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Summary

The H60 minor histocompatibility (H) antigen peptide
is derived from a glycoprotein that serves as a ligand
for the stimulatory NKG2D receptor. We show that
this peptide is remarkably immunodominant in that it
competes effectively with MHC alloantigens, is effi-
ciently crosspresented by host antigen-presenting
cells (APCs), and readily elicits naive CD8 T cell re-
sponses in vitro. H60 immunodominance is neither a
consequence of NKG2D engagement nor competition
among minor H antigens on APCs. Instead, H60 immu-
nodominance is a consequence of an abnormally high
naive precursor frequency of H60 peptide reactive CD8
T cells. Understanding why the H60 peptide is so im-
munogenic has important implications in tissue trans-
plantation and vaccine design.

Introduction

Tissues are rejected when transplanted onto genetically
different individuals because of allogeneic differences
at histocompatibility (H) antigens that evoke CD4 and
CD8 T cell responses. Considerable effort is dedicated
to matching major histocompatibility complex (MHC)
alloantigens because they are generally considered to
be the most significant barriers to successful trans-
plantation. However, despite the fact that they are
known transplantation barriers, H antigens encoded out-
side of the MHC, the so-called minor H antigens, have
only recently attracted serious consideration.

Both MHC class | alloantigens and minor H antigens
are comprised of self-peptide/MHC class | complexes
arising from processed fragments of normal endoge-
nous proteins loaded onto MHC class | molecules. The
former arises from natural genetic variation in the MHC
molecule itself, resulting in a quantum change in the
assortment of processed self-peptides that bind each
MHC class | molecule. In contrast, each minor H antigen
is a consequence of the presentation of a genetically
variant self-peptide by an invariant MHC class | molecule
(Simpson and Roopenian, 1997). In a transplantation
setting, the recipient of MHC-disparate tissue is thus
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confronted with thousands of novel MHC-presented
peptides resulting in the activation and expansion of a
large number of clonally diverse CD8 T cells (Martin and
Dyer, 1993; Pimsler and Forman, 1978). In contrast, the
recipient of MHC-matched but minor H antigen-dispa-
rate tissue confronts only a single altered peptide ligand
per minor H antigen, resulting in the expansion of a few
clonally restricted T cells (Teh et al., 1982; Theobald and
Bunjes, 1993), a situation similar to that which occurs
in response to viral peptide epitopes.
Immunodominance is a poorly understood property
that allows immune responses to certain peptide epi-
topes to prevail over others. Proposed mechanisms for
this phenomenon can be lumped into two categories.
The first is properties inherent to the peptide and its
precursor protein such as selective peptide processing,
peptide binding avidity to MHC proteins, and/or high
peptide/MHC number on antigen-presenting cells
(APCs). The second is T cell based, and includes elusive
qualitative and quantitative differences in the antigen-
specific T cell repertoires (Chen et al., 2000; Yewdell
and Bennink, 1999). Regardless of the “upstream”
mechanisms involved, the expression of the immuno-
dominance phenotype requires successful access to
antigen and costimulation on APCs, and many studies
have reported that successful competition for antigen
on the APC is necessary for the immunodominance trait
(Grufman et al., 1999; Kedl et al., 2000, 2002; Perreault
et al., 1998). Overall, however, the key determinants of
immunodominance remain to be firmly established.
H60 is an unusual mouse minor H antigen. While many
minor H antigens are alloantigenic because of discrete
amino acid changes in a core MHC-presented self-pep-
tide, alloantigenicity of H60 is because responder mice,
such as C57BL/6 (B6), fail to express the protein from
which the H60 peptide derives (Malarkannan et al.,
1998). Moreover, the H60 glycoprotein is a member of
the retinoic acid early inducible (Rael) gene family.
These genes are orthologs of the human ULBP gene
family and paralogs of the MHC | gene family (Cerwenka
et al., 2000; Diefenbach et al., 2000). Their glycoproteins
serve as ligands for the stimulatory natural killer (NK)
receptor NKG2D and, among the mouse Rael family,
H60 has the highest affinity for NKG2D (Carayanno-
poulos et al., 2002). NKG2D is expressed by NK cells
and activated CD8 T cells (Jamieson et al., 2002), and its
engagement on CD8T cells results in signals transmitted
through the same KAP/DAP2 adaptor molecules used
for the CD28 costimulatory cascade, thus linking innate
with adaptive immunity (Jamieson et al., 2002). Ectopic
expression of H60 and the RAEs in tumor cell lines re-
sults in rejection mediated by NK and/or CD8 T cells
(Diefenbach et al., 2001), and induced expression in
carcinomas results in protection mediated by cutaneous
T cells expressing ydTCRs (Girardi et al., 2001). The CD8
T cell response to a single H60-derived octamer peptide
(LTFNYRNL) complexed with the H-2K°* MHC class |
immunodominates over other known minor H antigens
both in spleen cell immunization protocols (Choi et al.,
2001) and in graft-versus-host disease (Choi et al., 2002).
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Remarkably, this same octamer peptide partially inhibits
NKG2D from binding the H60 glycoprotein, suggesting
that it encompasses a critical NKG2D binding site (Cer-
wenka et al., 2002). However, the relationship between
H60 as a dominant minor H antigen and H60 as a ligand
for NKG2D remains poorly understood. The goal of our
studies was therefore to thoroughly examine the phe-
nomenon of H60 immunodominance.

Results

Up to One-Half of the CD8 CTL Response Is Directed
against Immunodominant Minor H Antigens

in a Haplo-MHC Mismatched Situation

To examine whether minor H antigens are subordinate
to MHC alloantigens, C57BL/6 (B6: H-2°) female mice
were immunized, and their T cells were challenged in
mixed leukocyte culture (MLC) with MHC-matched but
background-disparate BALB.B (H-2°) or haplo-MHC-
mismatched and background-disparate (B6 x BALB/c:
H-2%°) F1 (CB6F1) male spleen cells. To quantify the
responses to allo-MHC and minor H antigens, resting
CD8 T cells from the MLC were tested for intracellular
IFN-y production after a 6 hr restimulation with CD8 T
cell-depleted stimulator spleen cells. As expected, most
(80%) of the B6 CD8 T cells primed and boosted with
BALB.B cells produced IFN-y in response to H-2°-
restricted BALB.B-derived minor H antigens (Figure 1A).
Surprisingly, 30% of the CD8 T cells stimulated by
CB6F1 male cells produced IFN-v in response to H-2°-
restricted BALB.B minor H antigens (Figure 1A), while
35% and 42% of the cells produced IFN-vy in response
to BALB/c and B10.D2 alloantigens (both H-2%), respec-
tively (Figure 1A). To determine the cytotoxic T lympho-
cyte (CTL) specificity, cells from the MLCs were also
evaluated for their ability to lyse minor H antigen and
MHC disparate target cells. A similar level of specific
lytic activity was detected against MHC-matched but
minor H-disparate BALB.B targets (48%) with MHC-dis-
parate but background-matched B10.D2 targets and
both minor H and MHC alloantigen-disparate BALB/c
targets, 50% and 53%, respectively (Figure 1B). Since
H60 dominates over other known minor H antigens in
MHC-matched spleen cell priming protocols and graft-
versus-host disease (Choi et al., 2002, 2001; Malarkan-
nan et al., 2000, 1998), specific lysis directed against
H60-congenic target cells was also examined. High lev-
els of H60-specific lysis were detected, while negligible
lysis was detected against H13- and HY-bearing target
cells (Figure 1B), even though BALB.B males are known
to be disparate from B6 females at these antigens. These
results indicated that minor H antigens competed sur-
prisingly well with MHC alloantigens when presented on
the same APCs and that CTLs directed against H60 are
major participants in this process.

