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Immunodominant Minor Histocompatibility Antigens Expressed by Mouse
Leukemic Cells Can Serve as Effective Targets for T Cell Immunotherapy
Stephane Pion, Pierre Fontaine, Chantal Baron, Martin Gyger, and Claude Perreault
Research Center, Maisonneuve-Rosemont Hospital, Montreial, Quabec, Canada, HIT 2M4

Abstract

Numerous minor histocompatibility antigens (MiHAs) show
tissue-specific expression and can induce vigorous T cell
responses. They therefore represent attractive targets for
leukemia immunotherapy mediated by adoptive transfer of
T cells. The main objective of this work was to determine
whether MiHAs expressed by normal hematopoietic cells
were present on leukemic cells and whether they could trig-
ger lysis by cytotoxic T lymphocytes (CTLs). CTL assays
showed that mouse leukemic cells of both lymphoid and
myeloid lineages were sensitive to CTLs targeted toward
some but not all MiHAs. In four out of four strain combina-
tions in which we primed CTLs against immunodominant
MiHAs, effectors killed leukemic blasts, whereas no cytotox-
icity was observed when CTLs were targeted toward four
immunorecessive MiHAs. Testing of HPLC fractions ob-
tained from normal and leukemic cells provided molecular
evidence that leukemic blasts expressed only some of the
MiHAs found on normal mouse hematopoietic cells. De-
creased density of H-2 class I molecules at the surface of
leukemic cells suggests that down-regulation of genes encod-
ing either class I molecules or proteins involved in antigen
processing played a role in the aberrant expression of Mi-
HAs. In vivo resistance to the leukemic cells by various
strains of mice correlated with in vitro CTL activity. These
results show that leukemic cells express only some (immuno-
dominant) MiHAs and suggest that this subset of MiHAs
represent prime targets for adoptive immunotherapy. (J.
Clin. Invest. 1995. 95:1561-1568.) Key words: cancer * lym-
phocyte * peptide - major histocompatibility complex * im-
munosurveillance

Introduction

Both class I and class II MHCmolecules bind and present self
peptides that are derived from the proteolysis of endogenous
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1. Abbreviations used in this paper: CTL, cytotoxic T lymphocyte;
GVHD, graft-versus-host disease; GVL, graft-versus-leukemia; MESF,
molecules of equivalent soluble fluorochrome; MiHA, minor histocom-
patibility antigen; TFA, trifluoroacetic acid.

proteins (1, 2). Some of these self peptides, known as minor
histocompatibility antigens (MiHAs),' are polymorphic and
can trigger T cell responses between MHC-identical individuals
(3-5). Expression of MiHAs as well as other nonpolymorphic
MHC-associated self peptides contributes in shaping the T cell
repertoire, since they influence both positive and negative selec-
tion (6-8). Additionally, as T cells can detect a single amino
acid substitution in MHCligands, expression of self peptides
allows T cells to check the integrity of the mammalian genome
(gene -p endogenous protein -+ MHC-associated self peptide -+

target for immunosurveillance) (9, 10). Thus, T lymphocytes
can reject cells that display abnormal self peptides after muta-
tion, translocation, or viral infection (11, 12).

MiHAs may represent ideal targets for cancer immunother-
apy, since the expression of many of them is tissue specific and
can trigger vigorous T cell responses (3, 13, 14). This assertion
is supported by the observation of the graft-versus-leukemia
(GVL) effect after allogeneic bone marrow transplantation be-
tween MHC-identical/MiHA-different individuals (15, 16).
The remarkable strength of the anti-MiHA GVLeffect provides
the most convincing clinical evidence for the effectiveness of
tumor immunity in man ( 17, 18). The GVLreaction is initiated
by donor T cells and can be triggered by as yet unidentified
MiHAs that are expressed on normal hematopoietic cells (19-
22). Unfortunately, the GVLeffect is linked with graft-versus-
host disease (GVHD). However, since several MiHAs are tis-
sue or cell lineage specific, it may be possible to dissociate
GVHDand GVL effect at the clonal level (3, 1 1 ). According
to this hypothesis, the adoptive transfer of T cell clones that
are directed against MiHAs expressed only by the host's hema-
topoietic cells, and absent on nonhematopoietic cells, could
allow us to obtain a powerful GVLeffect without GVHD. Such
manipulation of T cell responses aimed at the eradication of
leukemic cells requires fundamental knowledge regarding
MiHA expression by these cells.

