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Figure 2. Effects of donor KIR2DS2 in KIR ligand mismatch on transplantation outcome: Cumulative incidence of
aGVHD, relapse, and overall survival with presence or absence of donor KIR2DS2 gene in HLA-C-mismatched patients.
Grade HI-IV GVHD (A and E), grade 2-4 GVHD (B and F), relapse (C and G), and overall survival (D and H) with KIR-L-
MM-G (A-D) or KIR-L-M (E-H) cases were analyzed. The solid line represents donor KIR2DS2-positive; the dotted line,

donor KIR2DS2-negative.

KIR genotype and profile between patient and
donor {receptor-receptor analysis] [17,19,25], com-
patibility score [24], ligand homozygosity in pa-
tients [21,27,38,39], and “missing ligand” effect
{3,11,13,40,41]), and found no significant associations
in this cohort (data not shown).

ATG Preadministration Ameliorates the Adverse
Effects of KIR-L-MM-G on aGVHD and OS

In our previous study [5}], the incidence of aGVHD
was high in KIR-L-MM-G, where all cases did not in-

volve ATG administration in the conditioning regi-
men, which is common in the JMDP cases. In the
present study, we included rare ATG-administered
cases (n = 94) in the analysis and evaluated the effects
of AT'G administration on KIR-L-MM-G. We found
no significant differences in most of the parameters be-
tween the AT'G-administered and non~-ATG-adminis-
tered groups, except for patient average age (18 years vs
27 years). Multivariate analysis (Table 2; group A [n =
1489)) indicated that AT'G administration was a risk-
reducing factor for severe aGVHD (grade II-IV
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Figure 3. Effects of ATG preadministration in KIR ligand mismatch on transplantation outcome: Cumulative incidence of
aGVHD, relapse, and overall survival of patients not receiving ATG (A-C) and those receiving ATG (D-F). The solid line
represents HLA-C match (C-M), the thick dotted line represents HLA-C mismatch KIR ligand match in the GVHD di-
rection (C-MM KIR-L-M), and the thin dotted line represents HLA-C mismatch KIR ligand mismatch in the GVH di-
rection (C-MM KIR-L-MM-G). The log-rank test was applied between CMM KIR-L-MM-G and CMM KIR-L-M.

GVHD: HR = 0.56; P = .047; grade II-IV GVHD:
HR = 0.63, P = .019), whereas no significant effects
on relapse or OS could be seen.

The cumulative incidence of aGVHD was assessed
separately in the non-ATG-administered and ATG-
administered groups (Figures 3A and 3D, respec-
tively). In the non-ATG-administered group, the
incidence of grade III-IV GVHD was significantly
higher in KIR-L-MM-G than in KIR-L-M (47.7%
[95% CI = 352%-592%] vs 294% [95%
CI=24.8%-34.1%]; P = .0014), as found in our previ-
ous study [5]. In contrast, no grade III-IV aGVHD was
observed in KIR-L-MM-G cases in the ATG-admin-
istered group (2 cases of grade 2, 2 cases of grade 1,
and 7 cases of grade 0), and the preventive effects of
KIR-L-MM-G on severe aGVHD were significant
(P = .042) although only a small number were ana-
lyzed (n = 38). We analyzed the effects of 2DS2 in

the non—ATG-administered cases. In KIR-L-MM-G,
the incidence of grade III-IV aGVHD was signifi-
cantly higher in the donor 2DS2-positive cases (n =
15) than in the donor 2DS2-negative cases (n = 54)
(76.4% [95% CI = 43.5-91.7%] vs 40.1% [95%
ClI = 26.5%-53.2%]; P = .048), suggesting that the
adverse effects of donor 2DS2 are independent of
ATG administration. In ATG-administered cases,
no grade III-IV aGVHD was observed in donor
2DS2-negative KIR-L-MM-G (n = 15); in 1 donor
2DS2-positive KIR-L-MM-G case, the patient failed
engraftment but showed no aGVHD, and died on
day 35. Therefore, we could not statistically evaluate
the effect of ATG on the 2DS2-positive cases.

As shown in Figure 3B, in non-AT'G-administered
cases, the cumulative incidence of relapse was higher in
KIR-L-MM-G than in KIR-L-M (16.1% [95% CI =
8.6%-25.8%] vs 11.9% [95% CI = 8.9%-15.3%];
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P = .046), which was seen mainly in ALL (data not
shown), as was found in our previous study {5]. In con-
trast, no significant increase in relapse was obtained in
ATG-administered cases (P = .082) (Figure 3E). Asin
our previous study [5], in non-ATG-administered
cases, overall survival rate was significantly lower in
KIR-L-MM-G than in KIR-L-M (21.0% [95% CI =
12.2%-31.3%] vs 42.0% [95% CI =36.8%-47.0%];
P < .0001) (Figure 3C). On the other hand, in ATG-
administered cases, no significant difference was ob-
served between KIR-L-MM-G and KIR-L-M
(36.4% [95% CI = 11.2%-62.7%] vs 39.5% [95%
Cl=21.2%-57.3%]; P = .79) (Figure 3F), suggesting
that AT'G preadministration in the conditioning regi-
men abolished the adverse effect of KIR-L-MM-G on

survival.

