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TCR of CD8 T cells recognizes peptides of 8-9 amino acids 
in length (epitope) complexed with MHC class I. Peptide 
ligands differing from an epitope by one or two amino ac-
ids are thought to modulate the immune response specific 
to that epitope. H60 is a minor histocompatibility antigen 
for which the specific CD8 T-cell response dominates dur-
ing alloresponse after MHC-matched allogeneic transplan-
tation. In the present study, we developed a transgenic 
mouse (designated H60H Tg) expressing a variant of H60, 
designated H60H, in which the arginine residue at position 
4 of the H60 epitope sequence (LTFNYRNL) is replaced by 
a histidine residue (LTFHYRNL). Immunization of female 
C57BL/6 mice with splenocytes from male H60H Tg in-
duced a CD8 T cell primary response and memory respon-
se after re-challenge. The response was CD4 help-depen-
dent, demonstrating the potency of H60H as a cellular an-
tigen. The response induced by the H60H cellular antigen 
was comparable to that induced by H60 in its peak magni-
tude and overall immune kinetics. H60H challenge re-
cruited broadly diverse TCRs to the specific response, 
shaping a TCR repertoire different from that of the natural 
H60 epitope. However, some of the TCRs did overlap be-
tween the H60H- and H60-specific CD8 T cells, suggesting 
that H60H might modulate the H60-specific response. 
These results may provide a basis for the modulation of 
the H60-specific CD8 T-cell response. 
 
 
INTRODUCTION 
 
Minor histocompatibility antigens are peptide fragments natu-
rally processed from polymorphic proteins that generate epi-
tope presented by MHC I and II (Roopenian et al., 2002). After 
allogeneic transplantation, allogeneic minor H antigens (minor 
histocompatibility peptide/MHC complexes) are recognized as 
foreign antigens by CD4 and CD8 T cells, resulting in graft 
rejection or graft-versus-host disease (GVHD). In particular, in 
MHC-matched allogeneic transplantation, mismatches in the 
donor and recipient minor histocompatibility antigens (MiHAs) 
increase the risk of transplantation failure.  

In the case of multiple MiHA mismatches, such as in the B6 
anti-BALB.B setting, the specific CD8 T-cell response to the 
MiHA H60 dominates over the responses specific to other Mi-
HAs (Choi et al., 2001; 2002a; 2011). H60, which is expressed 
only in hematopoietic cells (Malarkannan et al., 1998) is con-
sidered a target antigen for modeling tumor therapy that en-
hances the graft-versus-leukemia (GVL) effect while suppress-
ing GVHD. 

The H60-specific CD8 T-cell response is CD4-dependent 
both in its induction of the primary response and in the expan-
sion of its memory cells (Jung and Choi, 2007; Ryu et al., 2009). 
Immunization of female C57BL/6 (B6) mice with male H60 
congenic (H60C) splenocytes induces the H60-specific CD8 T-
cell response with the help of CD4 T cells that recognize a Y-
chromosome-derived HY-Dby epitope. A second immunization 
leads to a strong memory expansion of the H60-specific CD8 T 
cells. The help is mediated via an interaction between CD40 
and CD40L and is provided through cognate recognition of 
antigen-presenting cells (APCs) by CD4 and CD8 T cells (Ryu 
et al., 2009).  

The H60-specific response recruits diverse Vβ families, in-
cluding Vβ4, Vβ5, Vβ8, and Vβ11 (Choi et al., 2001). Spectra-
typing analysis has demonstrated the inclusion of various spec-
tratypes within each of the recruited Vβ families, and clonotyp-
ing analysis has demonstrated that the H60-specific T-cell re-
ceptor (TCR) repertoire includes a wide range of TCRs (Choi et 
al., 2009). Further analysis through characterization of H60-
specific cytotoxic T lymphocyte clones established in vitro has 
demonstrated that the repertoire of H60-specific CD8 T cells 
encompasses T cells with various levels of cytotoxic activity, 
proliferative ability, and avidity for the H60 peptide/H-2Kb com-
plex (Jeon et al., 2011). The large repertoire of T cells recruited 
to the H60-specific response has been ascribed to the pres-
ence of their precursors at a high frequency in the naïve T cell 
pool, which is a proposed mechanism for the dominancy of the 
H60-specific CD8 T-cell response (Choi et al., 2002b).  