The goal of this work was to evaluate MiHA expression by
lymphoid and myeloid leukemic cells. Specifically, we wanted
to determine whether MiHAs expressed by normal hematopoi-
etic cells were present on leukemic cells and whether they could
trigger lysis by cytotoxic T lymphocytes (CTLs). In addition,
the relation between sensitivity to CTLs in vitro and in vivo
resistance to leukemic cells was examined.

Methods

Mice. The following strains of mice were purchased from the Jackson
Laboratory (Bar Harbor, ME): ABY/SnJ, C3H.SW/SnJ, C57BL/6J,
B6.C-H-I b/By, B6.C-H-7b/By, B6.C-H-25c/By, B6.C-H-2d/aBy,
C57BL/lOSnJ, BIO.LP-H-3b/Sn, BIO.129(21m)/SnH-4b, LP/J, and
129/J. All of these strains are H-2b except for B6.C-H-2d/aBy, which
is H-2d. We used only male mice aged between 6 and 16 wk. All
animals were maintained on acidified drinking water and under normal
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housing conditions according to the standards of the Canadian Commit-
tee for Animal Protection.

Tumor cells. The tumor cell lines used in this investigation were
purchased from the American Type Culture Collection (Rockville,
MD). EL-4 and C1498 are leukemic cell lines of C57BL/6J origin.
EL-4 cells are T lymphoblasts, and C1498 are myeloblasts (23). Both
were maintained in DMEsupplemented with 100 U/ml penicillin G,
100 1g/ml streptomycin, 2 mMof L-glutamine, and either 10% horse
serum (Hyclone, Logan, UT) for EL-4 or 10% FCS (Gibco Labora-
tories, Grand Island, NY) for C1498.

Generation of anti-MiHA CTLs. All mice except for BlO.LP-H-3b/
Sn and Bl0.129(21m)/SnH-4b were primed intraperitoneally with 2
x 107 cells of a 1:1 mixture of C57BL/6J spleen and bone marrow
cells. BlO.LP-H-3b/Sn and B10.129(21m)/SnH-4b mice were immu-
nized with C57BL/ 1OSnJ cells instead of C57BL/6J cells. Primed mice
were killed 14 d after immunization, and their spleens were aseptically
removed and crushed using a glass pylon to obtain a single-cell suspen-
sion. These effector cells (5 x 106 cells per ml) were then restimulated
for 5 d in culture medium (RPMI 1640, 10% FCS, 4 mML-glutamine,
10 mMHepes buffer, 50 sM 2-mercaptoethanol, 100 U/ml penicillin
G, 100 Mg/ml streptomycin) with an equal number of irradiated (25
Gy) stimulator spleen and bone marrow cells of the same mouse strain
used for in vivo priming (C57BL/6J or C57BL/lOSnJ).

CTL assays. Cytotoxic activity of the effector cells was assessed on
day 5 of the mixed leukocyte culture (MLC) in a standard 51Cr release
assay and performed in microtiter plates with U-shaped wells. Target
blast cells were prepared by culturing C57BL/6J spleen cells with 2
Mg/ml concanavalin A (Con A; Sigma Chemical Co., St. Louis, MO)
for 48 h. Tumor cells were in log-phase growth when used in the
assay. Target cells were labeled with 100 sCi of Na25"Cr (Du Pont Co.,
Wilmington, DE) for 90 min and then washed three times with RPMI
1640 supplemented with 5%FCS. Different ratios of effector cells were
added to a fixed number of target cells (5 x 103 cells) in a final volume
of 200 Ml per well culture medium. The plates were centrifuged and
then incubated for 3 h at 37°C in a humidified atmosphere of 5%CO2.
Plates were recentrifuged once more, and at the end of the incubation,
100 Ml of the supernatant was harvested from each well and counted in
a gammacounter. All tests were done in triplicate. Spontaneous release
was < 15%. Results are expressed as a percentage of specific lysis
calculated as follows: %specific lysis = 100 x (experimental release
- spontaneous release)/(maximum release - spontaneous release).

