-
glected and said to be dominated (11). The phenomenon of
immunodominance is a hallmark of all anti-MiHA T cell re-
sponses, not only in vitro but also in vivo (12–14). Thus, we
have recently shown that after bone marrow transplantation,
anti-host T cell responses are oligoclonal in nature and tar-
geted to a restricted number of dominant MiHAs (13). Two
human MiHAs have recently been sequenced, but it is impos-
sible to determine conclusively whether or not they are immu-
nodominant as methodological problems prevent adequate
evaluation of MiHA dominance in man (15, 16). In addition,
the only three mouse MiHAs sequenced are clearly not domi-
nant (17–19). To decipher the complex mechanisms of immu-
nodominance, we studied the molecular structure of a dominant
mouse MiHA. We report herein the molecular characteriza-
tion of a dominant H-2D

 

b

 

-associated MiHA, and demonstrate
that T cell response to this single nonapeptide can cause GVHD.

 

Methods

 

Mice and cell lines.

 

Male C57BL/6J and C3H.SW/SnJ mice, 8–20 wk
old, were purchased from the Jackson Laboratory (Bar Harbor, ME).
T2D

 

b

 

 and T2K

 

b

 

 (kindly provided by Dr. P. Cresswell, Yale Univer-
sity, New Haven, CT) were created by transfection of T2 cells with D

 

b

 

and K

 

b

 

 class I genes, respectively (20). T2 is a human hybrid lympho-
blastoid cell line with a large deletion in the MHC class II region, in-
cluding genes for the TAP1/2 and LMP2/7 products.

 

Acid extraction and HPLC fractionation.

 

MHC class I–associated
peptides were extracted by acid elution from C57BL/6 spleen cells
cultured for 3 d in the presence of Concanavalin A (Con A; Sigma

 

Address correspondence to Claude Perreault, Research Center, Mai-
sonneuve-Rosemont Hospital, 5415 de l’Assomption Blvd., Mont-
real, Quebec, Canada H1T 2M4. Phone: 514-252-3557; FAX: 514-252-
3430; E-mail: perreauc@ere.umontreal.ca

 

Received for publication 29 February 1996 and accepted in revised

form 15 May 1996.

 

1. 

 

Abbreviations used in this paper:

 

 GVHD, graft-versus-host disease;
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Chemicals Co., St. Louis, MO) at a concentration of 2 

 

m

 

g/ml (13, 21).
Briefly, 5 

 

3

 

 10

 

9

 

 Con A blasts were suspended in citrate-phosphate
buffer (0.131 M citric acid/0.066 M Na

 

2

 

HPO

 

4

 

, pH 3.3) at a concentra-
tion of 4 

 

3

 

 10

 

6

 

 cells/ml for 1 min at room temperature, and then cen-
trifuged for 5 min. The acid-stripped peptide supernatant was har-
vested and loaded into a SEP-PAK C18 cartridge (Waters, Milford,
MA); the bound material was eluted at 4

 

8

 

C with 80% acetonitrile/
20%H

 

2

 

O, then lyophilized and stored at 

 

2

 

80

 

8

 

C. Peptides were redis-
solved in 0.1% TFA, and were separated on a SUPERPAC

 

TM

 

 Pep-S
C18 column (5 

 

m

 

m, 4 

 

3

 

 250 mm; Pharmacia, Uppsala, Sweden) using
a Waters HPLC system. Solvent A was 0.1% TFA in H

 

2

 

O, and sol-
vent B was 0.1% TFA in acetonitrile. The gradient was 0–60% B
from 5 to 50 min (1.33%/min), the flow rate 1 ml/min, and 1-min frac-
tions were collected (system I). An aliquot from each fraction was as-
sayed in CTL sensitization assays (see below) and the rest was lyo-
philized and stored at 

 

2

 

80

 

8

 

C. This procedure was repeated ten times
over a five-week period; acid eluates were thus harvested from a total
of 5 

 

3

 

 10

 

10

 

 Con A blasts. Active fractions from the 10 runs were then
pooled and subjected to a second reversed-phase HPLC, using a
DELTA PAK C18 column (5 

 

m

 

m, 3.9 

 

3

 

 150 mm; Waters) with an in-
creasing acetonitrile gradient of 0.5%/min in 0.13% heptafluorobu-
tyric acid (0–60% over 120 min; flow rate, 1 ml/min; system II). Frac-
tions (1 ml) were again tested in CTL sensitization assays, and the
active fraction was rechromatographed twice on a Brownlee HPLC
microbore C8 column (RP-300, 2.1 

 

3

 

 30 mm; Applied Biosystems,
Foster City, CA) using an Applied Biosystems 130A Separation sys-
tem. Solvent A was 0.1% TFA and solvent B was 70% acetonitrile
containing 0.085% TFA. For fractionation III, solvent B was in-
creased from 0 to 80% from 3 to 43 min (2%/min), with a flow rate of
0.2 ml/min. For fractionation IV, the concentration of solvent B was
increased from 0 to 15% from 3 to 10 min, and then from 15 to 30%
from 10 to 40 min. The active peak was subjected to microsequencing.
System V was used to compare the retention time of selected syn-
thetic peptides to that of the natural MiHAs: the solvents were the
same as in system I but the gradient rate was shallower with a linear
increase of solvent B from 0 to 25% over 100 min (1 ml/min, 1-min
fractions).

 

Peptide sequencing and synthesis.