The TCRs of CD8 T cells recognize peptides 8 or 9 amino 
acids in length bound in the groove of MHC class I proteins. 
Because no more than three amino acids of the MHC-bound 
peptide directly interact with the TCR, T cells are highly cross- 
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reactive, responding to more than one epitope (Borghans and 
De Boer, 1998; Mason, 1998; Wilson et al., 2004; Wucherpfen-
nig et al., 2007). On the other hand, each TCR is specific for 
only a small fraction of possible peptides and possesses a 
different affinity or avidity for given agonist and partial agonist 
peptides. Partial agonists usually differ from agonist peptides in 
the identities of only one or two amino acid residues, have a 
decreased avidity for the given TCR, and are required in higher 
concentrations to induce T-cell proliferation and cytokine pro-
duction (Kersh and Allen, 1996). Such peptide variants (known 
as “altered peptide ligands”) are thought to be involved in posi-
tive selection during thymic development (Ashton-Rickardt et al., 
1994; Sebzda et al., 1994) and might regulate peripheral re-
sponses by modulating the TCR interaction with agonist pep-
tides. 

The B6 mouse strain does not express H60. The correspon-
ding lack of negative thymic selection of T cells with high affinity 
for H60 epitope has been hypothesized to be a basis for the 
high precursor frequency (Choi et al., 2002b), but this hypothe-
sis currently lacks direct supporting evidence. In addition, no 
investigations into positive thymic selection of H60-specific CD8 
T cells using altered peptide ligands that mimic self-protein 
have yet been reported.  

When bound to the MHC class I H-2Kb molecule, the natural 
H60 epitope LTFNYRNL recruits diverse TCRs to the specific 
response. Experiments using altered H60 peptide ligands might 
be helpful in understanding the thymic selection process for 
H60-specific CD8 T cells and in controlling the specific re-
sponse. In addition, the effect of a single amino acid substitu-
tion in the H60 epitope on the composition of the TCR reper-
toire is unknown. To address these issues, we generated a 
transgenic mouse expressing a single-amino-acid variant of 
H60, designated H60H, and analyzed its immunogenicity and 
the composition of the TCR repertoire it recruits to the specific 
CD8 T-cell response. Because position 4 (p4) of the H60 epi-
tope is thought to be important for the TCR interaction (Boe-
steanu et al., 1998; Garcia et al., 1996; Strausbauch et al., 1998), 
we elected to replace the naturally occurring arginine residue at 
p4 with histidine, thereby creating the H60 variant H60H, based 
on peptide screening with a cytotoxicity assay (manuscript in 
preparation). Using splenocytes from H60H transgenic (H60H 
Tg) mice, we induced the CD8 T-cell response in B6 mice and 
compared the immune kinetics and the diversity of the respond-
ing TCRs with those for the natural H60 epitope (hereafter, 
H60N). Our results demonstrate that H60H could be used as 
an immunogenic epitope that recruits diverse TCRs to the spe-
cific response. In addition, we identified some overlap in TCR 
usage between CD8 T cells responding to H60H vs. H60N 
stimulation, suggesting that the H60H Tg mouse will be useful 
for understanding the selection process and control of CD8 T 
cells specific for H60. 
 