HPLCpeptide fractionation. MiHAs were extracted from normal
and leukemic cells by acid elution according to Storkus et al. (24).
Briefly, 2 x 108 cells were suspended in 5 ml of citrate-phosphate
buffer (0.131 Mcitric acid, 0.066 MNa2HPO4, pH 3.3) for 1 min at
room temperature and were then centrifuged. The supernatants were
collected and loaded onto a column (C18 Sep-Pak, Waters Associates,
Milford, MA) previously washed with 100% acetonitrile and then dis-
tilled water + 0.1% trifluoroacetic acid (TFA). Peptides were eluted
from the column with 80% acetonitrile in water, 0.1% TFA and col-
lected. The acetonitrile was evaporated, and the peptide-containing sam-
ple was fractionated by HPLC on a Superpac PepS column (C18, 5
Mm, 4 x 250 mm; Pharmacia Fine Chemicals, Piscataway, NJ). The
solvents used were (A) 99.9% water, 0.1% TFA and (B) 99.9% acetoni-
trile, 0.1 %TFA. Standard gradient consisted of the following linear step
intervals: 100% A from 0 to 5 min, 0% B (in A) to 20% B (in A)
from 5 to 10 min, 20% B (in A) to 55% B (in A) from 10 to 55 min,
55% B (in A) from 55 to 60 min, 55% B (in A) to 100% B (in A)
from 60 to 70 min, and 100% B (in A) to 0% B (in A) from 70 to 80
min. The flow rate was 1 ml/min, and 1-ml fractions were collected
and lyophilized. In some experiments, a second high resolution HPLC
fractionation was done. Fractions that were of interest in the standard
HPLC fractionation were pooled and passed over the same Superpac
PepS C18 column using the following gradient: 0% to 30% B (in A)
from 0 to 120 min, 30% to 100% B (in A) from 120 to 130 min and
100% to 0% B (in A). Flow rate was 1 ml/min. The reverse-phase
HPLC system was equipped with a Waters 996 Photodiode Array,

a Waters 6000A pump (solvent A), and a Waters M45 pump (sol-
vent B).

CTLassay using peptidefractions. Lyophilized HPLCfractions were
tested in a CTL assay using some modification to the CTL assay de-
scribed earlier. Blast cells syngeneic to the effector cells were used as
targets. These target cells were stimulated with 5 Ag/ml Con A for 48
h at 370C and then transferred to 260C for 18 h in order to increase the
number of "empty" class I molecules (25). Afterward, they were la-
beled at 370C with 100 qCi of Na25"Cr for 90 min and washed three
times with RPMI + 5%FCS. Each HPLCfraction was resuspended in
200 jl of culture medium and sonicated for 15 min. 50 /d of each
fraction was dispensed in triplicate into microtiter plates with U-shaped
wells. In some experiments, dilutions were performed with the re-
maining 50 sl of each fraction (1:5, 1:10, 1:50). 5 X 1iO labeled target
cells (50 sl) were then mixed with the peptide fractions and incubated
for 90 min at 370C. Afterward, effector cells were added at an effector/
target ratio of 100: 1 for a final volume of 200 jl per well and incubated
for 4 h at 370C. Appropriate positive (allogeneic targets) and negative
(syngeneic targets without peptide fractions) controls were performed.

Antibodies. The following monoclonal antibodies were used for phe-
notyping and quantification experiments: FITC-conjugated anti-H-2 Kb
(catalog #06104D, PharMingen, San Diego, CA), FITC-conjugated
anti-H-2 Db (catalog #06114D, PharMingen), and FITC-conjugated
anti-QA-2a (catalog #06324D, PharMingen). Characterization of class
I molecules was performed by incubating 106 cells with the appropriate
dilution of antibody for 30 min on ice. After three washes in PBS,
the fluorescence was analyzed by flow cytometry on a flow cytometer
(FACStrarp", Becton Dickinson Immunocytometry Systems, Mountain
View, CA) equipped with a 2-W Argon ion laser operated at 200 mW.
The fluorochrome was excited with the 488-nm line, and the emission
was collected through a DM530 ±15 filter.