 

HPLC fractions that contained
specific CTL-sensitizing activity were sequenced at the Biotechnol-
ogy Research Institute (Montreal, Quebec, Canada) using an auto-
mated Edman degradation (Model 470A; Applied Biosystems) with
phenylthiohydantoin amino acid analyzer. Peptides were synthesized
by standard solid-phase methods using Fmoc chemistry in a peptide
synthesizer (Model MPS.396; Advanced Chemtech, St. Louis, MO)
or with Multipin Peptide Synthesis system (Chiron Mimotopes, San
Diego, CA). The homogeneity of AAPDNRETF used for in vivo
priming was established by reversed-phase HPLC and the structure
was verified by fast atom bombardment mass spectrometry and
amino acid analysis.

 

Immunoprecipitation.

 

Spleen Con A blasts from C57BL/6 mice
were lysed in PBS containing 1% NP-40, 25 mM iodoacetamide,
0.04% NaN

 

3

 

, 1 mM aprotinin and 1 mM PMSF for 30 min at 4

 

8

 

C with
shaking. Cell lysates were cleared for 1 h with protein A–agarose
(Sigma, St. Louis, MO), incubated for 1 h with anti-H-2K

 

b

 

 (AF6-
88.5.3; ATCC) or anti-H-2D

 

b

 

 (28-14-8s; kindly provided by Dr. G.L.
Waneck, Massachusetts General Hospital, Boston) hybridoma cul-
ture supernatants, and precipitated with protein A–agarose. After ex-
tensive washing, agarose-bound complexes were denatured with
0.1% TFA for 30 min at room temperature to release the peptides
from H-2

 

b

 

 molecules. The peptide mixtures were then subjected to
reversed-phase HPLC, as described above.

 

Peptide sensitization and CTL assays.

 

Splenocytes from primed
C3H.SW mice were restimulated by coculture with irradiated (2,500
rads) C57BL/6 cells in RPMI-1640 (GIBCO BRL, Burlington, Can-
ada) supplemented to a final concentration of 10% FCS, 100 U/ml
penicillin G, 100 

 

m

 

g/ml streptomycin, 2 mM 

 

l

 

-glutamine (GIBCO
BRL), 10 mM sodium pyruvate (GIBCO BRL) and 50 

 

m

 

M 2-ME
(Sigma) and incubated at 37

 

8

 

C in a humidified atmosphere of 5%

CO

 

2

 

. Effector cells were harvested five days later and incubated with
5 

 

3

 

 10

 

3

 

 

 

51

 

Cr-labeled Con A–induced target blasts at an effector/target
cell ratio of 100:1 in a volume of 200 

 

m

 

l. For sensitization experi-
ments, HPLC-peptide fractions or synthetic peptides diluted in com-
plete culture medium were preincubated with C3H.SW Con A blast
targets for 90 min at 37

 

8

 

C before addition of effector cells. After 4 h
at 37

 

8

 

C, 100 

 

m

 

l of supernatants were harvested and counted. The per-
centage of specific lysis was determined using standard methods (22).
Results are reported as the mean of triplicate cultures. Spontaneous

 

51

 

Cr release for the various target cells ranged from 5 to 20%.

 

Immunization.

 

Effector cells were generated from splenocytes of
C3H.SW mice primed either by a single intraperitoneal injection of
2 

 

3

 

 10

 

7

 

 C57BL/6 spleen cells or by two subcutaneous injections (at an
interval of 7 d) of various amounts of synthetic peptides in incom-
plete Freund’s adjuvant (Sigma).

 

Cell transplantation.

 

Mice were transplanted as described previ-
ously (22). Briefly, recipient mice received 950 rads total body irradi-
ation from a 

 

60

 

Co source at a dose rate of 128 rads/min on day 0, the
day of transplant. Bone marrow cells were obtained from the tibiae
and femurs collected from donor mice. Bone marrow cells (10

 

7

 

)
mixed with spleen cells (5 

 

3

 

 10

 

7

 

) were given as a single intravenous
injection, via the tail vein, in a volume of 0.5 ml of serum-free RPMI-
1640 medium.

 

Immunofluorescence staining and FACS

 

®

 

 analysis.

 

Direct immu-
nofluorescence staining was performed with FITC-, PE- and Cy-
CHROME

 

™

 

-conjugated monoclonal antibodies as previously described
(13). After staining, cells were analyzed for surface fluorescence on
an FACScan

 

®

 

 flow cytometer (Becton Dickinson, San Jose, CA) us-
ing the LYSYS II program (Becton Dickinson).

 

Results

 

Fractionation of acid eluate from C57BL/6 cells and from affin-

ity-purified class I molecules.

 

Fractionation of acid eluates
from C57BL/6 Con A blasts by reversed phase-HPLC (RP-
HPLC) using system I (see Methods), consistently yielded five
peaks that sensitized C3H.SW targets to lysis by C3H.SW anti-
C57BL/6 CTLs (Fig. 1 

 

A

 

). This is consistent with previous re-
ports showing that the number of peptide epitopes recognized
by CTLs generated against “multiple” MiHAs is limited (23,
24). These MiHAs have been termed as “immunodominant”
(8, 11). Titration experiments showed that two peaks, corre-
sponding to fractions 25–28 and fractions 33–35, could be con-
sidered as “major peaks” because MiHA activity was detected
up to a 1,000-fold dilution; activity of the three other peaks
(fractions 29, 36, and 39) was lost at 10-fold dilution (data not
shown). Testing of peptides extracted from affinity-purified
class I molecules showed that MiHAs recovered in fractions
25–28 and in fractions 33–35 were associated exclusively with
H-2D

 

b

 

 and H-2K

 

b

 

, respectively (Fig. 1 

 

A

 

). The three minor
peaks were not recovered in eluates from affinity-purified class
I molecules, possibly because their concentration or sensitizing
activity was much (

 

$

 

 100 times) lower than those of the two
major peaks. Indeed, we estimated by using dilution assays
that the recovery of MiHAs was 10 times lower when starting
with purified MHC molecules rather than whole cells (data not
shown). Thus, the amounts recovered for the minor peaks
were below the detection limits of our assays.