MATERIALS AND METHODS 

 
Mice 
C57BL/6 (B6) mice from Jackson Laboratory (USA) were used 
for immunization. Transgenic mice expressing the H60H variant 
(H60H Tg mice) were obtained by microinjecting DNA into the 
fertilized eggs of B6 mice. The injected DNA contained a com-
plete but altered, FLAG-tagged, H60 cDNA sequence under 
control of the chicken β-actin promoter and a cytomegalovirus 
enhancer; the altered sequence encoded an asparagine (N) → 
histidine (H) substitution at p4 of the epitope sequence. The 
H60H Tg mice were maintained at Jackson Laboratory or at the 
Center for Animal Resource Development of Seoul National 

University College of Medicine in Korea, as were B6.C-H60
C/ 

DCR mice and H60 transgenic (H60N Tg) mice expressing 
H60 protein under the control of the chicken β-actin promoter 
(Russell et al., 2011)  
 
Immunization  
To induce a specific CD8 T-cell response, splenocytes (2 × 107 
cells) from H60 congenic (H60C), H60N Tg, or H60H Tg mice 
were injected intraperitoneally (i.p.) into female B6 mice. A sec-
ondary response was induced by i.p. injection of the spleno-
cytes into B6 mice 30-50 days after their initial immunization 
 
Antibodies and flow cytometry 
For flow cytometry, peripheral blood lymphocytes (PBLs) re-
maining after red blood cell lysis or splenocytes were stained 
with H60H- or H60N-tetramer-PE in addition to FITC-conjuga-
ted CD11a monoclonal antibody (mAb) (M17/4; eBioscience, 
USA) and APC-conjugated anti-mouse CD8 mAb (53-6.7; 
eBioscience). Vβ analysis was performed by staining spleno-
cytes with PE-conjugated H60H or H60N tetramers, APC-
conjugated anti-mouse CD8 mAb, and FITC-conjugated anti-
Vβ mAbs. The antibodies used for Vβ typing were purchased 
from BD Pharmingen (USA) as follows: Vβ2 (B06), Vβ3.1 (KJ25), 
Vβ4 (KT4), Vβ5.1/5.2 (MR9-4), Vβ6 (RR4-7), Vβ7 (TR310), 
Vβ8,1/8.2 (MR5-2), Vβ8.3 (1B3.3), Vβ9 (MR10-2), Vβ10 (B21.5), 
Vβ11 (RR3-15), Vβ12 (MR11-1), Vβ13 (MR12-3), Vβ14 (14-2), 
and Vβ17 (KJ23).  
 
Purification of H60 specific CD8 T cells and clonotyping 
CD8 T cells were purified from splenocytes of primed mice 
using a CD8 T-cell isolation Kit (Miltenyi BioTec Inc., USA). 
H60H- or H60N-tetramer-binding cells were re-sorted from the 
purified CD8 T cells. Isolated H60H- or H60N-tetramer-binding 
CD8 T cells confirmed to be at least 85% pure by flow cytome-
try were then used for total RNA extraction. The total RNA was 
processed for cDNA synthesis using Cβ1 primer (5′-TAG 
CCATCACCACCAGTGTACTG-3′), and the synthesized cDNA 
was amplified by PCR using Cβ2 3′ primer (5′-GTGTACTG 
ACAAGCACAGCATACA-3′) and the Vβ-specific 5′ primers 
described in our previous report (Choi et al., 2009). The PCR 
products were cloned into pGEM-T easy vector (Promega, 
USA), and the resulting constructs were transformed into E. coli 
strain DH10B using electro-transformation. Plasmid DNAs with 
inserts were prepared from the transformants, and the CDR3 
sequence of the TCR Vβ regions was determined.  
 
RESULTS 

 
Generation of a transgenic mouse ubiquitously expressing  
the H60H variant of epitope H60 
To generate a transgenic mouse expressing a single-amino-
acid variant of H60 (H60H) in a B6 background, a DNA frag-
ment containing an altered, FLAG-tagged, full-length H60H 
cDNA sequence under control of the chicken β-actin promoter 
was microinjected into B6 mouse eggs. The altered cDNA en-
coded an asparagine (N) → histidine (H) substitution at p4 of 
the CD8 epitope, changing the sequence from LTFNYLN 
(H60N) to LTFHYLN (H60H). Three lines of transgenic mice 
with PBLs positive for genomic DNA by PCR screening were 
obtained. One line was selected for further use because it 
yielded an H60H reverse transcription (RT)-PCR band compa-
rable in density to the H60N band obtained from H60C mouse 
PBLs (data not shown). The splenocytes from this line, desig-
nated H60H Tg, were used as cell-based immunogens for the 
induction of the H60H-specific CD8 T-cell response via i.p. 
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H60N Tg (center), or H60C (right) mice. PBLs were taken from the immunized mice at the indicated number of days post-immunization, 