Quantification of class I molecules. Relative quantification of class
I molecules was evaluated using a FACStarP"US flow cytometer. First,
calibration of the cytometer was performed using Quantum 26p FITC
calibrated beads (catalog #826p, FCSC, Research Triangle Park, NC).
This kit contained four populations of standards having different levels
of fluorescence intensity expressed in molecules of equivalent soluble
fluorochrome (MESF) ranging from 10,000 to 500,000 U and a blank
to measure the threshold fluorescence level of the instrument. Once
the calibration was established, cells marked with one of three class I
antibodies (anti-H-2 Kb, anti-H-2 Db, or anti-QA-2a) were analyzed
with the FACS, and values obtained were compared with a calibration
plot to obtain an MESFvalue. MESFvalues were corrected for the
different fluorescein to protein ratio of each antibody and for nonspecific
fluorescence.

To obtain the diameter of the different cells studied, we used the
FACStarP"Us pulse-width processing. Wecalibrated the width scale with
6-mm singlet and doublet unlabeled beads. Using the forward scatter
channel parameter, we could evaluate the diameter of the cell population.
Wethen calculated the relative density of each class I molecule on the
cell's surface using the following formula: class I density = total MESF
value/4irr2 where r is the cell radius (MESF/ism2).

In vivo survival curves. Resistance of different strains of mice to
EL-4 and C1498 tumor cells was evaluated. Onday 0, naive or preimmu-
nized mice were injected intravenously with 107 EL-4 or C1498 tumor
cells, and survival was observed up to day 100 postinjection. Preimmu-
nized mice were primed intraperitoneally with 2 X 107 cells of a 1:1
mixture of C57BL/6J spleen and bone marrow cells 14 d before injec-
tion of the tumor cells.

Results

Lysis of leukemic cells by anti-MiHA CTLs. A variety of H-2b
mice were primed in vivo and restimulated in vitro with C57BL/
6J (or C57BL/lOSnJ in the case of C57BL/lOSnJ congenic
mice) spleen and marrow cells. These effectors differed from
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Figure 1. Lysis of normal and leukemic cells by CTLs differing from
C57BL/6J at multiple MiHA loci. Such effectors recognized immuno-
dominant MiHAs and were tested on three types of targets, (a) C57BL/
6J Con A blasts, (b) EL-4, and (c) C1498 tumor cells in a standard
5'Cr release assay. Results are of one out of three representative experi-
ments.

immunizing cells by either one or multiple MiHA loci. Con-
genic B6-C-H-2d effectors were also tested as MHC-incompati-
ble positive controls. Cytotoxicity was assessed on three types
of target cells: C57BL/6J Con A blasts, EL-4, and C1498 leuke-
mic cells. EL-4 and C1498 are lymphoblastic and myeloblastic
cell lines of C57BL/6J origin, respectively. Target cell lysis
depended on recognition of histocompatibility antigens and not
of tumor-specific antigens, since effectors had been immunized
only against normal spleen and marrow cells.

The four types of effectors differing from C57BL/6J at
multiple MiHA loci (LP/J, 129/J, ABY/SnJ, and C3H.SW/
SnJ) showed a strong cytotoxicity against both Con A blasts
and leukemic cells (Fig. 1). However, in three out of three
experiments, lysis of leukemic cells tended to be slightly lower
than that of Con A blasts at lower effector/target ratios, particu-
larly for C1498 myeloblasts (Fig. 1).

To get a more thorough evaluation of anti-MiHA CTL re-
sponses, we immunized effectors against the products of a single
MiHA locus (H- 1, H-7, H-9, H-25) or a single MiHA haplotype
(H-3, H-4). Histocompatibility typing of mice used in these
experiments is summarized in Table I. Lysis of EL-4 and C1498

Table I. MiHA Differences between C57BL/6J and C57BL/JOSnJ
Congenic Mice Tested in Fig. 2 (26-30)

Immunizing
Effector cells cells MiHA targets

B6.C-H-1b C57BL/6J H-1c
B6.C-H-7b C57BL/6J H-7a
B6.C-H-25c C57BL/6J H-25b
C57BL/lOSnJ C57BLJ6J H-9 (non a, non b)
BlO.LP.H-3b C57BL/lOSnJ H-3a haplotype
B10.129(21M).H-4b C57BL/1OSnJ H-4a haplotype