DISCUSSION

In the present study, we identified donor KIR
genotype—patient KIR ligand combination and no
ATG preadministration as critical factors for the ad-
verse effects of KIR-L-MM-G on transplantation out-
comes in the JMDP. The cases analyzed in this study
were all HLA-A, -B, and -DR serologically matched;
thus, we were able to evaluate the HLA-C ligand com-
patibility effects, because the HLA-Bw4 and HLA-A3
and -A11 KIR ligands were all matched. Other groups
included mostly Bw4 ligand mismatch cases in KIR-L-
MM-G analysis [2,6,7,10-12,14,21,42]. The Bw4 (pa-
tient) -3DL1 (or -3DSI) (donor) combinatory effect
also may affect transplantation outcome.

In the KIR-L-MM-G combination, the patient
lacks the donor’s KIR ligand. In this situation, donor
NK cells may react with the patient cells according
to the “missing self” model [43]. Previous KIR ligand
compatibility data, together with the present data,
confirm that the KIR-L-MM-G has potent adverse ef-
fects on UR-HSCT. In most KIR-L-MM-G cases in
the JMDP, the donor and patient ligand types are
C1C2 and CICl1, respectively, suggesting that C1C2
donor NK cells (and/or some T cells) respond to
CI1CI patient cells. In this case, donor NK cells lack
the inhibitory KIR for C1 (2DL2 and 2DL3) in terms
of genotype or phenotype, or both. As shown in the
present results, almost all JMDP donors examined
posessed an inhibitory KIR gene for C1 (2DL3). The
subpopulation of donor NK cells thus appears to lack
cell surface expression of the Cl-inhibitory KIR mol-
ecule, despite the presence of the genes. This is ex-
plained by the “at least one inhibitory receptor
expression” model [44], in which each NK cell must
express 1 inhibitory receptor for the self~major histo-
compatibility complex (MHC) class I to avoid autor-
eactivity, but expression of other receptors is
“stochastic.” Consequently, NK cell subpopulations
lacking the Cl-inhibitory KIR (2DL2 and 2DL3) but
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having the C2-inhibitory KIR (2DL1) would react
with C1C1 (C2-lacking) patient cells. Therefore, the
donor inhibitory KIR repertoire at the expression
level, not at the genomic level, appears to influence
outcome in the JMDP. The importance of the inhibi-
tory KIR expression repertoire and functional analysis
of donor NK cells has been discussed previously [3,45].

With a lack of inhibitory KIR signals, NK cells re-
spond to target cells through activation signals from
activating receptors. 2DS1 and 2DS2 are assigned to
recognize C2 and Cl1, respectively, but other activating
KIR ligand specificities (2DS3-5 and 3DSI1) are un-
identified [35]. Therefore, we were able to evaluate
only these 2 KIRs for combinatory effects with their li-
gands. As described in Results, a higher incidence of
severe aGVHD was observed in the 2DS2-positive
donors in the KIR-L-MM-G cases, but not in the
KIR-L-M cases. This suggests that 2DS2-positive
lymphocytes (NK cells and/or some T cells) react
with cognate ligand (C1)-positive cells and exacerbate
aGVHD. Recently, La Nasa et al.[27] reported that
the patient KIR ligand homozygosity, but not donor
KIR genotype, is predictive for the outcome of
HLA-matched UR-HCT in patients with beta-thalas-
semia. Their cases were all KIR ligand-matched trans-
plantation and the donor-activating KIR-patient
cognate ligand combination had no significant effect
on the outcomes. Their results are consistent with
our findings indicating that the donor 2DS2-patient
C1 combination of ligand-matched pairs has no effect
on any outcomes (Figure 2E-H). This is in accordance
with the notion that an activating KIR works only when
the patient has the cognate ligand and that the donor
inhibitory KIR does not function (Fig. 4). Chewning
etal [36] reported that KIR 2DS1-positive NK cells rec-
ognized C2-expressing target cells and showed allor-
eactivity in vitro supporting the concept of this model.