To obtain sufficient material for sequencing, peptides were
eluted from 5 

 

3

 

 10

 

10

 

 C57BL/6 Con A blasts. When material re-
covered in the first peak (D

 

b

 

-associated; fractions 26–28, sys-
tem I) was further separated using system No. II, MiHA activity
was recovered in two fractions (no 51 and 58, Fig. 1 

 

B

 

). These
fractions were rechromatographed twice on a C8 column, using
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systems III and IV. After each separation, fractions were
tested individually for MiHA activity. Only material derived
from fraction 58 contained sufficient quantity for sequencing
by Edman degradation. The HPLC fraction used for sequenc-
ing contained more than one peptide, but none was longer
than nine amino acids. Amino acids found at each position in
this fraction are listed in Table I. Based on these data, numer-
ous sequences were possible. However, it has been shown that
H-2D

 

b

 

 ligands are usually nonapeptides, whose motif is rela-
tively well defined and mainly characterized by the invariable
presence of an asparagine (N) at position 5. By taking into ac-

count the peptide motif of H-2D

 

b

 

, as reviewed by Rammensee
(25), we deduced that four nonamer sequences were most
likely compatible with sequences of H-2D

 

b

 

 ligands (Table I).

 

Evaluation of candidate synthetic peptides.

 

We tested the
ability of 15 synthetic peptides to sensitize C3H.SW cells to ly-
sis by C3H.SW anti-C57BL/6 CTLs (Fig. 2 

 

A

 

). The peptides
were synthesized by starting with the MiHA motif deduced
from Table I and by substituting other amino acid residues ob-
served at positions 1, 2, 3, 4, 6, and 7 in the sequenced material.
Only threonine (T) and phenylalanine (F) had been found at
positions 8 and 9, respectively, and asparagine (N) is always
present at position 5 in H-2D

 

b

 

 ligands (Table I). Four non-
apeptides showed significant biologic activity at 0.1 nM con-
centration (Fig. 2 

 

A

 

). These four peptides had non-polar hy-
drophobic amino acids at positions 1–3, and shared the
DNRETF COOH-terminal motif. The nonapeptide AAPDN-
RETF had higher activity than the other three when tested at
0.01 nM in CTL sensitization assay. The concentration of
AAPDNRETF required to sensitize target cells was similar to
that of the most potent D

 

b

 

-associated epitopes (27). Interest-
ingly, lysis of target cells decreased at peptide concentrations
greater than 10

 

2

 

9

 

 M (Fig. 2 

 

C

 

).
The fact that AAPDNRETF showed the highest activity

suggests, but does not prove, that it corresponds to the natu-
rally presented MiHA. It could be a heteroclitic peptide, i.e., a
synthetic peptide that is more active than the natural one. The
peptide whose sequence corresponds to that of the natural
MiHA should be recognized only in association with H-2D

 

b

 

(see Fig. 1 

 

A

 

), and should have the same retention time on RP-
HPLC as the natural MiHA. Thus, to ascertain the identity of
the natural MiHA, the four active nonapeptides (Fig. 2 

 

A

 

)
were chromatographed with system V, designed to maximize
peptide resolution (28). With this system, the natural H-2D

 

b

 

-
associated MiHAs can be separated into four major peaks
(Fig. 2 

 

E

 

). When natural MiHAs and synthetic peptides were
tested in CTL assays, AAPDNRETF and GAPDNRETF ac-
tivity was found in fractions 66–67, identical to one of the
MiHAs (Fig. 2 

 

E

 

). On the other hand, the retention time of
AGPDNRETF or AAMDNRETF did not correspond to that
of the natural MiHAs. Furthermore, the fact that GAPDN-
RETF and AAPDNRETF (Fig. 2 

 

D

 

) could sensitize T2D

 

b

 

 but
not T2K

 

b

 

 cells to lysis by C3H.SW anti-C57BL/6 CTLs shows

Figure 1. RP-HPLC separation of dominant MiHAs recognized by 
C3H.SW anti-C57BL/6 CTLs. (A) Peptides contained in acid eluates 
from C57BL/6 cells and from affinity-purified C57BL/6 class I mole-
cules were separated by RP-HPLC on an analytical C18 Superpac 
Pep-S column using system I. Each fraction, containing the peptide 
material extracted from 3 3 108 C57BL/6 Con A blasts, was preincu-
bated with C3H.SW Con A blasts for 90 min and tested for recogni-
tion by C3H.SW anti-C57BL/6 CTLs. (B) Fractions 26–28 were 
pooled, rechromatographed on a C18 Delta Pak column using system 
II, and tested in a CTL sensitization assay. Effector/target ratio was 
100:1.

 

Table I. Amino Acid Compostiton of a D

 

b

 

-associated Dominant MiHA

 

Position 1 2 3 4 5 6 7 8 9

 

Sequence data* A,G A,Q T,P,N S,D K,N R,V E,R T F

E,D G M,D M

H-2D

 

b

 

 preferred amino

acid residues

 

‡

 

A,N,I M,A I,L,P K,E,Q N

 

§

 

L,F,A D,E,Q F,H,K M,I

F,P,S Q,D V,G V,D,T Y,T,V V,T,Y S,Y

T,V M,E,Q

H,I,K

P,S

Most likely

MiHA sequence A A/Q P D N

 

V/(R)

 

i

 

E T

 

¶

 

F

 

¶

 

*Single-letter amino acid code. 