Figure 2. Lysis of normal and leukemic target cells by CTLs primed
against a single MiHA or a single MiHA haplotype. Effectors differing
from C57BL/6J at a single MiHA locus (B6.H-1 b, B6.H-7b, B6.H-25c,
and C57BL/lOSnJ) or a single MiHA haplotype (BIO.LP-H-3b and
B10.129(21M)/SnH-4b) were tested on three different target cells, (a)
C57BL/6J Con A blasts, (b) EL-4, and (c) C1498 tumor cells in a
standard 5"Cr release assay. Results are of one out of three representative
experiments.

by anti-H-3 and anti-H-4 CTLs was similar to that of Con A
blasts (Fig. 2). However, when CTLs were targeted to H-1, H-
7, H-9, and H-25 MiHAs, we observed a clear dichotomy be-
tween Con A blasts and leukemic cells, as the latter were com-
pletely resistant to lysis. Collectively, these results show that
susceptibility of leukemic cells to lysis depends on the specific-
ity of CTL effectors. CTLs generated by immunization with
cells differing at multiple MiHA loci (Fig. 1) or at a few MiHA
loci that form a "complex" (H-3 and H-4) kill both normal
and leukemic cells (29, 30). However, the latter are resistant
to CTLs directed against the product of a single MiHA locus.

In Vivo resistance to EL-4 and C1498 leukemic cells. Does
the susceptibility of leukemic cells to lysis by diverse types of
anti-MiHA CTLs correlate with the capacity of MiHA-incom-
patible host to reject leukemic cells? Weinjected intravenously
107 leukemic cells into mouse strains used as a source of ef-
fector cells in Figs. 1 and 2. This represents a very large leuke-
mic inoculum and thus an extremely stringent test of resistance
to leukemic cells (Table II).

In naive recipients, LP/J and 129/J hosts showed a resis-
tance to both C1498 and EL-4 cells. Indeed, following challenge
with C1498 cells, LP/J showed the same survival rate (80%)
as B6.C-H-2d hosts, which are MHC-different from the leuke-
mic cells. Other types of naive recipients showed a 100% mor-
tality rate.

Wealso tested whether preimmunization of recipients with
normal C57BL/6J cells could influence resistance to EL-4 cells.
The six varieties of mice that generated CTLs able to kill leuke-
mic cells (as depicted in Figs. 1 and 2) showed practically
total resistance to EL-4 cells. In contrast, immunization did
not protect the three types of recipients whose anti-C57BL/6J
MiHA CTLs were unable to lyse leukemic cells (B6.C-H-l b,
B6.C-H-7b, and B6.C-H-25c).

Thus, there was a striking correlation between in vitro CTL-
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Table II. Resistance of Naive and Preimmunized Mice to Leukemic Cells

C1498 EL-4 EL-4 with preimmunization

Median %Survival Median %Survival Median %Survival
Mice strain survival (day 100) n survival (day 100) n survival (day 100) n

d d d

C57BL/6J 18 0 10 24 0 10 ND
LP/J > 100 80 15 30 40 10 > 100 100 5
C3H.SW 27 0 5 ND > 100 100 5
ABY 21 0 10 21 0 5 > 100 100 5
129/J 63 40 10 66 60 10 >100 100 5
B6.C-H-2d > 100 80 10 >100 90 10 ND
B6.C-H-lb 13 0 10 23 0 5 22 0 5
B6.C-H-7b 17 0 10 27 0 10 28 0 5
B6.C-H-25c 12 0 10 22 0 10 23 0 5
BlO.LP.H-3b ND ND > 100 100 5
B10.129(21M).H4b ND ND > 100 80 5

Mice were injected with 107 EL-4 or C1498 tumor cells. Those that were preimmunized received 2 x 107 normal C57BL/6J cells intraperitoneally
(or C57BLIJOSnJ for BIO.LP.H-3b and B10.129(21M).H_4b) 14 d before tumor cell injection. C57BLJ6J and B6.C-H-2d were used, respectively,
as syngeneic and MHC-different controls. n = number of mice per group. ND, not determined.

mediated lysis and in vivo resistance. All mice that could gener-
ate CTLs capable of killing leukemic cells in vitro resisted the
leukemic cells in vivo after they had been preimmunized. Some
of them could do so even without preimmunization. Mice whose
anti-MiHA CTLs did not lyse leukemic cells showed high sus-
ceptibility to leukemic challenge in vivo.