stained, and analyzed by flow cytometry as in (A) and (B) for the percentages of H60H or H60N tetramer-binding CD8 T cells. Data shown are 

representative of at least three independent experiments. 

 
 
 
injection into B6 mice. 

To examine the expression and immunogenicity of the H60H 
transgenic protein, we immunized five female B6 mice with 
splenocytes from a male H60H Tg mouse and assessed them 
for the development of an H60H-specific CD8 T-cell response. 
As controls, female B6 mice were immunized with splenocytes 
from male H60C mice or from male H60N Tg mice, which ex-
press the native H60 protein under control of the β-actin pro-
moter (Russell et al., 2011). PBLs periodically collected from 
the immunized B6 mice of each group were stained with H60N 
or H60H tetramers and analyzed by flow cytometry to detect 
H60N- or H60H-reactive CD8 T cells (Fig. 1). The flow cytome-
try results confirmed that H60H tetramer-binding CD8 T cells 
were present in the blood of B6 mice immunized with male 
H60H Tg mouse splenocytes. The peak frequency was ob-
served on day 10 post-immunization, when 8% to 14% of the 
CD8 T cells were H60H tetramer-binding cells (Fig. 1A). The 
peak values were very similar to those obtained for H60N 
tetramer-binding CD8 T cells detected in the blood of B6 mice 
immunized with male H60N Tg or H60C mouse splenocytes. 
The overall kinetics of the H60H-specific CD8 T-cell response 
was similar to that of the H60-specific response induced by 
immunization with male H60N Tg or H60C mouse splenocytes 
(Fig. 1C). These observations confirmed the expression of the 
H60H transgene and ability of the LTFHYLN variant peptide to 
act as an epitope, inducing a readily detectable level of CD8 T-
cell response.  

H60H or H60N tetramer-binding CD8 T cells were not de-
tected in the blood from female B6 mice immunized with 
splenocytes from female H60H Tg, H60N Tg, or H60C spleno-
cytes (Fig. 1B). In this case, the lack of an H60H- or H60N-
specific CD8 T-cell response was attributable to the lack of a 
CD4 T-cell response, which requires the recognition of the HY-
Dby epitope originating from the male H60H splenocyte. This 
help-dependence is characteristic of the CD8 T-cell response to 
a non-inflammatory cellular antigen. Therefore, in subsequent 
experiments, only splenocytes originating from male mice were 
used for immunization. 

These results demonstrated that splenocytes from H60H Tg 
mice provide a new cell-based CD8 epitope. Furthermore, they 
showed that the H60H epitope is as immunogenic as the natu-
ral H60N epitope originating on splenocytes of H60N Tg or 

H60C mice. 
 

Induction of an H60H-specific CD8 T-cell memory  
response and detection of the cross-reactive population 
We next examined whether i.p. injection of H60H Tg spleno-
cytes would induce a memory response in female B6 mice 
previously challenged with the same splenocytes. Using flow 
cytometry, we examined the PBLs of H60H Tg splenocyte-
immunized mice after re-challenge with H60H Tg splenocytes 
(Fig. 2A) to determine the kinetics of the memory response (Fig. 
2B). We compared this kinetics with that of the H60-specific 
memory response induced by secondary challenge with H60N 
Tg or H60C mouse splenocytes. A comparative plot of the fre-
quencies of peripheral blood CD8 T cells positive for H60H or 
H60N tetramer staining over time demonstrated that re-
challenge with splenocytes from H60H Tg mice induced a spe-
cific memory CD8 T-cell response (Fig. 2B, left panel), just as 
re-challenge with splenocytes from H60N Tg or H60C mice 
induced a specific memory response (Fig. 2B, middle and right 
panels). The peak frequencies (50-70% of CD8 T cells in blood) 
were observed on day 7 post-secondary immunization and 
were 5 times higher than the peak frequencies after primary 
challenge in all three cases (Figs. 2A and 2B).  