H60 Dominates In Vivo and Is Efficiently Presented
by Crosspriming

To assess directly whether the CD8 T cell response
against H60 can be generated directly in vivo in the
presence of an MHC disparity, female B6 mice were
immunized with CB6F1 male spleen cells, and their pe-
ripheral blood leukocytes (PBLs) were analyzed 7 days
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Figure 1. Minor H Antigen Responses Compete Successfully with
the Allogeneic MHC Response

(A) Female B6 mice (H-2°) were immunized in vivo, and their T cells
were challenged in MLC with haplo-matched CB6F1 male or BALB.B
male splenocytes. Resting cells from the MLCs were restimulated
with the indicated CD8 cell-depleted stimulator splenocytes and
analyzed for intracellular IFN-y production. BALB.B (H-2°: MHC-
matched but minor H antigen-disparate), BALB/c (H-2¢: MHC- and
minor H antigen-disparate) and B10.D2 (H-2*: MHC-disparate but
minor H antigen-matched) mice.

(B) B6 anti-CB6F1 MLC effector cells were tested in a cell-mediated
lympholysis (CML) assay against Con-A lymphoblasts from the indi-
cated mouse strains, including H60-congenic and H13-congenic
mice. Maximum values of % specific lysis at 25:1 effector to target
cell ratio are shown.

after immunization for specificity by flow cytometry us-
ing H60 peptide (H60p) tetramers. Approximately 4% of
the total blood CD8 T cells from the immunized mice
stained with H60p tetramers, and all of these cells ex-
pressed the CD11a activation marker (Figure 2A). These
results showed that substantial expansion of H60-spe-
cific CD8 T cells occurred in vivo as a consequence of
CB6F1 immunization.

Unexpectedly, a substantial expansion of H60p tetra-
mer*® CD8 T cells (~7%) was detected after immuniza-
tion with fully incompatible BALB/c splenocytes (Figure
2A), but in no case did tetrameric analysis show appre-
ciable expansion of CD8 T cells specific for subordinate
minor H antigens, H13 and HY (data not shown). The
occurrence of H60p tetramer® CD8 T cells in BALB/
c-immunized mice was not a consequence of a cross-
reactive immune response to H-2¢ alloantigens, because
H60p tetramer® CD8 T cells were never detected in B6
mice immunized with B10.D2 spleen cells (which are of
H-2¢ type and fail to express the H60 protein) (Figure
2A) and H60-specific CTLs failed to lyse B10.D2 target
cells (Figure 2B). Furthermore, the H60p tetramer* CD8
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Figure 2. H60-Specific CD8 T Cells Are Readily Generated In Vivo during
(A) Tetrameric analysis of PBLs from immunized B6 female mice. Pooled

>
>

the Allo-MHC Response via Indirect Presentation
PBLs from five female B6 mice immunized with spleen cells from

CB6F1 male, BALB.B male, BALB/c male, or B10.D2 female mice were analyzed by flow cytometry using PE-conjugated H60p tetramers,

anti-CD8 mAb-APC, and anti-CD11a mAb-FITC 7 days after immunization.

% of tetramer* CD11a"s" CD8 T cells are indicated. No appreciable

tetramer staining was observed using H13p or HYp tetramers (data not shown).

(B) Anti-H60 CTLs do not recognize or crossreact with H-2¢ or H-2¢ + H60.

H60p-specific CTL line, SP/H60, was tested for lytic activity against

BALB.B, B10.D2, BALB/c, H60-congenic, and syngeneic splenic lymphoblasts. HY-specific CTL line (CTL-10) known to show crossreactivity

to H-2¢ alloantigens was included as a positive control.

(C) B6 mice were immunized with spleen cells from CB6F1, BALB.B, or BALB/c mice, and 30 days later the immunized mice along with naive
B6 mice were grafted with skin from H60-congenic females. Ten days later, PBL CD8 T cells from the grafted mice were assessed for H60p

tetramer™ cells.

T cells generated in response to BALB/c cells were not
a consequence of CD8 T cells recognizing the native
H60 glycoprotein or H60-derived peptides bound to H-2¢
because H60-specific CTLs did not lyse BALB/c targets
(Figure 2B) nor did the cells raised by BALB.B stimula-
tion produce IFN-v in response to BALB/c alloantigens
(Figure 1A). Therefore, the expansion of H60p tetramer™
CD8T cells in BALB/c-immunized mice is best explained
by specific T cell recognition of H60p that was efficiently
crosspresented by B6 host APCs.

We then examined whether the H60-specific CD8 T
cells generated while undergoing an MHC allo-response
persisted as memory cells capable of eliciting a recall

response. Thirty days after female B6 mice were immu-
nized with BALB/c, CB6F1, or BALB.B splenocytes, the
frequency of persisting H60p tetramer® cells was
0.1~0.2% of the total CD8 T cell in blood (data not
shown). Tail skins from H60-congenic female mice were
then grafted onto these immunized mice and onto con-
trol naive B6 mice. On day 10 following skin grafting,
the frequency of H60p tetramer® CD8 T cells in PBLs
had increased considerably compared with PBLs from
grafted naive controls: 3.4% in BALB.B-, 2.5% in
BALB/c-, and 1.2% for CB6F1-immunized mice versus
0.1% for naive control (Figure 2C), and these frequencies
paralleled the burst sizes of the primary responses (Fig-
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Figure 3. Physiological Expression of the H60 Protein Fails to Augment CTL Activation or Deliver Help

(A) H-2D’-restricted specific CTL lines for H3a, H13, and HY were tested for cytolytic activity against splenic lymphoblast targets that do
(H60-congenic female splenocytes) or do not (B6 female splenocytes) express H60 protein. The targets were loaded with varied concentrations

of cognate peptide (H3a, H13, or HY) or irrelevant peptide (F5SNP).

(B) Female B6 mice were immunized with male BALB.B splenocytes (induces CD4 help) or a mixture of splenocytes from female H60-congenic
(no CD4 help) and female H13-congenic (induces CD4 help due to H3b minor H antigen) and B6 male (induces CD4 help) mice. PBLs from
the immunized mice were serially sampled for staining with H60p, H13p, and HYp tetramers.

ure 2A). These results suggested that H60-specific CD8
T cells competed successfully with those directed
against MHC alloantigens under conditions requiring
indirect presentation and were fully capable of establish-
ing memory and then undergoing a recall response to
H60 in the context of self-MHC (K°) molecules.

Physiological Expression of the H60 Glycoprotein
Does Not Enhance the Immunostimulatory

Capacity of pMHC Ligands

It has been suggested that H60 immunodominance
could be a consequence of the H60 glycoprotein acting
as an immunostimulatory ligand via its interaction with
NKG2D (Cerwenka et al., 2002). To determine whether
the H60 glycoprotein increases the generic sensitivity of
TCR triggering, we compared the ability of D°-restricted
CTL lines (all of which express NKG2D as assessed by
RT-PCR; data not shown) to lyse H60-negative (B6) and
H60-positive (H60-congenic) T cell lymphoblast target
cells incubated with limiting concentrations of cognate
peptide ligands. Regardless of whether the target cells
were H60-positive or not, the peptide concentrations
required to achieve specific cytolysis were virtually su-
perimposable (Figure 3A), indicating that physiological
expression of H60 does not reduce the threshold of TCR
triggering.