Expression of MHCclass I molecules by leukemic cells.
CTL responses vary directly with the surface density of MHC/
peptide complexes (31). H-1, H-7, H-25, and presumably H-
9 MiHAs are presented by MHCclass I molecules (28, 32,
33). As down-regulation of MHCclass I molecules is fre-
quently detected on neoplastic cells (34-36), we compared
their cell surface density on normal and leukemic target cells
(Table III). Compared with normal C57BL/6J Con A blasts,
C1498 myeloblasts showed a much lower expression of class
Ia (H-2Kb, and H-2Db) and class Ib (QA-2a) molecules. EL-
4 cells had a decreased expression of H-2Db and QA-2a mole-
cules but near normal levels of H-2Kb.

Expression of MiHAs by leukemic cells. It would have been
incorrect to assume that sensitivity to CTL-mediated lysis corre-

Table III. Surface Density of MHCClass I Molecules on Con A
Blasts and Leukemic Cells

Class I density

Cell type Radius H-2K" H-2Db QA-2a

AM MESF/IuM2

C57BL/6J blasts 4.4 835±48 1,085±196 313±58
EL-4 7.3 671±28 175±27 113±15
C1498 4.7 392±67 239±1 1±0

Fluorescence was measured as MESFunits and MHCclass I molecule
density was calculated with the following formula: class I density
= MESFvalue/4irr2.

lated with MiHA expression. For example, leukemic cells could
have been resistant to lysis by some CTLs because they were
deficient in accessory molecules, such as those involved in cell
adhesion. To evaluate MiHA expression more directly, we ex-
tracted MHC-associated peptides from C57BL/6J Con A blasts
as well as EL-4 and C1498 leukemic cells. HPLC fractions
from these three sources were then used to sensitize target cells
(Con A blasts syngeneic to effector cells) to CTL-mediated
killing. This approach allowed semiquantitative comparison of
MiHA expression by various cell types (37).

Peptides from C57BL/6J blasts showed a complex HPLC
elution profile (Fig. 3 a). Whenindividual fractions were tested
for the presence of H-25b, fractions 22-24 were positive (Fig.
3 b). These fractions were pooled and rechromatographed using
a high resolution gradient (see Methods). After this second
chromatography, positive fractions eluted with a single peak at
90-92 min (Fig. 4). In contrast, no activity was found in any
HPLCfractions eluted from the same number ( 109) of EL-4 or
C1498 leukemic cells (data not shown). The absence of the
target MiHA can explain why leukemic cells were resistant to
anti-H-25b CTLs.

In the C3H.SWanti-C57BL/6J combination, MiHA activity
was found in two HPLC fractions containing peptides eluted
from Con A blasts (Fig. 5 a). Similar results were previously
observed with the BALB.B anti-C57BL/6J combination (28).
Fraction 18 was active up to at least a 1:10 dilution, whereas
activity of fraction 23 was lost after a dilution of 1:5. When
leukemic cells were used as a source of peptides, fraction 18
had "normal" activity, but no other fraction sensitized targets
to lysis (Fig. 5, b-c). Thus, the major MiHA peptide recog-
nized by C3H.SWanti-C57BL/6J CTL could be extracted from
the two varieties of leukemic cells tested. Hence, sensitivity or
resistance to anti-MiHA CTLs correlated with the presence or
absence of target MiHA. It must be noted, however, that the
activity of fraction 23 from leukemic cells was absent or at
least severely decreased to < 20% of normal activity found on
Con A blasts.
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Discussion