During our investigation of the H60H-specific memory re-
sponse, we noticed that some CD8 T cells in blood from H60H 
splenocyte re-challenged mice were positive for H60N tetramer 
staining (4.1% of peripheral blood CD8 T cells; Fig. 2A, lower 
left panel). The reverse was also true: H60H tetramer-binding 
CD8 T cells were detected in up to 3% of the peripheral blood 
CD8 T cells from H60N splenocyte re-challenged mice (Fig. 2A, 
upper middle panel). These observations implied that some 
CD8 T cells from the H60H- or H60-specific responses were 
cross-reactive but were not detected until after expansion dur-
ing the memory response. This finding suggested overlap in the 
TCR usage of CD8 T cells responding to H60H and H60N.  
 
Diverse Vβ families respond to H60H stimulation  
The ready detectability of H60H tetramer-binding CD8 T cells in 
blood during the H60H-specific primary response suggested 
that either a broad repertoire of T cells with diverse TCRs or a 
narrow repertoire of T cells with repeated TCRs was involved in 
the response. Therefore, we examined whether the TCR reper-

Fig. 1. Flow cytometric evaluation of the

H60H-specific CD8 T-cell response.

Female B6 mice were i.p. injected with

splenocytes from male (A) or female (B)

H60H Tg, H60N Tg, or H60C mice.

PBLs taken from the immunized mice

on day 10 post-immunization were stai-

ned with H60H or H60N tetramer-PE in

combination with APC-conjugated anti-

CD8 mAb and FITC-conjugated anti-

CD11a mAb for flow cytometry. Repre-

sentative flow cytometry data obtained

after gating on CD8 cells are shown,

with percentages of H60H or H60N

tetramer-binding CD8 T cells noted. (C)

Female B6 mice were i.p. injected with

splenocytes from male H60H Tg (left),



396 Immunity against Singe Amino Acid Variation in H60 Epitope 

 

 

 

 

A 
 
 
 
 
 
 
 
 
 
 
 
 
B 
 
 
 
 
 
 
 
 
 
 
 
A 
 
 
 
 
 
 
 
 
 
B 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Vβ analysis of CD8 T cells involved in the H60H-specific response. (A) Ten days after female B6 mice were immunized with spleno-

cytes from male H60H Tg (upper panels) or H60C (lower panels) mice, their splenocytes were harvested, stained with FITC-conjugated Vβ 

antibodies in combination with APC-conjugated anti-CD8 mAb and PE-conjugated H60H (upper panels) or H60 (lower panels) tetramer-PE, 

and subjected to flow cytometry. Representative flow cytometry data are shown. Numbers above panels indicate the particular Vβ region ana-

lyzed, and numbers within panels indicate the percentages of H60H tetramer-binding (upper panels) or H60N tetramer-binding (lower panels) 

CD8 T cells positive for the indicated Vβ region. (B) Mean percentages of H60H (left) or H60N (right) tetramer-binding CD8 T cells that were 

also positive for the indicated Vβ regions. Each data point shown represents the mean ± S.E.M. for 3 immunized mice. 
 
 
toire participating in the H60H-specific response was as wide 
as that participating in the response to the natural H60 epitope. 
In particular, our detection of a minor population of cross-
reactive CD8 T cells (Fig. 2A) prompted us to search for over-
lap in TCR usage for the two responses. 