NKG2D engagement converges with the CD28 signal-
ing cascade (Jamieson et al., 2002). H60 immunodomi-
nance might thus be a consequence of costimulatory
signals delivered to responding H60p-specific CD8 T
cells via NKG2D engagement with native H60 protein
on APCs. To test this possibility, we serially analyzed

PBLs from B6 female mice immunized with a mixture of
splenocytes from B6 male and H13-congenic female
mice (both of which differ from B6 female mice by CD4
T cell stimulatory helper determinants; data not shown)
and female H60-congenic mice (which lack a CD4 T cell
helper determinant; data not shown). The rationale was
that if the H60 glycoprotein induced costimulation/help,
it would support the generation of H60p-specific CTLs
in a CD4 help-deprived situation. However, H60p tetra-
mer* CD8 T cells were not detected in the mice immu-
nized with this splenocyte mixture, while H13p and HYp
tetramer® CD8 T cells (deliberately provided with cog-
nate CD4 T cell help) were readily detected (maximum
frequency of 1~1.5% of total CD8 T cells on day 14;
Figure 3B, lower panel). In further support of the inability
of H60 to induce immune responses autonomously, B6
mice (n = 10) showed no signs of rejecting tail skin
allografts from sex-matched B6.C-H60-congenic mice,
at least up to 100 days. H60 immunodominance was
therefore entirely dependent on help from a CD4 T cell
response generated by recognition of antigens on the
same APC. Taken together, the results suggest that H60
immunodominance is independent of functions associ-
ated with NKG2D engaging its H60 glycoprotein ligand.

H60 Immunodominance Occurs Even When There

Is No Competition In Vivo for Donor APCs

H60 immunodominance over other minor H antigens
could be determined by antigenic competition on APCs.
To test this possibility, B6 female mice were immunized
with spleen cells from BALB.B male or with a mixture
of splenocytes from B6 male, H13-congenic male, and
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nates Regardless of Whether Antigens Are
Presented Separately or Together on Donor
APCs

(A) B6 mice were immunized with BALB.B
spleen cells or with mixture of H60-congenic
male, H13-congenic male, and B6 male
splenocytes (all induce CD4 help). PBLs
pooled from five immunized mice were
stained with H60p, H13p, and HYp tetramers.
(B) Pfp-deficient B6 mice were immunized
and analyzed in the same way.
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H60-congenic male mice. (Male APCs were used to en-
sure a CD4 T cell stimulus.) As expected (Choi et al.,
2001), immunization of mice with BALB.B male cells
resulted in a substantial expansion of H60p tetramer™
CD8 T cells but not H13p or HYp tetramer* cells (Figure
4A, left panel). Immunization with cells presenting the
three antigens separately reduced the level of H60 im-
munodominance only slightly in that a small but signifi-
cant percentage of H13p tetramer* cells was detected
(Figure 4A, right panel). These results suggested that
H60 immunodominance was slightly relaxed when the
minor H antigens were presented on separate donor
APCs, but not enough to account for the immunodomi-
nant H60 phenotype.

We then examined whether prolonged survival of do-
nor APCs would influence the immunodominance hierar-
chy. Perforin-deficient (Pfp~/~) mice generated 20~25-
fold reduced CTL activity against minor H antigens (data
not shown), which should extend the survival of donor
APCs by reducing cytotoxic cell-mediated destruction.
Perforin-deficient B6 (B6-Pfp~'~) female mice immu-
nized with BALB.B male cells showed a slightly reduced
magnitude of their CD8 response to H60p, but there was
no concomitant increase in the H13p or HYp responses
(compare Figures 4A and 4B, left panels), indicating that
prolonged survival of donor APCs did not influence the
dominance hierarchy. Moreover, the magnitude of the
H60 response was reduced ~3-fold in B6-Pfp~'~ mice
immunized with a mixture of APCs presenting minor H
antigens separately as compared with B6-wild-type
mice immunized with the same cells (Figures 4A and
4B, right panels), and the CD8 T cell responses against
H13 and HY antigens were unchanged. These results
suggested that donor APC destruction by host cytolytic
effectors enhances H60 immunodominance, but it does
so more efficiently when there is no competition for

antigens on donor APCs. Thus, destruction by cytotoxic
effectors enhances H60 immunodominance, but not by
a mechanism involving antigenic competition on APCs

H60 Generates a Primary CTL Response In Vitro
While Other Minor H Antigens Do Not

Conventional wisdom holds that it is not possible to
generate minor H antigen-specific CD8 T cells from
mixed leukocyte culture (MLC) of naive T cells (Bevan,
1975; Gordon et al., 1975). To attempt to elicit specific
CD8 T cells from naive mice, responder spleen cells
from naive B6 female mice were cultured in primary (1°)
MLC with irradiated stimulator spleen cells from H60-
congenic female, H13-congenic female, or B6 male
mice. Eight days after 1° MLC (which included supple-
mentation with rIL-2 to insure help), ~6% of the CD8 T
cells (range 6~12% in seven experiments) generated in
response to H60-congenic stimulators were H60p tetra-
mer*, while MLCs against H13 and HY stimulators
yielded insignificant frequencies of the respective tetra-
mer* cells (Figure 5A). Since in vitro stimulation of T
cells in IL-2 drives cell differentiation into short-lived
effector cells (Manjunath et al., 2001; Weninger et al.,
2001), we could not rule out the possibility that H13-
and HY-specific CD8 T cells might have gone through
an undetected clonal burst followed by premature acti-
vation-induced cell death. Since IL-15 drives CD8 T cell
differentiation into the long-lived memory phenotype,
we therefore examined whether H60 would dominate
after 1° MLC supplemented with IL-15. Only H60p tetra-
mer* CD8 T cells were generated, although the percent-
age was reduced to ~2% (Figures 5B and 5C). Moreover,
a high frequency of H60 tetramer* CD8 T cells was also
observed after 1° MLC of naive CD4 CD8"-enriched
thymocytes, indicating that H60 immunodominance was
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Figure 5. H60 Is the Only Minor H Antigen

A . H60Congenic  H13 Congenic B6 &
=4 =3 =3
- 6.3 - 11 - 0.5
2] 2 2]
- = - = P -
g, 2. g1
o 27 ™2 273 B
© - > .
== Iz T -
E ER E
100 10" 102 10% 10% 100 10" 102 103 10%

that Induces Specific T Cells In Vitro from the
Naive Pool

(A) Naive splenocytes of B6 female mice were
subjected to 1° MLCs with irradiated H60-

congenic female, H13-congenic female, or B6
male spleen cells. rlL-2 (50 U/ml) was in-
cluded at the initiation of culture and supple-
mented again on day 5. On day 8 of the cul-

S 0.9 ® & 0.6 ture, the CD8 T cells were assessed for H60p,
- 2 2] -2 ) H13p, and HYp tetramer staining.
2 :lg . 2 /_/_> (B and C) Similar primary MLCs were har-
ol 2 > e 8 24 ey vested on day 4, washed, and split into cul-
== T I tures containing rliL-15 (20 ng/ml) (B) or IL-2
- - T (50 U/ml) for 4 additional days (compiled in [C]).
?21“ o 163 i ® 2 e (D) CD8 T cell-enriched thymocytes and
CcD8 APC > splenocytes from naive B6 female mice were
cultured in MLC with H60-congenic stimula-
B X tors and tested as in (A) for H60 tetramer

102 193 104

H60 Tet
H13 Tet
HY Tet

staining. No significant H13 tetramer staining
was observed with parallel analysis with H13-
congenic stimulators (data not shown).