 

‡

 

Based on reference 25. 

 

§

 

The only invariant H-2D

 

b

 

 anchor residue. 

 

i

 

Although R is not a preferred residue, this posi-

tion is practically unrestricted. 

 

¶

 

Although T and F are not recognized as preferred residues, their presence at positions 8 and 9 has already been re-

ported in some H-2D

 

b

 

-associated epitopes (25), e.g., a subdominant CTL epitope expressed on human papillomavirus type 16-transformed C57BL/6

cells (26).
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that they are recognized only in association with H-2D

 

b

 

. Thus,
these two nonapeptides have all the characteristics of a natural
MiHA. On a molar basis, AAPDNRETF nonapeptide shows
higher activity in CTL sensitization assays than GAPDN-
RETF (Fig. 2), but this finding would not be sufficient to ex-
clude the possibility that glycine may be present at position 1
in the natural MiHA.

The three-dimensional structure of H-2D

 

b

 

/peptide com-
plexes shows that residues at positions 4, 6, and 7 are those that
are most solvent accessible and probably constitute the princi-
pal T cell receptor contact residues (29). We therefore substi-
tuted an alanine residue at each of these positions in AAPDN-
RETF and observed that each substitution abrogated the
activity of the peptide (Fig. 2 

 

B

 

). This suggests that the three
charged residues at positions 4, 6, and 7 in AAPDNRETF
have a determining influence on the formation of the T cell
epitope recognized by C3H.SW anti-C57BL/6 CTLs.

 

In vivo priming with AAPDNRETF generates potent CTL

activity. 

 

Standard conditions to generate CTLs against MiHAs
include in vivo priming with MiHA-incompatible cells fol-
lowed by in vitro culture with the same type of cells (8). When
C3H.SW mice were primed with two subcutaneous injections
of AAPDNRETF in incomplete Freund’s adjuvant, they gen-
erated strong CTL responses, comparable to those obtained
after priming with C57BL/6 cells (Fig. 3). Effectors killed both
C3H.SW cells coated with synthetic AAPDNRETF peptide
and unmanipulated C57BL/6 targets. Mice primed with GAP-
DNRETF generated less potent CTLs that killed C57BL6 tar-
gets but not GAPDNRETF-coated C3H.SW targets (Fig. 3).
CTLs from mice primed with either C57BL/6 cells or AAPD-
NRETF recognized the same D

 

b

 

-associated HPLC fractions
(data not shown). No cytotoxic activity was generated in a con-
trol group injected with adjuvant only. Therefore, injection
with AAPDNRETF is effective for in vivo priming against a
dominant C57BL/6 MiHA presented by the H-2D

 

b

 

 class I mol-
ecule. GAPDNRETF also showed some activity that was,
however, inferior to that of AAPDNRETF.

 

T lymphocytes primed with AAPDNRETF cause GVHD in

irradiated recipients.

 

After allogeneic bone marrow transplan-

tation across minor histocompatibility barriers, GVHD is ob-
served in only some donor/recipient combinations and is trig-
gered by immunodominant MiHAs whose identity remains
elusive (12, 13, 22). We previously reported that C57BL/6 re-
cipients of an unmanipulated C3H.SW transplant present no
signs of GVHD (22). To assess if T lymphocytes primed with
AAPDNRETF could cause GVHD, we transplanted irradi-

Figure 2. Recognition of various peptides by 
C3H.SW anti-C57BL/6 CTLs. (A) 15 peptides 
were tested in a CTL sensitization assay. The 
peptides were synthesized by starting with the 
MiHA motif deduced in Table I and by substi-
tuting other amino acid residues observed at po-
sitions 1, 2, 3, 4, 6, and 7 in the sequenced mate-
rial. (B) Recognition of AAPDNRETF variant 
peptides with alanine substitutions. These pep-
tides were tested at the same time as those of A. 
(C) Dose/response curve of AAPDNRETF and 
GAPDNRETF in CTL sensitization assay. (D) 
After incubation with AAPDNRETF and GAP-
DNRETF (0.1 nM), T2Db but not T2Kb cells 
were killed by C3H.SW anti-C57BL/6 CTLs. No 
lysis was observed when T2Db were not coated 
with peptides (data not shown). (E) Acid pep-
tide eluate from C57BL/6 cells and four synthetic 
peptides were subjected to RP-HPLC using sys-
tem V, and individual fractions were tested in 
CTL sensitization assay. The line drawing repre-

sents the elution profile of the natural MiHAs. Fractions containing the activity of the synthetic peptides are indicated: 1, AGPDNRETF; 2, 
AAPDNRETF and GAPDNRETF; 3, AAMDNRETF. Effector/target ratio was 100:1. Target cells were C3H.SW Con A blasts, except in D.

Figure 3. In vivo priming with AAPDNRETF generates potent CTL 
activity. C3H.SW mice were primed either with C57BL/6 cells (2 3 
107 cells i.p. on day -14), peptides in incomplete Freund’s adjuvant (50 
to 300 mg s.c. on days -17 and -10), or adjuvant alone (on days -17 and 
-10). On day 0, their spleen cells were restimulated in vitro with 
C57BL/6 cells, and tested in CTL assays 5 d later against C57BL/6 
Con A blasts, and C3H.SW Con A blasts coated with 1 nM AAPDN-
RETF or GAPDNRETF (*C3H.SW Con A blasts were coated with 
the same peptide as the one used for CTL priming). Effectors primed 
with C57BL/6 cells or peptides did not kill uncoated C3H.SW Con A 
blasts (specific lysis # 5%, n 5 3). Effector/target ratio was 100:1. 
IFA 5 incomplete Freund’s adjuvant. These results are representa-
tive for three separate experiments.
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ated C57BL/6 recipients with an inoculum composed of 107