Although adverse impacts of donor 2DS2 on trans-
plantation outcome have been documented previously
[15,18,23], the present study is the first report on the
adverse effects of the 2DS2-cognate ligand C1 combi-
nation on aGVHD incidence. Because we had an a pri-
ori hypothesis, we did not apply adjustment of P-value
in our analysis; however, our results must be inter-
preted with caution. KIR-L-MM-G is infrequent in
the JMDP (only 81 of 1489 cases in the present study),
and the frequency of 2DS2 is low in Japan [32,33], and
confirmation in other independent cohorts from dif-
ferent populations will support our findings. Combi-
natory effects of 2DS2 and cognate ligand C1 also
have been reported in disease susceptibility studies, in-
cluding studies of type I diabetes mellitus [46], ulcera-
tive colitis [47], rheumatoid vasculitis [48], and
tuberculosis [49]. Furthermore, extensive genetic
analysis of KIR and HLA genotypes of various ethnic
populations have demonstrated a strong negative cor-
relation of activating KIR and its putative ligand
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Figure 4. Model of interaction between activating KIR and cognate KIR ligand. Donor-activating KIR transduces an ac-
tivating signal on recognition of the cognate KIR ligand of the patient cell in KIR-L-MM-G case (B). The activating signal
is canceled by an inhibitory signal from inhibitory KIR, which recognizes the KIR ligand of the patient cell in KIR-L-M

case (D).

combination including 2DS52-C1, suggesting coevolu-
tion of the activating receptor-ligand loci [50]. Taken
together with our data, these clinical and population
genetic studies suggest a direct receptor-ligand inter-
action between 2DS2 and CI; however, binding stud-
ies using soluble 2DS2 molecules have shown no or
a very weak binding to C1 molecules or C1-transfected
cells, challenging the notion of C1 as a 2DS2 ligand
[51-53]. Recombinant 2DST1 also showed very low or
no affinity to C2 [54]. This disparity may be linked
to differences in the nature of ligand binding between
inhibiting and activating receptors. One possible fac-
tor is class I-binding peptides. The peptide-dependent
binding with class I-binding receptors is recognized in
most of the inhibitory receptors [53,55-58] and also
has been suggested in activating KIR [53,58,59]. The
peptide repertoire that allows strong KIR binding
might be more restricted in activating KIR cases than
in inhibitory ones. Alternatively, activating KIR-li-
gand binding may be somehow strengthened under
stress conditions, such as transplantation or viral infec-
tion. Epstein Barr virus-transformed C1-positive cells
were found to be stained slightly by recombinant 2DS2
tetramers [53]. A mutation study found that only [
amino acid substitution in 2DS2 increased its level of
binding to C1 to that of inhibitory 2DL2, suggesting
that a very fine conformational microstructure change
controls KIR binding specificity [60].

Inhibitory 2DL2 also showed a significant associa-
tion with the incidence of severe aGVHD. This may be

secondary to the 2DS2-Cl association [50]; alterna-
tively, donor 2DL2-positive NK cells might have a dif-
ferent effect than 2DL3-positive NK cells on acute
GVHD incidence, because the binding affinity to CI
is higher in 2DL2 than in 2DL3 [60]. Other groups
have analyzed activating KIR gene number and out-
come and have reported both beneficial and adverse
associations [10,16,26,37]. We did not find such
quantitative KIR loci effects in this JMDP cohort
(data not shown); KIR genotype variation among
various ethnic groups may be responsible for these
differences.

Preadministration of AT'G to a patientis also a crit-
ical factor in attenuating the adverse effects of KIR-L-
MM-G on transplantation outcome. Our findings
demonstrate that KIR-L-MM-G had potent adverse
effects (higher aGVHD incidence and lower OS) with-
out ATG administration, and that ATG administra-
tion in the conditioning regimen ameliorated most of
these adverse effects. Although the average patient
age in the ATG-administered group was about 10
years younger than thatin the non-ATG-administered
group in this study, multivariate analysis including age
as a confounder also identified the ATG effect as an
independent factor for incidence of aGVHD (see
Table 2). To the best of our knowledge, this is the first
direct comparison UR-HSCT study on the effects of
ATG preadministration under the same transplanta-
tion regimen with similar genetic backgrounds.
Because far fewer ATG-administrated cases than
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non-ATG-administered cases are included in the
JMDP (an imbalance that could bias statistical results),
further evaluation of large numbers of ATG-preadmi-
nistered cases in different ethnic populations are needed.