(E) CML analysis using cells from 1° MLC of

o1

10!

102 103 104

naive B6 splenocytes and irradiated stimula-
tors from various congenic mice. Target cells
were T2-K® or T2-D pulsed with the appro-

CD8 APC > priate minor H antigen peptides. Only H60p
8- 25+ 80 - targets showed lysis above irrelevant pep-
C % D E 0 H60p tide-pulsed control values (data not shown).
o s 20 o
8 OiL-2 %o 2 604
8 M IL-15 EE 154 _>|'
S
F 41 o 2 40
& 58 101 i
£ g8 @
s £Q 2
"ah) 21 s 54 » 204
|_ ()
3 0
H60 H13 HY sp Thy 0.1 1 10
Congenic E:T Ratio
Stimulators

a consequence of thymic selection rather than periph-
eral expansion events (Figure 5D).

To determine whether a 1° MLC would lead to the
generation of CTLs directed against minor H antigens,
including H4, H7, and H28, which, like H60, are consid-
ered immunodominant in certain experimental settings
(Eden et al., 1999; Malarkannan et al., 1998; Nevala and
Wettstein, 1996), we stimulated naive B6 female cells in
1° MLC (with added rIL-2) in separate cultures with H60-,
H28-, H7-, H4-, or H13-congenic stimulator spleen cells
and assessed the specific lytic activity generated. Sub-
stantial lytic activity against H60p was generated by
stimulation with H60-congenic cells, while only residual,
nonspecific NK-like cytotoxicity was detected after
stimulation with cells from other minor H-congenic cells
(Figure 5E). The combined results suggest that among
an array of minor H antigens, all of which were expressed
in MLC at physiological levels, H60 was the only one
capable of generating appreciable numbers of CTLs in
vitro from the naive precursor pool.

To address whether H60 immunodominance of pri-
mary response was dependent on expression of the
native H60 glycoprotein, we cultured naive B6 female
cells in 1° MLC with H60p-, H13p-, or HYp-pulsed irradi-
ated syngeneic spleen cells (Figure 6A). We then ana-
lyzed the resulting cultures several days later for tetra-

mer staining and for specific cytolysis. Considerable
amplification of H60p tetramer staining CD8 T cells oc-
curred at both physiological and superphysiological
peptide levels (Figure 6A). In contrast, H13p tetramer
staining CD8 T cells showed minimal expansion and only
at superphysiological peptide levels, and no significant
HYp tetramer staining cells were detected at any peptide
concentration tested. Specific cytolytic activity corre-
lated with the tetramer data (Figure 6B). Stimulation with
H60p, in the absence of the native H60 glycoprotein,
was therefore sufficient to recapitulate the immuno-
dominance phenomenon. Moreover, H60 immunodomi-
nance occurred even when the need for crosspresenta-
tion was obviated by direct peptide pulsing of naive B6
responder cells (Figure 6C), indicating that H60 immuno-
dominance was not dependent on crosspresentation.

CD8 T Cells Respond to the H60 Minor H Peptide
with High Frequency

The ability of naive T cells to generate a response to
H60p in vitro led us to speculate that H60 immunodomi-
nance was a consequence of a high number of precursor
T cells. We were not able to detect a significant number
of H60p tetramer® CD8 T cells in lymphoid tissues from
naive mice (data not shown), suggesting that the fre-
quency of naive cells falls below flow cytometric resolu-
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tion. To determine their precursor frequencies, conven-
tional limiting dilution analysis was performed using B
and NK cell-depleted spleen cells from naive female B6
mice as responders and syngeneic spleen cells irradi-
ated and pulsed with H60p, H13p, or HYp as stimulator
cells. The minimal CTL precursor frequency (CTLpf) spe-
cifically reactive with H60p ranged between 1/11,140 to
1/23,600 (four determinations), while the anti-H13p and
HYp CTLpfs were extrapolated to be at least 16-fold
lower (two determinations) (Figures 7A and 7C). These
results suggested that precursor frequency is sufficient
to explain H60 immunodominance. For comparison, the
H60p CTLpf was approximately 10~20-fold lower than
that directed against H-2K¢ alloantigens (1/890~1/
1,500; Figures 7A and 7C).

Importantly, the CTLpf dominant for the K°-restricted
VSV peptide (Ono et al., 1998; Van Bleek and Nathenson,
1990) was only slightly lower compared with the anti-
H60p CTLpf (Figures 7B and 7C), indicating that immune
responses against these two dominant antigens can be
induced at a similar intensity. To determine whether
other dominant antigens induced high T cell precursor
frequency, we cultured naive B6 spleen cells with syn-
thetic immunogenic viral peptide epitopes, including
several known to immunodominate after viral infection
(Belz et al., 2000). Epitope-specific CTLs were elicited
in vitro from naive T cells stimulated with VSVp and PB1-
F24,.70, but at reproducibly lower levels compared with
H60. No activity was detected against the other epitopes
(Figure 7D). This finding is consistent with a high fre-
quency of CTLp directed against H60p, VSVp, and PB1-
F24,.70, but not against the other peptides tested, at least
under the experimental conditions used.

Discussion

Our studies show that the immune response directed
against H60 is atypical of minor H antigens in that it
competes well with an allo-MHC response and induces
naive T cells to generate a potent CD8 T cell response
in vitro. The expression of H60 immunodominance was
entirely dependent on cognate help from CD4 T cells,

1- Heop
~<>- H13p

607 T2-D® + HYp

—~ MLC at 10°pep
=0~ MLC at 10* pep

Figure 6. The H60 Peptide Readily Induces
Specific CD8 T Cells from the Naive Pool
(A) Tetrameric analysis of naive female B6
splenocyte responder CD8 T cells after cul-
ture independently with syngeneic irradiated
splenocytes pulsed with various concentra-
tions of H60p, H13p, or HYp. Cultures were
supplemented with riL-2.
6 -4 (B) CML assay of effector cells from 10~* and
107 M peptide doses from (A) against pep-
tide-loaded T2-K® or T2-DP targets. Nonspe-
cific lysis against VSVp- or F5NPp-loaded T2
targets was subtracted.
(C) Tetrameric analysis of CD8 T cells from
cultures of naive female B6 splenocytes di-
rectly pulsed with H60p or H13p. Cultures
were supplemented with rlL-2.

and physiological expression of the native H60 glyco-
protein provided neither help nor other activation signals
that supported CTL activation. Moreover, H60p in the
absence of the H60 glycoprotein was sufficient to reca-
pitulate H60 immunodominance in vitro, suggesting that
it is an inherent property of the H60 peptide itself. Inter-
estingly, peptide blocking and mutation studies have
suggested that NKG2D interacts with the H60 glycopro-
tein at a site that includes the immunodominant H60p
sequence (Cerwenka et al., 2002). However, considering
our inability to link the anti-H60p T cell response with
the native H60 glycoprotein, it is unclear how this obser-
vation could explain our results. Thus, while there is
strong evidence supporting immune enhancing function
when H60 is overexpressed in tumor cells (Diefenbach
et al., 2000), we were unable to detect any role for the
H60 protein other than to provide a processed minor H
peptide.