bone marrow cells 1 5 3 107 spleen cells from C3H.SW mice
primed with C57BL/6 cells (group 1), AAPDNRETF in in-
complete Freund’s adjuvant (group 2), or adjuvant alone
(group 3). For the three groups, the numbers of Thy1.21/CD41

and Thy1.21/CD81 cells in donor spleen were similar to those
found in untreated C3H.SW controls (Table II). Mice in group
3 (n 5 5) showed no signs of GVHD, but all mice in group 1
(6/6), and 6/7 mice in group 2 developed cutaneous GVHD
that evolved in the following sequence: hair loss → erythema-
tous lesions → skin ulcerations (Fig. 4 A). Affected skin areas
showed changes characteristic of GVHD, i.e., mononuclear
cell infiltrates in the superficial dermis and epidermis, and epi-
dermal as well as follicular dyskeratosis (data not shown). Skin
lesions appeared around day 25 and progressively worsened
up to day 60. Lesions were similar in groups 1 and 2 up to day
40, but eventually became more severe in group 2, as these
mice lived longer (see below). The GVHD in group 2 was not
limited to the skin. When compared to group 3, these recipi-
ents presented significant thymic hypoplasia, another hallmark
of GVHD (Fig. 4 C). On day 6062, recipients from AAPDN-
RETF primed donors showed a 50% reduction in the number
of mature single positive thymocytes (TCR abhigh/CD41 or
CD81), double positive thymocytes, and total thymocytes
(Thy1.21). Thymic cells were not evaluated in group 1 as only
two moribund recipients were alive on day 60. While the sever-
ity of skin GVHD was similar in groups 1 and 2, the overall se-
verity of GVHD was greater in group 1. Indeed GVHD was
rapidly lethal in 67% of mice in this group but in none of group
2 (Fig. 4 B). It should be remembered that group 1 donors had
been primed against all Db- and Kb-associated MiHAs, while
priming in group 2 involved only one MiHA, AAPDNRETF.

Discussion

While immunodominant MiHAs are probably the only one
that are important in immune reactions, their identity remains
elusive and it has not been possible previously to analyze the
immunogenicity of a single immunodominant MiHA. A major
finding of our study is characterization of a novel H-2Db-asso-
ciated MiHA which allowed us to define in molecular terms an
immunodominant MiHA and to evaluate in vivo and in vitro T
cell responses to this antigen. The results presented in Fig. 2
show that two nonapeptides, AAPDNRETF and GAPDN-
RETF, whose structure was deduced following microsequenc-
ing of extensively purified peptide material eluted from

C57BL/6 Con A blasts, possess all the characteristics of an
H-2Db-associated dominant MiHA: (a) they have the same re-
tention time as the natural MiHA on RP-HPLC, (b) they are
recognized only in association with H-2Db, (c) they show very
high activity in CTL sensitization assays involving C3H.SW
anti-C57BL/6 CTLs, and (d) in vivo priming, particularly with
AAPDNRETF, generates specific anti-C57BL/6 CTL activity.
Although we cannot exclude, we consider unlikely the possi-
bility that glycine is present at position 1 in the natural MiHA
because, while many Db-associated peptides have an alanine at
this position, a review of the literature (see reference 25) and a
search in the MHCPEP database (version 1.1; Walter and
Eliza Hall Institute of Medical Research) revealed no Db

ligand with glycine at position 1. It is also noteworthy that
AAPDNRETF was more effective than GAPDNRETF in
both in vivo priming and CTL sensitization assays. Therefore,
we suggest that AAPDNRETF is the most likely sequence of
the MiHA. Formal identification of the natural MiHA will re-
quire identification and sequencing of its source protein or

Figure 4. T lymphocytes primed with AAPDNRETF cause GVHD 
in irradiated recipients. C3H.SW mice were primed with C57BL/6 
splenocytes (group 1), AAPDNRETF 300 mg in adjuvant (group 2), 
or adjuvant alone (group 3) under the same conditions as in Fig. 3. 
On day 0, irradiated (950 rads) C57BL/6 recipients received 107 bone 
marrow cells 1 5 3 107 spleen cells from primed donors. The mean 
numbers (3106) of Thy1.21CD41 and Thy1.21CD81 cells in donor 
spleen cell suspensions were 2/7.2, 1.8/7, and 2.3/7.1 for groups 1, 2, 
and 3, respectively. (A) Severe ulcerative skin lesions on day 55 in a 
recipient from group 2 (left). One recipient from group 3 is shown for 
comparison (right). (B) Survival of mice in group 1 (n 5 7) and 2 (n 5 
6). (C) Absolute numbers of thymic cells bearing various cell surface 
antigens were assessed in mice from group 2 and group 3 on day 
6063. One mouse per group was tested in three consecutive experi-
ments and ratios (numbers in group 2/numbers in group 3) were cal-
culated for the three pairs of mice. Results are expressed as the mean 
ratio6SEM. *P , 0.025, **P , 0.01 (one-sample hypothesis, one-
tailed t test). These results are representative for two separate experi-
ments. IFA, incomplete Freund’s adjuvant.