Administration of ATG extensively depletes pa-
tient and donor T cells, thus strongly inhibiting the re-
sponses of alloreactive T cells. Because the JMDP
cases are all unmanipulated T cell-replete marrow, do-
nor alloreactive T' cell response may be very strong,
which would obscure some of the NK cell beneficial
effects [61]. In KIR-L-MM-G without ATG preadmi-
nistration, alloreactive NK cells were activated by
2DS2-Cl interaction without inhibitory KIR signals
and may have augmented alloreactive donor T cell re-
sponses, resulting in increased aGVHD incidence and
mortality. Alternatively, KIR-positive T cells may have
been responsible for inducing aGVHD. In contrast,
with ATG preadministration, donor T cells are largely
depleted, and the beneficial effects of NK cell alloreac-
tivity on aGVHD incidence may become prominent.
Too few ATG-treated cases were analyzed (n = 11)
to allow confirmation of the preventive effects of
KIR-L-MM-G on acute GVHD, but the results
are consistent with those for the HLA haplo-mis-
matched, ATG-preadministered R-HSCT [2]. In
mouse GVHD models, alloreactive NK cells pre-
vented donor alloreactive T cell stimulation and
suppressed aGHVD by lysing donor antigen-present-
ing cells {2]. These mechanisms might explain the pre-
ventive effects of KIR-L-MM-G on the incidence of
aGVHD. NK cell reconstitution after transplantation
might be influenced by ATG treatment as well as by
KIR ligand and KIR genotype variability [39,62,63].
Our data suggest that the KIR-L-MM-G combination
must be avoided in JMDP transplantation unless ATG
is used in the conditioning regimen.

Another possible factor is mismatch combination
dissimilarity resulting from genetic variability in
HLA and KIR in populations with different ethnic
backgrounds. There are allele frequency differences
in HLA-C among human populations in terms of the
HLA-C KIR ligand [50]. Because the C1 ligand type
is dominant in the Japanese population (allele fre-
quency 0.92), KIR-L-MM-G is relatively rare (5%)
compared with the incidence in White populations.
Furthermore, in the KIR-L-MM-G, the CIC1 (pa-
tient)-C1C2 (donor) combination is common (95%)
[5]. Therefore, we could focus on the KIR ligand
incompatibility and the 2DS2 effects on the C1-homo-
zygous patients in this study. In contrast, the White
population more frequently exhibits the C2 type
[50]. Consequently, the KIR-L-MM-G frequency is
higher in Caucasian than Japanese and might include
C2C2 (patient)-C1C2 (donor), C2C2-CICl1, and
C1C1-C2C2 combinations, in addition to the
C1C1-C1C2 combination. Therefore, not only
the CICI1 (patient)-2DS2 (donor) combination, but
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also the C2C2 (patient)-2DS! (donor) combination,
might contribute considerably to the effects of KIR-
L-MM-G in White [36]. The inhibitory capacity of
Cl1 is reportedly weaker than that of C2 [64], and the
binding strength of inhibitory KIR to the ligand
HLA-C is different as well 2DL1 > 2DL2 > 2DL3)
[60]. There may be more variability in inhibitory path-
ways in White populations; indeed, several groups
have reported that the transplantation outcomes vary
between Cl-homozyous and C2-homozygous patients
[15,19,38,39]. KIR genotype also shows ethnic vari-
ability [33,50]; Japanese have a markedly high fre-
quency of the A haplotype and a very low frequency
of 2DS2 (16% in the JMDP, compared with a fre-
quency of > 40% in most Caucasian and African pop-
ulations). One potential factor not examined in the
present study is KIR allelic polymorphism. Yawata
et al. [34] have shown that allelic polymorphism mod-
ulates the level and frequency of KIR3D expression, as
well as its inhibitory capacity. These allelic differences
might influence outcomes even though HLA-A- and
B-KIR ligand specificities were the same in donors
and recipients in the present study.

Here we found that the combination of donor-
activating KIR genotype—patient cognate KIR ligand
type and ATG administration in the conditioning reg-
imen were critical factors in the adverse effects of KIR-
L-MM-G on transplantation outcome. Alloreactivity
of NK cells may be either beneficial or adverse depend-
ing on the above factors. However, other important
parameters also may contribute to transplantation out-
come. Further large-scale international collaborative
studies, including a variety of ethnic populations and
statistical comparisons under uniform regimens, are
needed to gain further insight into the effects of NK
cell alloreactivity on transplantation and to guide the
development of cell therapy using alloreactive NK
cells for leukemia and other diseases.
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Abstract

We recently established a novel drug delivery system (DDS) using oligomannose-coated liposomes (OMLs) which are
probably taken up by macrophages (M) to carry anti-cancer drugs to milky spots known as preferential metastatic sites
of gastric cancers [Y. lkehara, T. Niwa, L. Biao, S.K. Ikehara, N. Ohashi, T. Kobayashi, Y. Shimizu, N. Kojima, H. Nak-
anishi, A carbohydrate recognition-based drug delivery and controlied release system using intraperitoneal macrophages
as a cellular vehicle, Cancer Res. 66 (2006) 8740-8748]. In the present study, we applied this intraperitoneal DDS for sys-
temic cancer immunotherapy employing ovalbumin (OVA) as a model antigen. The cells taking up the OMLs containing
FITC-OVA injected into the peritoneal cavity were predominantly M, as they showed adhesive characteristics and
expressed F4/80 and CD11b almost exclusively. The phagocytic cells also took up bare OVA directly to the same extent
as OML-enclosed OVA (OML-OVA), as it is a highly mannosilated protein. The phagocytic cells taking up OML-OVA,
however, could activate OVA-specific CD8™ (from OT-I: H-ZKb/OVA257,2(,4-speciﬁc) and CD4" (from OT-1I: H-2AY/
OVA;,3_330-specific) T cells much more effectively in vitro than those taking up bare OVA. Furthermore, only the mice
pre-immunized with OML-OVA rejected E.G7-OVA (OVA-transfected EL4) but not EL4. These results indicate that
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the OMLs can also be used as an effective antigen delivery system for cancer immunotherapy activating both CTL and Th