Are there properties of the H60 minor H peptide and
its presentation on APCs that could engender immuno-
dominance? H60p is not unusual in its MHC binding
avidity, and the estimated number of H60p/K® com-
plexes on tumor cells is between 5 and 15 copies/cell
(Malarkannan et al., 1998), values that are similar to or
less than those found for more subordinate minor H
epitopes (Eden et al., 1999; Mendoza et al., 1997).

Many explanations for immunodominance center
around competition by T cells for their cognate ligands
on APCs (Grufman et al., 1999; Kedl et al., 2000, 2002;
Perreault et al., 1998). Competition on donor cell APCs
played a negligible role in H60 immunodominance. How-
ever, accessibility of H60 to recipient APCs facilitated
the elaboration of H60p immunodominance in that MHC-
disparate BALB/c cells efficiently crossprimed mice for
an H60p-specific response, not for an HYp- or H13p-
specific response. Furthermore, Pfp-intact mice were
more efficiently primed to H60p than were Pfp-deficient
mice, suggesting that donor cell lysis may enhance the
supply of H60p to recipient APCs. These results indicate
that crosspriming (Bevan, 1975) via indirect presentation
(Auchincloss and Sultan, 1996) operates efficiently for
H60p but not for minor H antigens such as HY (Millrain
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Figure 7. CTLpf Analysis of Naive T Cells

(A and B) Limiting numbers of B and NK cell-depleted spleen cells
from naive B6 female mice were cultured in micro-MLC with spleno-
cytes loaded with 50 uM of peptide or with allo-H-2K® (B6-NOD-
H29") splenocytes. On day 7-8, each microwell was split and assayed
for cytolysis of the cognate target and an irrelevant control target.
Representative data of % specific cytolysis of individual microwells

et al., 2001). However, it is unlikely that differential effi-
ciency of crosspriming is the explanation because H60
immmunodominance was recapitulated when naive re-
sponder cells were directly pulsed with minor H pep-
tides. More likely, the ability of H60 to be detected by
crosspriming is a manifestation of the overall magnitude
of the immune response against this antigen.

Our results suggest that H60 immunodominance is an
inherent property of the naive precursor pool. This is
manifested as an abnormally high frequency of H60p-
specific CD8 T cells, which enables naive T cells to
generate a robust T cell response in vitro. However,
bolstering the frequency of anti-H13 T cells by preimmu-
nization did not reverse H13’s subordinance to H60 (Choi
et al., 2001), indicating that numbers alone are not suffi-
cient to confer immunodominance. Quantitative and
qualitative variation in the naive precursor pool are likely
to be determined differences in the extent to which posi-
tive or negative thymic selection occurs (Correia-Neves
et al.,, 2001; Vidal et al., 1996). If self-peptides have
sufficient structural similarity to foreign peptides, they
could act as partial agonists during negative thymic
selection, thus reducing the size and avidity of the pre-
cursor pool and resulting in subordination of immune
response to the foreign epitope (Choi et al., 2001). The
great majority of identified autosomal and mitochon-
drally encoded minor H antigens arise as a consequence
of allelic variation within a self~-MHC bound peptide and
thus have allelic partial agonists that are likely to nega-
tively select TCRs with high avidity for the foreign minor
H antigen counterpart. Human SMCY-encoded HY anti-
gens and mouse Smcy- and Uty-encoded HY antigens
possess highly sequence divergent “pseudoallelic”
Smcx and Utx X chromosome counterparts (Greenfield
et al., 1996; Meadows et al., 1997; Scott et al., 1995;
Wang et al., 1995); the human HY antigens are immuno-
dominant (Mutis et al., 1999), but for unknown reasons
the mouse HYs are not. H60, and H28, are immuno-
dominant and alloantigenic because B6 mice fail to ex-
press the H60 and H28 genes and thus lack any allelic
counterpart (Malarkannan et al., 2000, 1998). There is
an unusually high frequency of thymic and peripheral
CD8" precursor T cells specific for the dominant melan-
A/MART-1 tumor antigen (Pittet et al., 1999; Zippelius
et al., 2002). Melan-A/MART-1 expression is normally
limited to melanocytes (Pittet et al., 1999). The dominant

determined after subtraction of irrelevant target lysis are shown.
Indicated cognate targets (irrelevant targets): HYp-pulsed T2-D°
(F5SNPp-pulsed T2-D®); H13p-pulsed T2-D° (F5NPp-pulsed T2-D);
H60p-pulsed T2-K® (VSVp-pulsed T2-K®); P1.HTR (RMA); and VSVp-
pulsed T2-K® (H60p-pulsed T2-K®).

(C) Estimates of antigen-specific CTLpf for each mouse analyzed.
CTLpfs of anti-HYp and anti-H13p fell below the limit of resolution
of the assays (n = 2, two determinations).

(D) Naive B6 mouse splenocytes were pulsed with the indicated
concentrations of synthetic peptides, cultured as in Figure 5C, and
tested in a CML against T2-K® and T2-DP targets pulsed with 100 nM
cognate and noncognate peptide. Values shown are the maximum
mean lysis = SD at E/T 25:1 of target cells pulsed with the same
peptide used in the MLC minus lysis against targets pulsed with
the noncognate peptide. Others, maximum lysis after pulsing with
PAg24.233 PB170g711, PB24g8.206, NS2414.121, M11.435, Or H13p. The data
are representative of two independent experiments.
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MAGE-A, BAGE, and GAGE antigens are normally ex-
pressed only in testes germ cells (van der Bruggen,
2000). Immunodominance could therefore be dictated
by the extent to which their naive repertoire is unencum-
bered by negative thymic selection.

However, it is perplexing that among an assortment
of viral peptides tested, only the dominant VSVp epitope
and the subordinate epitope PB1-F2;_;, evoked a robust
response from naive T cells (Figure 7E). While the posi-
tive results with VSVp are consistent with a robust pre-
cursor repertoire, it is not known why reportedly domi-
nant peptide epitopes, such as PA,,, »3; (Belz et al., 2000),
repeatedly failed to induce a primary response. Natively
processed PB1-F2; 5, is usually subdominant because
it is processed inefficiently by immunoproteasomes
(Chen et al., 2001); our results suggest that its place in
the hierarchy shifts upward when its expression is not
constrained by inefficient antigen processing. Thus,
while immunodominance is multifactoral (Yewdell and
Bennink, 1999), our overall studies document consider-
able variation in the naive precursor repertoire and pre-
dict that this variation is an important first step in estab-
lishing the immunodominance hierarchy.

The alloantigenic complexity when tissues are trans-
planted between genetically nonidentical individuals
has the potential to be enormous, certainly much more
than immune responses to viruses and other more geno-
mically constrained organisms. The fact that the B6 anti-
H60p response prevails to the extent that it can account
for almost 7% of the allogeneic CD8 T cell response to
BALB/c alloantigens (Figure 2) is remarkable given that
H60p is only one of potentially thousands of novel pep-
tides naturally presented by MHC proteins (Luckey et
al., 2001). Conversely, this high frequency also suggests
that the diversity of the alloreactive T cell peptides func-
tionally capable of inducing significant clonal bursts
might be much more limited than would be expected by
peptide diversity alone. From this enormous antigenic
complexity, H60 emerged as being superdominant. Un-
derstanding why has considerable implications for tis-
sue transplantation and vaccine design.