Table II. T Cell Subsets in Donor (C3H.SW) Spleen Cells

Treatment
Thy1.21CD41

cells
Thy1.21CD81

cells

% n (3 106) % n (3 106)

Untreated 15.360.7 13.860.9 4.160.6 3.760.1

IFA on days

217 and 210 14.261.2 13.663.3 4.661.6 4.160.4

AAPDNRETF/IFA on

days 217 and 210 1461.7 13.561.1 3.660.8 3.460.6

C57BL/6 cells 14.560.9 13.761 461.2 3.660.4

Mean6SD, three mice per group.
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coding gene, and molecular definition of the allelic difference
between C3H.SW and C57BL/6 mice. We are currently pursu-
ing this issue by screening a C57BL/6-derived cDNA library
with degenerate oligonucleotides in order to clone the MiHA
cDNA. A search in EMBL database (February 20, 1996) re-
vealed no perfect match, neither for AAPDNRETF nor for
any of the peptides listed in Fig. 2.

Immunodominance is the most important feature of T cell
response to MiHAs. Knowledge of the structure of a dominant
MiHA will be most helpful to understand this phenomenon in
molecular terms. Thus, we recently observed that AAPDN-
RETF has a very high affinity for H-2Db (unpublished obser-
vations). Furthermore, the structure of AAPDNRETF shows
an interesting characteristic that could possibly contribute to
its immunodominant status. This nonapeptide contains six un-
charged residues and three residues with basic or acidic side
chains. The latter are found at positions 4, 6, and 7, which are
precisely those that are most solvent accessible and constitute
the principal T cell receptor contact residues (29). In addition,
substitution with alanine at any of these sites abrogated the ac-
tivity of AAPDNRETF in CTL sensitization assays (Fig. 2 B).
As charge interaction between residues on the peptide and the
T cell receptor are of great significance in T cell response (30),
the presence of three residues that can contribute to the for-
mation of salt bridges raises the possibility of strong affinity in-
teractions between AAPDNRETF/Db complexes and specific
T cells.

For many class I–associated peptides, a simple immuniza-
tion in incomplete Freund’s adjuvant cannot trigger CTL re-
sponses (31). To our knowledge, this has never been at-
tempted with MiHA peptides. In our study, priming with
AAPDNRETF generated potent specific CTLs, suggesting
that it triggered class I-restricted CD81 CTLs which are CD4-
independent, as reported for some optimal class I-restricted
peptides (31). Alternatively, this nonapeptide could bind to
both class I and class II molecules, an apparently rare phenom-
enon described for an HIV peptide (32).

GVHD is certainly the most important immunopathologic
reaction triggered by MiHAs in clinical medicine (33). Recent
studies have provided evidence that only a limited number of
MiHAs could cause GVHD (12, 13, 22). Their identity, how-
ever, remains elusive. Using donor/recipient strains incompati-
ble at either the H-Y, H-4, H-7, or H-9 loci, Korngold failed to
induce not only clinical GVHD, but even subclinical pathology
after transfer of T cells from either normal or presensitized do-
nors (34). CTLs recognizing some host MiHAs, such as H-Y or
HA-2, have been isolated from recipient’s blood after human
bone marrow transplantation. However, these findings do not
necessarily imply a role for these MiHAs in GVHD, because
host reactive anti-MiHAs CTLs were found with similar fre-
quencies in patients with or without GVHD (35). Goulmy et
al. have recently reported that a mismatch of HA-1 MiHA,
whose molecular structure is unknown, was associated with an
increased rate of GVHD in adult recipients of bone marrow
transplants (36). Thus, HA-1 is heretofore the only MiHA that
has been implicated in GVHD. Our results, presented on Fig.
4, conclusively demonstrate that T lymphocytes targeted to a
single immunodominant MiHA can indeed cause GVHD.
These findings lend experimental support to the notion of
Loveland and Simpson that MiHAs are “neither weak nor mi-
nor (9).” However, it remains to be determined whether all
dominant MiHAs could trigger GVHD.

Anti-MiHAs GVHD preferentially involves selected tis-
sues and organs such as the skin, liver, intestine, and the thy-
mus. In both man and mouse, the tissue specificity of GVHD
lesions varies among different donor-recipient pairs. It is
tempting to speculate whether this is related to the fact that
some MiHAs have a restricted tissue distribution (37). It will
now be possible to study the relation between the tissue ex-
pression of a target MiHA, AAPDNRETF, and the pathologic
tissue lesions found in recipients suffering from GVHD in-
duced by donors primed against this peptide. This will require
a quantitation of AAPDNRETF epitopes expressed by vari-
ous cell lineages coupled with detailed pathology studies on
GVHD target organs.

The demonstration that a single dominant MiHA can cause
GVHD should encourage further attempts to sequence domi-
nant MiHAs. Molecular definition of these antigens could be
of great significance in transplantation and cancer immuno-
therapy. For instance, in allogeneic bone marrow transplanta-
tion, generation of donor anti-host T cells targeted to domi-
nant MiHAs might represent the most effective strategy to
harness and amplify the crucial graft-versus-leukemia effect
(14). Furthermore, as it is relatively easy to induce unrespon-
siveness to short peptides (38), tolerization of donor T cells to
recipient’s dominant MiHAs might be the most effective and
specific strategy to prevent GVHD. In this regard, it is inter-
esting to note that lysis of target cells sensitized with AAPDN-
RETF decreased at peptide concentrations greater than 1029 M
(Fig. 2 C). Such a marked CTL prozone effect has recently
been observed with a peptide from the human immunodefi-
ciency virus-1 envelope protein gp 160 (39). In the latter case,
detailed analyses showed that inhibition of CTL-mediated lysis
resulted from a transient anergy initiated by the binding of the
antigenic peptide to MHC molecules on the CTL’s own sur-
face followed by engagement of the TCR (39). In vivo admin-
istration of peptides in large amounts could possibly entail not
only functional inactivation but also deletion of reactive T cells
by causing activation-induced cell death or exhaustion (38);
clearly, further studies are required to evaluate the possible
importance of these mechanisms for tolerization to MiHA
peptides.