subsets.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

While recent advances in tumor immunology
enable us to identify tumor antigens recognized by
T cells and understand the molecular and cellular
bases of T cell-mediated anti-tumor responses, the
clinical realization of effective immunotherapy for
solid tumors has not yet been convincingly achieved
[1,2]. Many CD8" and CD4" T cells recognizing
tumor antigen in the context of MHC class 1 and
11, respectively, have been reported, and the former
are known to be a major effector of the adaptive
anti-tumor immune responses [3-5]. CD4" T cells
play an important role for the expansion and persis-
tence of CD8" T cells, while some of them are
known to function as regulatory cells [5-7]. Optimal
anti-tumor immune responses are therefore consid-
ered to require the concomitant activation of both
CD8" and CD4" T cells and the selective activation
of CD4™ T cells with helper but not regulatory func-
tions [8]. Endogenous and exogenous antigens are
presented as peptides preferentially by MHC class
I and II, respectively, and most tumor antigen pep-
tides are derived from the proteins expressed endog-
enously. Novel methods to make tumor antigens
presented simultaneously by both MHC class 1
and II molecules are therefore needed for the con-
comitant activation of antigen-specific CD8" and
CD4" T cells, and many attempts have been made
for this purpose [2,3,8].

We recently developed a novel drug delivery sys-
tem (DDS) using oligomannose-coated liposomes
(OMLs) [9,10] which are effectively taken up by
F4/80" intraperitoneal cells to carry anti-cancer
drugs to milky spots known as a preferential meta-
static site of gastric and ovarian cancers [9,11,12].
We demonstrated that this system could control
the formation of overt metastasis of seeded gastric
cancer cells at the extra-nodal lymphoid tissues such
as the omentum [10].

In the present study, we applied this OML-
based intraperitoneal DDS for cancer immuno-
therapy using ovalbumin (OVA) as a model anti-
gen, aiming at the concomitant activation of

antigen-specific CD8" and CD4" T cells. Perito-
neal phagocytic cells took up OML containing
OVA and then migrated into milky spots as previ-
ously reported. In addition, they activated both
OVA-specific CD8" [13,14] and CD4" [15] T cells
effectively in vitro. Spleen cells from OML-
enclosed OVA (OML-OVA)-injected mice showed
an effective killing activity against E.G7-OVA
(OVA-transfected EL4) [16] but not EL4 [17]
in vitro, and only the mice pre-immunized with
OML-OVA rejected E.G7-OVA but not EL4
in vivo. In light of these results obtained in vitro
and in vivo, the potential of our novel OML-based
immunization method for the prevention of tumor
metastasis is discussed.

2. Materials and methods
2.1. Mice

Female CS57BL/6 (B6) mice (H-2°) at 8-12 weeks
of age were obtained from Charles River Japan
Inc. (Yokohama, Japan) and kept under standard
housing conditions. T cell receptor transgenic mice
OT-1 (specific for H-2KP/OVAss764) [13,14] and
OT-1I (H-2AY/OVA;y3 330) [15] were obtained from
the Jackson Laboratory (Bar Harbor, ME) and main-
tained under specific pathogen-free conditions. All
animal experiments were performed under the experi-
mental protocol approved by the Ethics Review Com-
mittee for Animal Experimentation of Aichi Cancer
Center.