First, we investigated the usage of TCR Vβ regions. Spleno-
cytes from female B6 mice challenged with H60H Tg spleno-
cytes were prepared on day 10 post-immunization, and stained 
with H60H tetramers and antibodies against specific Vβ regions 

and CD8 for flow cytometry analysis. Splenocytes from female 
B6 mice immunized with H60N Tg splenocytes were similarly 
prepared and stained with H60N tetramers and Vβ and CD8 
antibodies for comparison. The flow cytometry analysis showed 
that the H60H tetramer-positive cells included various Vβ fami-
lies (Fig. 3A, upper row) and that the diversity of Vβ families 
participating in the H60H-specific and H60N-specific CD8 T-cell 
responses was comparable (Fig. 3A, compare both rows). Plot-
ting of the frequencies of occurrence of each Vβ family in the 

Fig. 2. Flow cytometric evaluation of the

secondary response to H60H challenge. Fe-

male B6 mice were immunized with spleno-

cytes from male H60H Tg (left panels), H60N

Tg (center panels), or H60C (right panels)

mice and re-challenged 30-50 days later to

induce a secondary response. PBLs taken

from the immunized mice were stained with

H60H or H60N tetramer-PE in combination

with APC-conjugated anti-CD8 mAb and

FITC-conjugated anti-CD11a mAb for flow

cytometric analysis. (A) Representative flow

cytometry data for PBLs taken from the im-

munized mice on day 7 post-secondary im-

munization are shown, with percentages of

tetramer-binding CD8 T cells noted. (B) PBLs

were taken from the immunized mice at the

indicated days after primary challenge, stai-

ned, and analyzed by flow cytometry for the

percentages of tetramer-binding CD8 T cells

as in (A). The day of re-challenge is indicated

by an arrow. Data shown are representative of

at least three independent experiments. 
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Table 1. Clonotype analysis of some Vβ regions participating in H60H- or H60N-specific CD8 T-cell responses 

 B6 anti-H60H  B6 anti-H60N 

Vβ region 
In-frame CDR3  

sequences 

Unique CDR3 sequences 

(% of total) 
 

In-frame CDR3  

sequences 

Unique CDR3 sequences  

(% of total) 

Vβ4 

Vβ8.3 

Vβ11 

78 

105 

43 

17 (21.8%) 

36 (34.2%) 

19 (44.2%) 

 

48 

38 

75 

7 (14.6%) 

15 (39.5%) 

22 (29.3%) 

 

 

 
A 
 
 
 
 
 
 
 
 
 
 
 
 
 
B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
H60H or H60N tetramer-binding CD8 T cells revealed a con-
siderable difference in Vβ usage (Fig. 3B). While Vβ4, Vβ5.1/2, 
Vβ8, and Vβ11 were dominant families in both the H60H- and 
H60N-specific CD8 T cells, Vβ6, Vβ7, Vβ14, and Vβ17 were 
also dominant families in the H60H-specific cells, but Vβ2, 
Vβ10, and Vβ13 were dominant families in the H60N-specific 
cells. Since Vβ4, Vβ5.1/5.2, Vβ8, and Vβ11 are frequently used 

during the H60-specific CD8 T cell response induced by the 
injection of H60C splenocytes into female B6 mice (Choi et al., 
2001), they appear to be commonly used in the CD8 T-cell 
response to H60-related antigens. Together, our Vβ analysis 
demonstrates that diverse Vβ families are recruited in the 
H60H-specific CD8 T-cell response. 
 