Acknowledgments

We thank Dr. K. Fischer Lindahl for reviewing the manuscript, Dr. S.
Cousineau for helpful discussions, F. Dumas for help with peptide se-
quencing, Dr. P. Cresswell for supplying the T2Db and T2Kb cell
lines, and Dr. G.L. Waneck for a gift of anti-H-2Db hybridoma.

This work was supported by the National Cancer Institute of Can-
ada and the Cancer Research Society.

References

1. Rammensee, H.G., K. Falk, and O. Rötzschke. 1993. Peptides naturally
presented by MHC class I molecules. Annu. Rev. Immunol. 11:213–244.

2. Rudensky, A.Y., P. Preston-Hulburt, S.C. Hong, A. Barlow, and C.A.
Janeway. 1991. Sequence analysis of peptides bound to MHC class II mole-
cules. Nature (Lond.). 353:622–627.

3. Ashton-Rickardt, P.G., L. van Kaer, T.N.M. Schumacher, H.L. Ploegh,
and S. Tonegawa. 1994. Evidence for a differential avidity model of T cell selec-
tion in the thymus. Cell. 76:651–663.

4. Correa, I., and D.H. Raulet. 1995. Binding of diverse peptides to MHC
class I molecules inhibits cell lysis by activated natural killer cells. Immunity. 2:
61–71.

5. Malnati, M.S., M. Peruzzi, K.C. Parker, W.E. Biddison, E. Ciccone, E.
Moretta, and E. Long. 1995. Peptide specificity in the recognition of MHC class



628 Perreault et al.

I by natural killer cell clones. Science (Wash. DC). 267:1016–1018.
6. Sebzda, E., V.A. Wallace, J. Mayer, R.S.M. Yeung, T.W. Mak, and P.S.

Ohashi. 1994. Positive and negative selection induced by different concentra-
tions of a single peptide. Science (Wash. DC). 263:1615–1618.

7. Wallny, H.J., and H.G. Rammensee. 1990. Identification of classical mi-
nor histocompatibility antigen as cell-derived peptide. Nature (Lond.). 343:275–
278.

8. Perreault, C., F. Décary, S. Brochu, M. Gyger, R. Bélanger, and D.C.
Roy. 1990. Minor histocompatibility antigens. Blood. 76:1269–1280.

9. Loveland, B., and E. Simpson. 1986. The non-MHC transplantation anti-
gens:neither weak nor minor. Immunol. Today. 7:223–229.

10. Martin, P.J. 1991. Increased disparity for minor histocompatibility anti-
gens as a potential cause of increased GVHD risk in marrow transplantation
from unrelated donors compared with related donors. Bone Marrow Trans-

plant. 8:217–223.
11. Wettstein, P.J. 1986. Immunodominance in the T cell response to multi-

ple non-H-2 histocompatibility antigens. II Observation of a hierarchy among
dominant antigens. Immunogenetics. 24:24–31.

12. Korngold, R., and P.J. Wettstein. 1990. Immunodominance in the graft-
vs-host disease T cell response to minor histocompatibility antigens. J. Immu-

nol. 145:4079–4088.
13. Brochu, S., C. Baron, F. Hétu, D.C. Roy, and C. Perreault. 1995. Oligo-

clonal expansion of cytotoxic T lymphocytes directed against a restricted num-
ber of minor histocompatibility antigens in hematopoietic chimeras. J. Immu-

nol. 155:5104–5114.
14. Pion, S., P. Fontaine, C. Baron, M. Gyger, and C. Perreault. 1995. Im-

munodominant minor histocompatibility antigens expressed by mouse leuke-
mic cells can serve as effective targets for T cell immunotherapy. J. Clin. Invest.

95:1561–1568.
15. den Haan, J.M.M., N.E. Sherman, E. Blokland, E. Huczko, F. Koning,

J.W. Drijfhout, J. Skipper, J. Shabanowitz, D.F. Hunt, J. Engelhard, and E.
Goulmy. 1995. Identification of a graft versus host disease-associated human
minor histocompatibility antigen. Science (Wash. DC). 268:1476–1480.

16. Wang, W., L.R. Meadows, J.M.M. den Haan, N.E. Sherman, Y. Chen,
E. Blokland, J. Shabanowitz, A.I. Agulnik, R.C. Hendrickson, C.E. Bishop et
al. 1995. Human H-Y: a male-specific histocompatibility antigen derived from
the SMCY protein. Science (Wash. DC). 269:1588–1590.

17. Loveland, B., C.R. Wang, H. Yonekawa, E. Hermel, and K. Fischer
Lindahl. 1990. Maternally transmitted histocompatibility antigen of mice:a hy-
drophobic peptide of a mitochondrially encoded protein. Cell. 60:971–980.

18. Scott, D.M., I.E., Ehrmann, P.S. Ellis, C.E. Bishop, A.I. Agulnik, E.
Simpson, and M.J. Mitchell. 1995. Identification of a mouse male-specific trans-
plantation antigen, H-Y. Nature (Lond.). 376:695–698.

19. Morse, M.C., G. Bleau, V.M. Dabhi, F. Hétu, E.A. Drobetsky, K. Fis-
cher Lindahl, and C. Perreault. 1996. The COI mitochondrial gene encodes a
minor histocompatibility antigen presented by H2-M3. J. Immunol. 156:3301–
3307.

20. Wei, M.L., and P.J. Cresswell. 1992. HLA-A2 molecules in an antigen-
processing mutant cell contain signal sequence-derived peptides. Na-

ture(Lond.). 356:443–446.
21. Storkus, W.J., H.J. Zeh, R.D. Salter, and M.T. Lotze. 1993. Identifica-

tion of T-cell epitopes:rapid isolation of class I-presented peptides from viable
cells by mild acid elution. J. Immunother. 14:94–103.