2.2. Cell lines

EL4 [17), a B6-derived thymoma cell line, was main-
tained in RPMI11640 medium (Invitrogen, Carlsbad,
CA) supplemented with 8% fetal bovine serum, 0.2%
L-glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin,
0.1% Hepes, 0.1 mM non-essential amino acids, 1 mM
sodium pyruvate, and 50 uM 2-ME (complete RPMI).
EG.7-OVA (EL4 transfected with OVA gene) [16] was
obtained from ATCC (Manassas, VA) and maintained
in complete RPMI supplemented with 400 ug/ml G418
(Wako, Osaka, Japan) in a humidified 5% CO, incubator
at 37 °C.
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2.3. Man3-DPPE and liposome preparation

Dipalmitoylphosphatidylcholine (DPPC), cholesterol,
and dipalmitoylphosphatidylethanolamine (DPPE) were
purchased from Sigma-Aldrich (St. Louis, MO). Mannotri-
ose (Man3: Manal-6(Manal-3)Man) was purchased from
Funakoshi Co., Ltd. (Tokyo, Japan). Man3-DPPE was pre-
pared by conjugation of the mannotriose with DPPE by
reductive amination as described in previous papers
[10,18]. The purity of Man3-DPPE was confirmed by
high-performance thin-layer chromatography (Silica gel
60 HPTLC plate, MERCK, Darmstadt, Germany) and
time-of-flight mass spectrometry (Auto FLEX, Bruker Dal-
tonics, Bremen, Germany). The purified Man3-DPPE was
quantified by determination of the phosphate contained.

Liposomes were prepared as described previously [10].
Briefly, a chloroform-methanol (2:1, v/v) solution con-
taining 1.5 umol of DPPC and 1.5 umol of cholesterol
was placed in a conical flask and dried by rotary evapora-
tion. Subsequently, 2 ml ethanol containing 0.15 pmol of
Man3-DPPE was added to the flask and evaporated to
prepare a lipid film containing neoglycolipids. Procedures
for protein-encasing of oligomannose-coated liposomes
(OMLs) were performed as described previously [10].
The multilamellar vesicles were generated with either
200 pl of FITC-labelled or non-labelled OVA (5.0 mg/
ml, Sigma-Aldrich), Alexa Fluor 680 (Molecular Probes,
Eugene, OR)-labelled bovine serum albumin (BSA. 5 mg/
ml, Sigma-Aldrich), or PBS in the dried lipid film by
intense vortex dispersion. The multilamellar vesicles were
extruded 10 times through polycarbonate membranes of
I um pore (Nucleopore, Pleasanton, CA). Liposomes
entrapping proteins were separated from free untrapped
proteins by four successive rounds of washing in PBS with
centrifugation (20,000g, 30 min) at 4 °C. The amounts of
entrapped proteins were measured using a modified
Lowry protein assay reagent (Pierce, Rockford, IL) in
the presence of 0.3% (w/v) sodium dodecy! sulfate using
BSA as the standard.

2.4. Flow cytometry

One hour after intraperitoneal injection, peritoneal
exudate cells (PEC) were recovered from B6 mice with
5ml ice cold PBS. PEC were incubated on ice for
30 min with fluorescein-labelled antibodies against
mouse hematopoietic cell lineage markers after block-
ing with mouse Fc Blocker (BD Biosciences, San Jose,
CA) and then analysed on a FACS Calibur (BD Bio-
sciences). The following monoclonal antibodies used in
this study were purchased or kindly provided: anti-F4/
80 (A3-1, Serotec Ltd., Oxford, UK), anti-MHC class
II (M5/114.15.2, e-Bioscience, Boston, MA), anti-
CD11b (M1/70.15, Caltag Laboratories, Burlingame,
CA), anti-CD3e (145-2C11, BD Biosciences), anti-
CD19 (1D3, BD Biosciences), and anti-H-2K°D® (20-
8-4S, Dr. E. Nakayama, Okayama University).

2.5. Macrophage depletion by plastic adhesion

PEC suspension (2 X 107 cells in 10 ml of complete
RPMI) was poured into a 75cm? tissue culture flask
and icubated at 37 °C for 2 h in a humidified 5% CO,
incubator. Non-adherent cells were collected with
serum-free DMEM and subjected to FACS analysis.

2.6. In vitro activation of OVA-specific T cells

One hour after injection of either OML-encased OVA
or bare OVA into the peritoneal cavity of B6 mice, PEC
were recovered with 5ml ice cold PBS. The PEC sus-
pended in complete RPMI were seeded into a 96-well cul-
ture plate (5% 10% cells in each well) and incubated at
37 °C for overnight in a humidified 5% CO, incubator.
On the next day, non-adherent cells were washed out with
complete RPMI, and co-cultured with 5x 10° cells of
either CD8" or CD4™ T cells from the spleen of OT-I
and OT-1 mice, respectively. CD8" and CD4™ T cells
were prepared with the isolation kits for corresponding
subsets (Miltenyi Biotec Inc., Auburn, CA). The superna-
tants were collected at 24, 48, and 72 h and assayed for
[FN-y production with Mouse IFN-y ELISA kit (Pierce
Biotechnology, Inc., Rockford, IL).