Fig. 4. Clonotypic analysis of H60H-

specific CD8 T cells. Ten days

after immunization of B6 mice with

male H60H Tg or H60N spleno-

cytes, their H60H tetramer-binding

(for H60H-immunized mice) or

H60N tetramer-binding (for H60N-

immunized mice) CD8 T cells were

purified by magnetic cell separa-

tion. Total RNA extracted from the

purified cells was processed for

cDNA synthesis, and the synthe-

sized cDNA was amplified by PCR

using Cβ2 3′ primer and Vβ4-,

Vβ8.3-, or Vβ11-specific 5′ primers

(A, B, and C, respectively). The RT-

PCR products were subcloned into

the pGEM-T vector and sequen-

ced to obtain the predicted amino

acid sequences of the Vβ4 (A),

Vβ8.3 (B), or Vβ11 (C) CDR3 regi-

ons. More than 100 different bacte-

rial transformant colonies were pro-

cessed for sequencing for each Vβ

region. Each unique CDR3 se-

quence identified in H60H-specific

(left panels) or H60N-specific (right

panels) CD8 T cells is shown, toge-

ther with its frequency of occur-

rence among all the colonies with

inframe CDR3 sequences. Gray

bars in (C) correspond to those

Vβ11 clonotypes found in both

H60H-specific and H60N-specific

CD8 T cells. 
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Clonotypic diversity of H60H-specific CD8 T cells and minor 
overlap in TCR usage with H60N-specific CD8 T cells  
The observed commonality of certain Vβ families to H60H- and 
H60N-specific CD8 T cells raised the issue of possible overlaps 
at the clonotypic level. To compare the CD8 T-cell clonotypes, 
we sequenced the Vβ CDR3 regions of Vβ4, Vβ8.3, and Vβ11-
positive CD8 T cells. Using magnetic cell separation, we puri-
fied H60H tetramer-binding CD8 T cells from the splenocytes of 
H60H Tg splenocyte-immunized mice on day 10 post-immu-
nization and extracted the total RNA. After cDNA synthesis with 
a Cβ primer, the cDNA was subjected to RT-PCR with a Cβ 3′ 
primer and Vβ-specific 5′ primers. The RT-PCR products were 
subcloned into the pGEM-T vector and transformed into E. coli.  

More than 100 different transformant colonies were picked 
and processed for sequencing of the Vβ CDR3 region, and all 
in-frame CDR3 sequences were selected. As a result, unique 
clonotypes were identified for each Vβ. Of the 78 bacterial colo-
nies with in-frame Vβ4 sequences from H60H-specific CD8 T 
cells, 17 unique Vβ4 clonotypes were identified (Table 1): the 
CDR sequence ASSQDRVANTEVFFGKGTRLTVVE was the 
most frequent clonotype (Fig. 4A). Of the 48 bacterial colonies 
with in-frame Vβ4 sequences from H60N-specific CD8 T cells, 
7 unique Vβ4 clonotypes were identified, but none overlapped 
with those from H60H-specific CD8 T cells. Similarly, for H60H- 
and H60-specific CD8 T cells, we identified 36 and 15 unique 
Vβ8.3 clonotypes, respectively (out of 105 and 38 respective in-
frame Vβ8.3 sequences), but none of the clonotypes over-
lapped between the two responses (Fig. 4B).  

In Vβ11 family, we identified 19 and 22 unique clonotypes for 
the H60H- and H60-specific CD8 T cell responses, respectively 
(out of 43 and 75 respective in-frame sequences). Eleven of 
these clonotypes were common to both responses, suggesting 
that these common clonotypes might be responsible for the 
observed cross-reactivity between the H60H and H60N epi-
topes (Fig. 4C). The CDR sequence ASSPETLERLFFGHGTK-
LSVE was the most frequently used CDR sequence in H60H-
specific CD8 T cells and the second most frequently used CDR 
sequence in H60-specific CD8 T cells (Fig. 4C).  

This clonotyping analysis demonstrated that the H60H- and 
H60N-specific CD8 T cell responses recruited diverse clones 
within each Vβ family, and that most of the clonotypes were 
response-specific. However, some Vβ11 clones were shared 
by H60H- and H60-specific CD8 T cells. These results suggest 
that a single amino acid variation in epitope sequence can 
change the array of recruited CD8 T cell clonotypes and that a 
minor population of clonotypes may be common to response to 
both the original and altered epitope sequence.  
 