Experimental Procedures

Mice, Immunization, and Skin Grafting

Standard C57BL/6J (B6), C.B10-H2"/LiMcdJ (BALB.B: H-2°), (B6/J
X BALB/cByJ) F1 (H-2>), B10.D2/SnJ (H-29), B10.BR/SgSn (H-2%),
BALB/cByJ (H-27), and B6-background Perforin-deficient (Pfp™'5%)
mice were obtained from the JRS production facility of The Jackson
Laboratory. Congenic strains B6.C-H60°/Dcr (Choi et al., 2001),
B10.CE-H13°A%(30NX)/Sn, B10.129-H46°H47°(21M)/Sn, B6.C-H28°/
By, B10.C-H7°(47N)/Sn, and B6.NOD-H2¢9" mice (kindly provided by
David Serreze, The Jackson Laboratory) were bred and maintained
in The Jackson Laboratory Research Colonies. All mice were 8 to
14 weeks of age. For immunization, female B6 mice were injected
intraperitoneally with 2 X 107 nonirradiated spleen cells.

Cell Lines

Tumor cell lines T2-D°, T2-K°, RMA (H-2°), and P1.HTR (H-2%) were
maintained in DMEM (Life Technologies, Grand Island, NY) supple-
mented with 5% FBS (Hyclone, Logan, UT). The H60°-specific H-2K"-
restricted CTL line SP/H60, the H13"-specific H-2D"-restricted CTL
line SP/H13, and the HY (Uty)-specific H-2D"-restricted CTL clone
CTL-10 have been described (Choi et al., 2001). CTL lines were
maintained by weekly restimulation with appropriate stimulator cells
and 50 U/ml of rIL-2 (Roopenian et al., 1983).

CML Assay

A modified 5'Cr release assay has been described (Roopenian et
al., 1983). For Concanavlin (Con A)-treated targets, splenocytes from
various mice were cultured for 48 hr in the presence of Con A (100
ng/ml). For peptide-loaded targets, 5'Cr-labeled T2-D° and T2-K® cells
or syngeneic and congeneic splenocytes were incubated with 100
nM synthetic peptides for 30 min at 37°C, washed twice with PBS
to remove unbound peptide, and then incubated at 37°C with effector
cells in V-bottom plates at various E/T ratios. Lysis of target cells
was measured as specific cytolysis, based on the level of *'Cr re-
leased into the supernatant relative to spontaneous and maximal
5'Cr, and is reported as the mean of triplicate wells. Synthetic pep-
tides H60p LTFNYRNL, H13°p SSVIGVWYL, HYp Uty:WMHHNMDLI
(Greenfield et al., 1996), H28p ILENFPRL (Malarkannan et al., 2000),
H4°p SGIVYIHL (S. Malarkannan and D.C.R., unpublished data), H7°p
KAPDNRDTL (S. Malarkannan and D.C.R., unpublished data), VSVp
RGYVYQGL (Van Bleek and Nathenson, 1990), and F5Npsg.374 AS-
NENMETM (Belz et al., 2000) were produced, chromatography-puri-
fied, and mass spectometry-verified by Research Genetics Inc.
(Huntsville, AL). PA,..;; SSLENFRAYV, PB1-F24, LSLRNPILV,
PB1,43711 SSYRRPVGI, PB2,gs 55 ISPLMVAYM, NS2,,,.,, RTFSFQLI,
and M1,,.43s MGLIYNRM were a kind gift of J. Yewdell (N.I.H.). H60p,
H28p, VSVp, PB153.711, NS2414.121, PB24gg.906, and M1 56.155 are K® bind-
ing peptides. H13p, H4p, H7p, HYp, F5NPage.374, PAg2g33, and PB1-
F24,.70 are D° binding peptides.

Intracellular IFN-y Assay

Modified intracellular IFN-y staining analysis has been described
(Choi et al., 2001). In brief, cells from B6 anti-CB6F1 and anti-BALB.B
MLCs were harvested on d11 of MLC. One million responder cells
were then cultured with stimulator cells in 96-well round bottom
plates (Costar, Cambridge, MA) in DMEM (0.2 mi/well) for 2 hr. The
stimulators were RBC- and CD8-depleted splenocytes from various
allogeneic and syngeneic mice. After 2 hr restimulation, brefeldin A
(Sigma, St. Louis, MO) was added to a final concentration of 10
wrg/ml and cells were incubated an additional 4 hr. The cells were
then surface-stained with FITC-conjugated anti-CD8 mAb, washed,
fixed with 1% paraformaldehyde in PBS, and then incubated with
PE-conjugated anti-IFN-y mAb (PharMingen, San Diego, CA) diluted
in 0.1% saponin (Sigma, St. Louis, MO) in PBS. The stained cells
were analyzed by flow cytometry with live cell gating.

Flow Cytometry and Cell Purification

RBC-lysed fresh PBLs from immunized mice or cells from MLC were
incubated at 4°C for 50 min in staining buffer (1 X PBS with 0.1%
BSA and 0.1% sodium azide) containing PE-labeled H60p/K®, H13°p/
Db, and HY-Utyp/D® tetramers (Choi et al., 2001) and saturating
amounts of APC-conjugated anti-CD8 mAb (PharMingen) and FITC-
conjugated CD11a mAbs (M1/70; The Jackson Laboratory). The
stained cells were analyzed using a FACSCalibur equipped with
CellQuest software (Becton Dickinson, San Diego, CA). Thymic and
spleen cells were negatively depleted of CD4* and B220™ cells using
magnetic bead separation methodology (Dynal Biotech, Oslo).

MLC

For MLC of cells from naive female B6 mice, 2.5 X 107 responder
splenocytes were cultured with 3.5 X 107 2000 cGY irradiated splen-
ocytes from congenic mice or with B6 splenocytes loaded with
H60p, H13p, or HYp. For peptide loading, unless otherwise indi-
cated, splenocytes were incubated with at 500 nM synthetic pep-
tides in medium for 30 min at 37°C and washed twice with PBS to
remove unbound peptide. The MLCs were cultured in 10 ml of
DMEM-5% FBS medium containing riL-2 (50 U/ml) for 5 days and
fed with additional rIL-2 (50 U/ml), and harvested on d8 of culture.
MLC of cells from in vivo immunized mice was similar to that de-
scribed above except that rIL-2 (50 U/ml) was added after 2-3 days
of culture and the cells were harvested on d5-6.