2.7. CTLs assay

B6 mice were immunized biweekly three times by intra-
peritoneal injection of 1 ug OVA in liposome/mouse with
or without oligomannose coating. Spleen cells were iso-
lated from the mice 1 week after the last challenge, and
1 % 10° spleen cells were stimulated with 10 ug OVA in
1 ml for 72 h. The effector cells thus prepared were co-cul-
tured with target cells (E.G7-OVA or E14) at various
effector/target ratios for 8 h at 37 °C, and the cytotoxicity
was measured with CytoTox96 Non-Radioactive Cyto-
toxicity assay kit (Promega, Madison, WI).

2.8. Tumor assay

Tumor cells (in 0.2 ml) were injected intradermally into
the backs of mice with a 27 gauge needle. The diameter of
the tumors was measured with Vernier calipers twice at
right angles to calculate the mean diameter, and the sur-
vival time after tumor chalienges was followed.

3. Results

3.1. OMLs are taken up preferentially by intraperitoneal
macrophages

We showed that neoglycolipid-coated liposomes are
ingested by intraperitoneal cells much more effectively
than non-coated liposomes [10]. Of those, OMLs are
incorporated most effectively, and the cells ingesting
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OMLs are preferentially F4/80" and migrate into extra-
nodal lymphoid tissues in the omentum after the uptake.
We have also shown that the OML-ingesting cells are very
useful drug delivery vehicles for cancer chemotherapy in
the previous study [9,10]. To verify whether the OMLs
are applicable also for cancer immunotherapy, we first
analyzed in detail the peritoneal cells incorporating
OMLs. Bovine serum albumin (BSA, Sigma-Aldrich)
was labelled with Alexa Fluor 680, encased in OML and
then injected into the peritoneal cavity of B6 mice. One
hour after the injection of OMLs containing Alexa Fluor
680-labetied BSA, PEC were collected and analyzed. As
shown in Fig. 1A, PEC were divided into three groups
based on the incorporation of OMLs. When adherent cells
were removed by plastic dish adherence, only the popula-
tion with higher OML uptake (R1) disappeared (Fig. IB).
In addition, most cells of R1 express F4/80 and CD11b
but not CD3 and CD19 (Fig. 1C), suggesting that R1 pop-
ulation preferentially consists of macrophages (Md). The
PEC with lower OML uptake (R2) did not express F4/80,
and nearly 2/3 of them were considered to be B cells
because of their CD19 expression. These results together
confirmed that OMLs injected into the peritoneal cavity

were ingested preferentially by M, and also indicate that
OML is a good vehicle for the phagocytosis of non-gly-
cosylated proteins.

3.2. Phagocytic cells ingesting OMLs activate both CD8
and CD4 T cells in vitro in an antigen-specific manner

We next analyzed the antigen-presenting capacity of
the phagocytic cells ingesting OMLs containing ovalbu-
min (OVA) as an antigen. CD8" T cells from OT-I (a
transgenic strain of T cell receptor (TCR) recognizing
OVAjsy.264 peptide presented by H-2K®) and CD4™ T
cells from OT-I1 (a transgenic strain of TCR recognizing
OVAn,; 330 peptide presented by H-2A®) were used as
responder cells. When these T cells were co-cultured with
adherent cells enriched from PEC of the mouse intraperi-
toneally injected with OML-encased OVA (OML-OVA),
both CD8™ and CD4™ T cells produced large amounts
of IFN-y (Fig. 2). Though adherent cells from the mice
injected with soluble OVA also stimulated both CD8*
and CD4™ T cells, much higher amounts of OVA were
needed compared to those from the mice injected with
OML-OVA. M¢ ingesting OML-OVA are supposed to
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Fig. 1. OMLs injected into the peritoneal cavity were ingested preferentially by adhesive cells. One hour after injection of OMLs
containing Alexa Fluor 680-labelled BSA, PEC were collected and their fluorescence was analyzed by flow cytometry (A). Non-adherent
PEC were further isolated by plastic adherence for 2 h and analyzed (B). (C) Phenotypic analysis of PEC derived from OML-injected mice.
One hour after injection of OMLs containing Alexa Fluor 680-labelled OVA, PEC were collected and stained with mAbs indicated. As
shown in (A) and (B), PEC were divided into three groups based on their fluorescence intensity of Alexa Fluor 680, and the surface

phenotypes of R1 and R2 were further analyzed.
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Fig. 2. M¢ ingesting OVA encased in OML activate OVA-specific CD8" and CD4" T cells much more effectively than those ingesting
soluble OVA. One hour after intraperitoneal injection of antigens, PEC were prepared from mice, and adherent cells were enriched by
plastic adherence. CD8" and CD4™ T cells were purified from spleen of OT-1(A) and OT-II (B), respectively, co-cultured (closed bar) with
adherent PEC or cultured adherent PEC alone (open bar) for 24 h, and then production of IFN-y in supernatants was tested by ELISA.
PEC recovered from mice without any treatment was used as control. OML-OVA, OVA encased in OML; OVA, OVA; control, OML
containing PBS. The graph shows the average and standard error from three independent experiments.

present antigen effectively also in vivo, as they effectively
induced proliferation responses of OVA-specific CD8" T
cells in the spleens of OT-1 mice (Supplement Figure 1).