DISCUSSION 

 
In this study, we demonstrated that H60H, a single-amino-acid 
variant of the natural H60 epitope, induces a CD8 T-cell re-
sponse as strong as that induced by H60. The TCRs recruited 
to the H60H-specific and H60-specific CD8 T-cell responses 
were similarly diverse, suggesting that H60H is an immu-
nodominant artificial protein.  

Researchers often use peptide derivatives or variants to mo-
dulate immune responses. Some alterations in peptide ligands 
can affect the Th1 versus Th2 nature of the response: peptides 
with a high MHC or TCR affinity skew the response towards the 
Th1 phenotype, whereas peptides with a low MHC or TCR 
affinity have the opposite effect (Kumar et al., 1995; Malherbe 

et al., 2000; 2004). Altered peptides have been used to alter the 
Th2 T-cell response to the immunodominant peptide in an in-
fection model, raising the possibility that sequence derivatives 

might be used to prevent infection (Jensen et al., 2009). Vari-
ous sequence derivatives have also been designed for use in 
therapeutic intervention in experimental autoimmune diseases 
(Wauben et al., 1992; 1994). Peptide modifications currently 
used for these purposes include not only changes in sequence 
but also post-translational modifications (de Haan et al., 2005). 
Our characterization of a single-amino-acid variant of H60 may 
provide basic knowledge needed for the development of meas-
ures to intervene in H60-related graft rejection or GVHD.  

Most studies of altered peptide ligands have focused on the 
effects of these ligands on the T cell response to the original 
peptide. We contend that the host immunity conferred by the 
variant itself has not been fully appreciated. An understanding 
of the mechanism of this immunity is important in elucidating 
the mechanism for modulation of the response to the original 
natural epitope. Therefore, in the present study, we character-
ized the immunologic response to an altered peptide (H60H) 
before examining the effect of the altered peptide on the re-
sponse to the native peptide (H60N). H60H Tg spleen cells 
were found to provide a cell-based immunogenic epitope that 
induced a strong immune response in a CD4 help-dependent 
fashion. The broad diversity of the TCR repertoire recruited in 
the H60H-specific response suggests a potential for deviation 
between the H60H- and H60N-specific responses. The partial 
overlap in TCR usage between H60H- and H60N-specific CD8 
T cells increases the probability that H60H could be used as 
modulator for H60-specific CD8 T-cell responses.  

Altered peptide ligands for the OT-1 TCR epitope have been 
intensively studied for their role in thymic selection (Ashton-
Rickardt et al., 1993a; 1993b). A low-affinity peptide variants of 
Ova CD8 epitope, partial agonists or antagonist, induces posi-
tive selection of OT-1-beraing thymocytes. The affinity window 
for positive versus negative selection is narrow, and small 
changes can have big effects on the fates of immature thymo-
cytes (Daniels et al., 2006). We do not know at present whether 
H60H would induce positive thymic selection of H60-specific 
CD8 T cells. Examination of the affinities of H60H-reactive and 
H60N-reactive T cells for both the H60N and H60H ligands in 
association with MHC I will provide a clue as to the role of 
H60H in thymic selection.  

H60 is an exceptionally dominant transplantation antigen. An 
H60-specific CD8 T-cell response can be detected even in the 
presence of a response against allo-MHC antigens (Choi et al., 
2002b) and is dominant over responses to other minor but 
dominant H antigens, such as H28, H4, H7, and HY (Choi et al., 
2001). The position of the H60H-specific CD8 T-cell response 
in the immune hierarchy relative to competing responses to 
MiHAs remains to be determined, as does the influence of 
H60H expression in the host on the dominance of the H60-
specific CD8 T-cell response. 

In summary, we have established a transgenic mouse line 
expressing a peptide mimic of the natural transplantation anti-
gen H60. This system will be helpful in understanding the role 
of single amino acid variation in thymic selection of H60-
reactive CD8 T cells and the mechanism of dominance of the 
H60-specific CD8 T cell response. In the future, this system 
might be used to develop a vaccination strategy to relieve 
GVHD symptoms and graft rejection through modulation of the 
H60-specific response.  
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