Limiting Dilution and CML Assays

The limiting dilution assay is a modified version of that described
by MacDonald et al. (1980). Spleen cells from B6 female mice were
depleted of NK- and B cells using magnetic column and were used
as responder cells. Varying numbers of the depleted responder cells
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(32 microwells/responder cell concentration) were cultured for 5
days in 96-well flat-bottomed microtiter plates (Costar Corp) in the
presence of 5 X 10° irradiated stimulator splenocytes in 0.2 ml of
DMEM-10% FBS medium supplemented with riL-2 (50 U/ml). B6
splenocyte stimulator cells were loaded with 50 wM of H60p, H13p,
or HYp by incubation for 40 min at 37°C, washed, and then irradiated
with 2000 cGY. Irradiated allogeneic B6.NOD-H29 stimulator splen-
ocytes (disparate from B6 at H-2K) were used where indicated. On
d5, each microculture was fed 50 pl of fresh DMEM-FBS containing
riL-2 (200 U/ml). After 4 additional days of culture, 100 pl of each
microculture was transferred into two V-bottom microwells and as-
sayed for cytolysis against cognate and irrelevant antigens. T2-K®
or T2-DP cells loaded with synthetic peptides (100 nM) or syngeneic
RMA or allogeneic P1.HTR target cells were added to effector cells
to a final volume of 200 pl/well. The plates were incubated for 6 hr
at 37°C, 125 pl of supernatant was then harvested, and supernatant
radioactivity was determined. Positive wells were defined as wells
whose *'Cr-release exceeded the mean spontaneous release (32
replicates) by >3 SD, after subtraction for nonspecific lysis *'Cr-
release (targets loaded with irrelevant peptides or syngeneic tumor
target cells). CTLpfs were calculated by linear regression and Pois-
son distribution X? analysis according to Taswell (1984).

Acknowledgments

The authors thank Shari Roopenian and Lori Goodwin for excellent
technical assistance and David Serreze and Elizabeth Simpson for
critical review of the manuscript. This work was supported by NIH
grants Al28802 and HL65479 to D.C.R. and HL54977 to S.J.

Received: May 13, 2002
Revised: September 17, 2002

References

Auchincloss, H., Jr., and Sultan, H. (1996). Antigen processing and
presentation in transplantation. Curr. Opin. Immunol. 8, 681-687.

Belz, G.T., Xie, W., Altman, J.D., and Doherty, P.C. (2000). A pre-
viously unrecognized H-2Db-restricted peptide prominent in the pri-
mary influenza A virus-specific CD8+ T-cell response is much less
apparent following secondary challenge. J. Virol. 74, 3486-3493.

Bevan, M.J. (1975). The major histocompatibility complex deter-
mines susceptibility to cytotoxic T cells directed against minor histo-
compatibility antigens. J. Exp. Med. 142, 1349-1364.

Carayannopoulos, L.N., Naidenko, O.V., Kinder, J., Ho, E.L., Fre-
mont, D.H., and Yokoyama, W.M. (2002). Ligands for murine NKG2D
display heterogeneous binding behavior. Eur. J. Immunol. 32,
597-605.

Cerwenka, A., Bakker, A.B., McClanahan, T., Wagner, J., Wu, J.,
Phillips, J.H., and Lanier, L.L. (2000). Retinoic acid early inducible
genes define a ligand family for the activating NKG2D receptor in
mice. Immunity 12, 721-727.

Cerwenka, A., O’Callaghan, C.A., Hamerman, J.A., Yadav, R., Ajayi,
W., Roopenian, D.C., Joyce, S., and Lanier, L.L. (2002). Cutting edge:
the minor histocompatibility antigen H60 peptide interacts with both
H-2Kb and NKG2D. J. Immunol. 168, 3131-3134.

Chen, W., Anton, L.C., Bennink, J.R., and Yewdell, J.W. (2000). Dis-
secting the multifactorial causes of immunodominance in class
I-restricted T cell responses to viruses. Immunity 72, 83-93.

Chen, W., Calvo, P.A., Malide, D., Gibbs, J., Schubert, U., Bacik, I.,
Basta, S., O’Neill, R., Schickli, J., Palese, P., et al. (2001). A novel
influenza A virus mitochondrial protein that induces cell death. Nat.
Med. 7, 1306-1312.

Choi, E.Y., Christianson, G.J., Yoshimura, Y., Jung, N., Sproule, T.J.,
Malarkannan, S., Joyce, S., and Roopenian, D.C. (2002) Real-time
T cell profiling identifies H60 as a major minor histocompatibility
antigen in murine graft vs host disease. Blood, in press.

Choi, E.Y., Yoshimura, Y., Christianson, G.J., Sproule, T.J., Malar-
kannan, S., Shastri, N., Joyce, S., and Roopenian, D.C. (2001). Quan-
titative analysis of the immune response to mouse non-MHC trans-

plantation antigens in vivo: the H60 histocompatibility antigen
dominates over all others. J. Immunol. 166, 4370-4379.

Correia-Neves, M., Mathis, D., and Benoist, C. (2001). A molecular
chart of thymocyte positive selection. Eur. J. Immunol. 37, 2583-
2592.

Diefenbach, A., Jamieson, A.M., Liu, S.D., Shastri, N., and Raulet,
D.H. (2000). Ligands for the murine NKG2D receptor: expression
by tumor cells and activation of NK cells and macrophages. Nat.
Immunol. 7, 119-126.

Diefenbach, A., Jensen, E.R., Jamieson, A.M., and Raulet, D.H.
(2001). Rae1 and H60 ligands of the NKG2D receptor stimulate tu-
mour immunity. Nature 413, 165-171.

Eden, P.A., Christianson, G.J., Fontaine, P., Wettstein, P.J., Perre-
ault, C., and Roopenian, D.C. (1999). Biochemical and immunoge-
netic analysis of an immunodominant peptide (B6dom1) encoded
by the classical H7 minor histocompatibility locus. J. Immunol. 762,
4502-4510.

Girardi, M., Oppenheim, D.E., Steele, C.R., Lewis, J.M., Glusac, E.,
Filler, R., Hobby, P., Sutton, B., Tigelaar, R.E., and Hayday, A.C.
(2001). Regulation of cutaneous malignancy by 3 T cells. Science
294, 605-609.

Gordon, R.D., Simpson, E., and Samelson, L.E. (1975). In vitro cell-
mediated immune responses to the male specific (H-Y) antigen in
mice. J. Exp. Med. 742, 1108-1120.

Greenfield, A., Scott, D., Pennisi, D., Ehrmann, 1., Ellis, P., Cooper,
L., Simpson, E., and Koopman, P. (1996). An H-YDb epitope is en-
coded by a novel mouse Y chromosome gene. Nat. Genet. 74,
474-478.

Grufman, P., Wolpert, E.Z., Sandberg, J.K., and Karre, K. (1999).
T cell competition for the antigen-presenting cell as a model for
immunodominance in the cytotoxic T lymphocyte response against
minor histocompatibility antigens. Eur. J. Immunol. 29, 2197-2204.

Jamieson, A.M., Diefenbach, A., McMahon, C.W., Xiong, N., Carlyle,
J.R., and Raulet, D.H. (2002). The role of the NKG2D immunoreceptor
in immune cell activation and natural killing. Immunity 77, 19-29.

Kedl, R.M., Rees, W.A., Hildeman, D.A., Schaefer, B., Mitchell, T.,
Kappler, J., and Marrack, P. (2000). T cells compete for access to
antigen-bearing antigen-presenting cells. J. Exp. Med. 7192, 1105~
1113.

Kedl, R.M., Schaefer, B.C., Kappler, J.W., and Marrack, P. (2002).
T cells down-modulate peptide-MHC complexes on APCs in vivo.
Nat. Immunol. 3, 27-32.

Luckey, C.J., Marto, J.A., Partridge, M., Hall, E., White, F.M., Lippolis,
J.D., Shabanowitz, J., Hunt, D.F., and Engelhard, V.H. (2001). Differ-
ences in the expression of human class | MHC alleles and their
associated peptides in the presence of proteasome inhibitors. J.
Immunol. 167, 1212-1221.