22. Fontaine, P., J. Langlais, and C. Perreault. 1991. Evaluation of in vitro
cytotoxic T lymphocyte assays as a predictive test for the occurrence of graft vs
host disease. Immunogenetics. 34:222–226.

23. Yin, L., G. Poirier, O. Neth, J.J. Hswan, N.F. Totty, and H.J. Stauss.
1993. Few peptides dominate cytotoxic T lymphocyte responses to single and
multiple minor histocompatibility antigens. Int. Immunol. 5:1003–1007.

24. Franksson, L., M. Petersson, R. Kiessling, and K. Kärre. 1993. Immuni-
zation against tumor and minor histocompatibility antigens by eluted cellular
peptides loaded on antigen processing defective cells. Eur. J. Immunol. 23:
2606–2613.

25. Rammensee, H.G., T. Friede, and S. Stevanovic. 1995. MHC ligands and
peptide motifs: first listing. Immunogenetics. 41:178–228.

26. Feltkamp, M.C.W., G.R. Vreugdenhil, M.P.M. Vierboom, E. Ras, S.H.
van der Burg, J.T. Schegget, C.J.M. Melief, and W.M. Kast. 1995. Cytotoxic T
lymphocytes raised against a subdominant epitope offered as a synthetic pep-
tide eradicate human papillomavirus type 16-induced tumors. Eur. J. Immunol.

25:2638–2642.
27. Chen, W., S. Khilko, J. Fecondo, D.H. Margulies, and J. McCluskey.

1994 Determinant selection of major histocompatibility complex class I-restricted
antigenic peptides is explained by class I-peptide affinity and is strongly influ-
enced by nondominant anchor residues. J. Exp. Med. 180:1471–1483.

28. Burke, T.W.L., C.T. Mant, and R.S. Hodges. 1991. The effect of varying
flow-rate, gradient-rate, and detection wavelength on peptide elution profiles in
reversed-phase chromatography. In High Performance Liquid Chromatogra-
phy of Peptides and Proteins: Separation, Analysis, and Conformation. C.T.
Mant, and R.S. Hodges, editors. CRC Press, Inc., Boca Raton, Florida. 307–
317.

29. Young, A.C.M., W. Zhang, J.C. Sacchettini, and S.G. Nathenson. 1994.
The three-dimensional structure of H-2Db at 2.4 A resolution: implications for
antigen-determinant selection. Cell. 76:39–50.

30. Jorgensen, J.L., U. Esser, B. Fazekas de St. Groth, P.A. Reay, and M.M.
Davis.1992. Mapping T-cell receptor-peptide contacts by variant peptide immu-
nization of single-chain transgenics. Nature (Lond.). 355:224–230.

31. Dyall, R., L.V. Vasovic, A. Molano, and J. Nikolic-Zugic. 1995. CD4-
independent in vivo priming of murine CTL by optimal MHC class I-restricted
peptides derived from intracellular pathogens. Int. Immunol. 7:1205–1212.

32. Takeshita, T., H. Takahashi, S. Kozlowski, J.D. Ahlers, C.D. Pendleton,
R.L. Moore, Y. Nakagawa, K. Yokomuro, B.S. Fox, D.H. Margulies, and J.A.
Berzofsky. 1995. Molecular analysis of the same HIV peptide functionally bind-
ing to both a class I and a class II molecule. J. Immunol. 154:1973-1986.

33. Ferrara, J.L.M., and H.J. Deeg. 1991. Mechanisms of disease: graft-ver-
sus-host disease. New Engl. J. Med. 324:667-674.

34. Korngold, R. 1991. Pathophysiology of graft-versus-host disease di-
rected to minor histocompatibility antigens. Bone Marrow Transplant. 7(Suppl.
1):38–41.

35. van Els, C.A.C.M., A. Bakker, A.H. Zwinderman, F.E. Zwaan, J.J. van
Rood, and E. Goulmy. 1990. Effector mechanisms in graft-versus-host disease
in response to minor histocompatibility antigens. I. Absence of correlation with
cytotoxic effector cells. Transplantation. 50:62–66.

36. Goulmy, E., R. Schipper, J. Pool, E. Blokland, J.H.F. Falkenburg, J.
Vossen, A. Gratwohl, G.B. Vogelsang, H.C. van Houwelingen, and J.J. van
Rood. 1996. Mismatches of minor histocompatibility antigens between HLA-
identical donors and recipients and the development of graft-versus-host dis-
ease after bone marrow transplantation. N. Engl. J. Med. 334:281–285.

37. Miconnet, I., V. De La Selle, C. Tucek, R. Huchet, D. Bonardelle, and
M. Bruley-Rosset. 1994. Tissue distribution and polymorphism of minor histo-
compatibility antigens involved in GVHR. Immunogenetics. 39:178–186.

38. Aichele, P., K. Brduscha-Riem, R.M. Zinkernagel, H. Hengartner, and
H. Pircher. 1995. T cell priming versus T cell tolerance induced by synthetic
peptides. J. Exp. Med. 182:261–266.

39. Takahashi, H., Y. Nakagawa, G. R. Leggatt, Y. Ishida, T. Saito, K.
Yokomuro, and J.A. Berzofsky. 1996. Inactivation of human immunodeficiency
virus (HIV)-1 envelope-specific CD81 cytotoxic T lymphocytes by free anti-
genic peptide: a self-veto mechanism? J. Exp. Med. 183:879–889.