The experiments reported herein show that acute leukemic cells
are susceptible to lysis by some but not all anti-MiHA CTLs.
Furthermore, in vitro killing correlated with in vivo resistance
to leukemic cells. The observation that lymphoblastic and my-
eloblastic mouse leukemic cells can be killed by CTLs obtained
after immunization between mice differing by numerous MiHA
genes is consistent with prior studies in man showing that my-
eloid leukemic cells can be killed by at least some anti-MiHA
CTL clones (38, 39). The fact that only mice producing anti-
MiHA CTLs able to kill leukemic cells in vitro could reject (or
at least control) these leukemic cells in vivo suggests that anti-
MiHA CTL assays have biological relevance. Although we can-
not prove that the CTLs detected in vitro are responsible for in
vivo resistance, this is certainly a strong possibility. Indeed, it
has been shown that class I-restricted CTLs can be directly
cytopathic for their target cells in vivo (40). A number of
observations suggest that adoptive transfer of CTL clones tar-
geted to hematopoietic MiHAs could generate a potent GVL

ii_g it H I It HI Figure 3. Expression of H-25bMiHA.
(a) Standard resolution HPLCchro-

lacion 0 matogram of peptides eluted from 109
| C57BL/6J Con A blasts. (b) Individ-

ual fractions were incubated with
B6.H-25c Con A blasts and tested for
recognition by B6.H-25c effectors
primed against C57BL/6J cells. Posi-
tive fractions were 22-24. Each well
contained the peptide extract equiva-

I_____ I____ I____ I____ I___ lent of 25 x 107 cells, which is 10
b32 34 36 38 40 times the lower limit of detection of

the H-25b peptide (lower limit = 25
x 106 cell extract per well).

effect without GVHD(reviewed in references 3, 11). The pres-
ent work shows that not all MiHAs would be adequate targets
for such immunotherapy. Furthermore, the observation that the
two unrelated leukemic cell lines used in our study exhibited
the same pattern of sensitivity to anti-MiHA CTLs, comparable
in vivo behavior following intravenous injection and similar
MiHA expression, suggests that decreased expression of some
MiHAs may be a common finding in leukemic cells of diverse
origins.

Two indications suggest that the CTL activity detected in
this work is targeted exclusively to MHCclass I-associated
peptides. First, mouse Con A blasts as well as EL-4 and C1498
leukemic cells do not express class H molecules. Furthermore,
we have demonstrated in the LP anti-C57BL/6J strain combina-
tion that anti-MiHA CTL activity was mediated only by class
I-restricted CD8+ T cell receptor a/l+ CTL clones (41). To
explain why leukemic cells were resistant to effectors immu-
nized against a single MiHA (Fig. 2), we assessed the expres-
sion of the two components of the specific ligand recognized
by these CTLs: MHCclass I molecules and MiHA peptides.

aw b

i 101
0 liiiQ

Fraction a ~- q- q- T- V- T-

Figure 4. High resolution HPLCof
fractions 22-24. Active fractions
were pooled and rechromatographed
using a high resolution gradient. Same
effectors and targets as for Fig. 3.
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Figure 5. Expression of C57BL/6J MiHAs recognized by C3H.SW
CTLs. Target cells were sensitized with peptides eluted from (a)
C57BL/6J Con A blasts, (b) EL-4 tumor cells, and (c) C1498 tumor

cells. Effector cells were C3H.SWprimed against C57BL/6J. Peptide
dilution was neat(*), 1:5(-), and 1:10(A) (or the equivalent of 5

x 107,107, and 5 X 106 cell extract per well, respectively).

Wefound a decreased cell surface density of some or all class
I molecules on EL-4 and C1498 cells, respectively. This is
consistent with studies on human leukemic cells in which a

decreased expression of class I molecules was observed in cells
of five out of six acute lymphoblastic leukemia patients by Van
der Harst et al. (42) and in at least 28% of acute myeloblastic
leukemia blasts by Pozzi et al. (43). Collectively, these data

suggest that decreased class I expression is common in leukemic
cells. Such a decrease in density of class I molecules is sufficient
to abrogate the immunogenicity of tumor cells and could allow
such cells to escape immune surveillance (34-36). However,

our experiments did not focus on the immunogenicity of leuke-
mic cells, as our effectors were always primed against normal
C57BL/6J cells, but on their sensitivity to CTL-mediated cyto-

toxicity. Does the lowered density of class I molecules cause a

general and unselective decrease in MiHA expression that could
explain the complete resistance of leukemic cells to CTLs tar-