MacDonald, H.R., Cerottini, J.C., Ryser, J.E., Maryanski, J.L., Tas-
well, C., Widmer, M.B., and Brunner, K.T. (1980). Quantitation and
cloning of cytolytic T lymphocytes and their precursors. Immunol.
Rev. 51, 93-123.

Malarkannan, S., Shih, P.P., Eden, P.A., Horng, T., Zuberi, A.R.,
Christianson, G., Roopenian, D., and Shastri, N. (1998). The molecu-
lar and functional characterization of a dominant minor H antigen,
H60. J. Immunol. 761, 3501-3509.

Malarkannan, S., Horng, T., Eden, P., Gonzalez, F., Shih, P.,
Brouwenstijn, N., Klinge, H., Christianson, G., Roopenian, D., and
Shastri, N. (2000). Differences that matter: major cytotoxic T cell-
stimulating minor histocompatibility antigens. Immunity 13,
333-344.

Manjunath, N., Shankar, P., Wan, J., Weninger, W., Crowley, M.A.,
Hieshima, K., Springer, T.A., Fan, X., Shen, H., Lieberman, J., and
von Andrian, U.H. (2001). Effector differentiation is not prerequisite
for generation of memory cytotoxic T lymphocytes. J. Clin. Invest.
108, 871-878.

Martin, S., and Dyer, P.A. (1993). The case for matching MHC genes
in human organ transplantation. Nat. Genet. 5, 210-213.

Meadows, L., Wang, W., den Haan, J.M., Blokland, E., Reinhardus,
C., Drijfhout, J.W., Shabanowitz, J., Pierce, R., Agulnik, A.l., Bishop,



H60 Immunodominance
603

C.E., et al. (1997). The HLA-A*0201-restricted H-Y antigen contains
a posttranslationally modified cysteine that significantly affects T
cell recognition. Immunity 6, 273-281.

Mendoza, L.M., Paz, P., Zuberi, A., Christianson, G., Roopenian,
D., and Shastri, N. (1997). Minors held by majors: the H13 minor
histocompatibility locus defined as a peptide/MHC class | complex.
Immunity 7, 461-472.

Millrain, M., Chandler, P., Dazzi, F., Scott, D., Simpson, E., and
Dyson, P.J. (2001). Examination of HY response: T cell expansion,
immunodominance, and cross-priming revealed by HY tetramer
analysis. J. Immunol. 167, 3756-3764.

Mutis, T., Gillespie, G., Schrama, E., Falkenburg, J.H., Moss, P., and
Goulmy, E. (1999). Tetrameric HLA class I-minor histocompatibility
antigen peptide complexes demonstrate minor histocompatibility
antigen-specific cytotoxic T lymphocytes in patients with graft-ver-
sus-host disease. Nat. Med. 5, 839-842.

Nevala, W.K., and Wettstein, P.J. (1996). H4 and CTT-2 minor histo-
compatibility antigens: concordant genetic linkage and migration in
two-dimensional peptide separation. Immunogenetics 44, 400-404.
Ono, T., DiLorenzo, T.P., Wang, F., Kalergis, A.M., and Nathenson,
S.G. (1998). Alterations in TCR-MHC contracts subsequent to cross-
recognition of class | MHC and singly substituted peptide variants.
J. Immunol. 161, 5454-5463.

Perreault, C., Roy, D.C., and Fortin, C. (1998). Immunodominant
minor histocompatibility antigens: the major ones. Immunol. Today
19, 69-74.

Pimsler, M., and Forman, J. (1978). Estimates of the precursor fre-
quency of cytotoxic T lymhocytes against antigens controlled by
defined regions of the H-2 gene complex: comparison of the effect
of H-2 differences due to intra-H-2 recombination vs mutation. J.
Immunol. 721, 1302-1305.

Pittet, M.J., Valmori, D., Dunbar, P.R., Speiser, D.E., Lienard, D.,
Lejeune, F., Fleischhauer, K., Cerundolo, V., Cerottini, J.C., and Ro-
mero, P. (1999). High frequencies of naive Melan-A/MART-1-specific
CD8+ T cells in a large proportion of human histocompatibility leu-
kocyte antigen (HLA)-A2 individuals. J. Exp. Med. 7190, 705-715.
Roopenian, D.C., Widmer, M.B., Orosz, C.G., and Bach, F.H. (1983).
Response against single minor histocompatibility antigens. I. Func-
tional and immunogenetic analysis of cloned cytolytic T cells. J.
Immunol. 131, 2135-2140.

Scott, D.M., Ehrmann, L.E., Ellis, P.S., Bishop, C.E., Agulnik, A.l.,
Simpson, E., and Mitchell, M.J. (1995). Identification of a mouse
male-specific transplantation antigen, H-Y. Nature 376, 695-698.
Simpson, E., and Roopenian, D. (1997). Minor histocompatibility
antigens. Curr. Opin. Immunol. 9, 655-661.

Taswell, C. (1984). Limiting dilution assays for the determination of
immunocompetent cell frequencies. lll. Validity tests for the single-
hit Poisson model. J. Immunol. Methods 72, 29-40.

Teh, H.S., Bennink, J., and Von Boehmer, H. (1982). Selection of the
T cell repertoire during ontogeny: limiting dilution analysis. Eur. J.
Immunol. 72, 887-892.

Theobald, M., and Bunjes, D. (1993). Pretransplant detection of hu-
man minor histocompatibility antigen- specific naive and memory
interleukin-2-secreting T cells within class | major histocompatibility
complex (MHC)-restricted CD8+ and class Il MHC-restricted CD4+
T-cell subsets. Blood 82, 298-306.

Van Bleek, G.M., and Nathenson, S.G. (1990). Isolation of an endoge-
nously processed immunodominant viral peptide from the class |
H-2K° molecule. Nature 348, 213-216.

van der Bruggen, P. (2000). Antigens recognized on human tumors
by cytolytic T lymphocytes. Towards vaccination? In Minor Histo-
compatibility Antigens: From the Laboratory to the Clinic, D.C.
Roopenian and E. Simpson, eds. (Georgetown: Landes Bioscience),
pp. 171-182.

Vidal, K., Hsu, B.L., Williams, C.B., and Allen, P.M. (1996). Endoge-
nous altered peptide ligands can affect peripheral T cell responses.
J. Exp. Med. 183, 1311-1321.

Wang, W., Meadows, L.R., den Haan, J.M., Sherman, N.E., Chen,
Y., Blokland, E., Shabanowitz, J., Agulnik, A.l., Hendrickson, R.C.,

Bishop, C.E., et al. (1995). Human H-Y: a male-specific histocompati-
bility antigen derived from the SMCY protein. Science 269, 1588-
1590.

Weninger, W., Crowley, M.A., Manjunath, N., and von Andrian, U.H.
(2001). Migratory properties of naive, effector, and memory CD8+
T cells. J. Exp. Med. 194, 953-966.

Yewdell, J.W., and Bennink, J.R. (1999). Imnmunodominance in major
histocompatibility complex class I-restricted T lymphocyte re-
sponses. Annu. Rev. Immunol. 77, 51-88.

Zippelius, A., Pittet, M.J., Batard, P., Rufer, N., de Smedt, M., Guil-
laume, P., Ellefsen, K., Valmori, D., Lienard, D., Plum, J., et al. (2002).
Thymic selection generates a large T cell pool recognizing a self-
peptide in humans. J. Exp. Med. 195, 485-494.