geted to H-1, H-7, H-9, and H-25 MiHAs? Two facts argue

against this hypothesis. First, leukemic cells retained sensitivity
to CTLs directed against other MiHAs (Figs. 1 and 2). Second,
Koeppen et al. observed that tumors with deficient expression
of class I molecules usually lacked immunogenicity but retained
sensitivity to CTL-mediated killing unless the deficiency was

practically total (44). It was therefore important to evaluate
MiHA expression by leukemic cells. The sequence of these
MiHAs is unknown and no anti-MiHA antibody is available.
Thus, the only feasible approach was to see whether peptides
extracted from these cells could sensitize normal target cells to

lysis by anti-MiHA CTLs. This approach allowed us to provide
what we believe to be the first molecular evidence that leukemic
cells express some but not all MiHAs and that this expression
may determine sensitivity to CTLs in vitro and in vivo. Al-
though we could not compare the sequences of the major MiHA
peptide obtained from normal and leukemic cells (Fig. 5, a-

c), elution precisely in the same HPLC fraction suggests that
they were identical.

CTL effectors able to kill leukemic cells could be generated
only by immunization with cells differing at multiple MiHA
loci and not with cells presenting a single MiHA difference.
Why is this so? It has been estimated that the number of MiHA
gene differences between two MHC-identical inbred strains of
mice is at least 40 and may be much greater (hundreds or

thousands?) (45, 46). Unexpectedly, a number of studies using
different approaches have shown that CTLs generated in this
immunogenetic setting usually recognized only two MiHAs (28,
32, 41, 47). These were called immunodominant, whereas other
MiHAs were said to be dominated or recessive. The molecular
basis for this phenomenon remains unclear, although there is
evidence that (i) it results from competition of MiHAs for
processing or association with MHCmolecules at the antigen-
presenting cell level, and(ii) it may be influenced by the ability
of some MiHAs to trigger both CD4+ and CD8+ T cell re-

sponses (28, 32,48). Accordingly, in the C3H.SWanti-C57BL/
6J combination, we detected MiHAs in only two HPLC frac-
tions, as did Yin et al. using BALB.B anti-C57BL/6J effectors
(28). In four out of four strain combinations in which we

primed CTLs against immunodominant MiHAs, effectors killed
leukemic blasts (Fig.1). As a rule (one possible exception has
been reported [28]), CTLs generated in C57BL/6J congenic
strains (differing from C57BL/6J by a single MiHA gene)
recognize immunorecessive MiHAs (32, 47). CTLs generated
in four out of four strain combinations of this type killed normal
but not leukemic blasts (Fig. 2). These results provide strong

evidence that only immunodominant MiHAs are well expressed
at the surface of leukemic cells. H-3 and H-4 "haplotypes"
probably represent an intermediate between these two extremes
(first-order dominant MiHAs and totally recessive MiHAs), as

there is a hierarchy in immunodominance (47).
Additional studies will be required to understand the molec-

ular bases for disturbed MiHA expression. Basal expression of
MiHA peptides is governed mainly by three types of genes:

genes encoding classic MHCmolecules, those involved in anti-
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gen processing, and those encoding the MiHAs themselves.
Down-regulated expression of the first two types of genes by
neoplastic cells has been described and would be compatible
with the low surface density of class I molecules we observed on
EL-4 and C1498 leukemic blasts (34,49). As immunorecessive
MiHAs are less effective than dominant MiHAs at some point
in the presentation pathway, they could possibly be affected
selectively by a deficit involving antigen processing or class I
expression. It is more difficult to explain our results by postulat-
ing a deficient expression of MiHA gene products, i.e., precursor
proteins whose processing yields MiHA peptides. How could
this anomaly affect all recessive MiHAs and spare those that
are immunodominant? To give a plausible explanation, we
would have to hypothesize that recessive MiHAs are differentia-
tion antigens expressed only on mature cells, whereas dominant
MiHAs are expressed on both mature and immature cells. Mean-
while, our observation that on leukemic cells only dominant
MiHA are well expressed and are efficiently recognized by
CTLs in vivo and in vitro suggests that they should be prime
candidates as targets for leukemia immunotherapy.
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