We next analyzed the uptake efficiency of OML-
encased and soluble OVA and found that peritoneal phag-
ocytic cells effectively uptake OVA irrespective of sugar
encapsulation (Fig. 3). The uptake of soluble OVA is
probably mediated by mannose receptors, as it is known
as a highly mannosylated protein [19]. These results
together indicate that OML-mediated ingestion promotes
the presentation of OVA peptides by both MHC class I
and 1I molecules by enhancing the antigen processing
but not the uptake efficiency.

3.3. Induction of antigen-specific cytotoxic T lymphocytes
(CTL) in vitro by OM L-mediated immunization

We next performed CTL assay to detect OVA-specific
T cells in the spleen. Only the spleen cells from mice
immunized with OML-OVA but not bare liposome

(BL)-encased OVA showed cytotoxicity against E.G7-
OVA. The spleen cells from neither group showed cyto-
toxicity against EL4, confirming that OVA-specific CTL
can be effectively induced in vivo by OML-OVA immuni-
zation (Fig. 4).

3.4. OML-mediated immunization induces antigen-specific
anti-tumor immunity in vivo

We finally examined whether intraperitoneal immuni-
zation with OMLs also induces antigen-specific anti-
tumor immunity in vivo. Mice were immunized intraperi-
toneally with OVA with or without OML encasing and
then challenged with E.G7-OVA or EL4. As shown in
Fig. 5, only the mice immunized with OML-OVA sur-
vived for more than 70 days when challenged with
E.G7-OVA, while naive and bare OVA-immunized mice
died within 55 days. All the mice including those
immunized with OML-OVA died within 30 days when
challenged with EL4, indicating that the rejection of
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E.G7-OVA is OVA-specific. These results together
showed that OML-mediated immunization can induce
systemic immune response robust enough to protect mice
from tumor challenge in an antigen-specific manner.

4. Discussion

In this study, we demonstrated that our novel
OML-based drug delivery system (DDS) targeted
to intraperitoneal phagocytic cells can also be used
for the induction of systemic immune responses.
After ingesting OML-encased OVA (OML-OVA),
intraperitoneal phagocytic cells to extra-nodal lym-
phoid tissues in abdominal cavity and presented

OVA-derived peptides in the context of both
MHC class I and II molecules. Only the mice pre-
immunized with OML-OVA rejected E.G7-OVA
but not EL4 challenged subcutaneously. These
results together indicate that the OMLs can be used
as an effective antigen delivery system for immuno-
therapy activating both CTL and Th subsets. Fig. 6
shows the plausible induction process of anti-tumor
immunity starting from phagocytic cells triggered
by OML injection.

OMLs are very useful not only for the promotion
of non-glycosylated protein uptake by antigen-pre-
senting cells but also for the enhancement of anti-
gen-processing of encased antigens. Endogenous
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Fig. 6. Possible mechanism of OML-based vaccine delivery. Coating of bare liposomes with DPPE-conjugated mannotriose facilitates
functions of intraperitoneal macrophages, resulting in antigen-specific activation of both CTL and Th populations.

and exogenous antigens are presented preferentially
by MHC class I and II, respectively. OML-OVA,
however, were effectively directed to both pathways,
even when added exogenously. This advantage of
OML-mediated immunization will hopefully facili-
tate the simultaneous activation of tumor antigen-
specific CD4" and CD8™" T cells as shown here with

OVA. It is also very interesting to study the mecha-
nism by which OML-mediated ingestion of antigens
enhances the antigen presentation by both MHC
molecules [20-22]. So far, we observed the up-regu-
lation of CD80 and CD86 on OML-ingesting cells
(in press on Cytokine, H. Takagi et al.), but it seems
very important to know the additional signals to
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make antigen presenting cells more immunogenic
[23]. Additional adjuvant effects of various cyto-
kines and/or toll-like receptor ligands on OML-
mediated immunization are now being investigated.

Another advantage of OML-mediated immuniza-
tion is Thl-skewing of the cytokine profiles. Indeed,
OT-1 and OT-1I T cells stimulated with antigen-pre-
senting cells ingesting OML-OVA produced IFN-y
but not IL-4 or IL-10 (unpublished observation).
Moreover, our previous study demonstrated that
the OML-mediated immunization protects BALB/c
mice against Leishmania major infection, possibly
due to the Thl-skewing of immune responses [24].
We observed that phagocytic cells ingesting OML
preferentially produce IL-12 (unpublished observa-
tion), suggesting this cytokine is a key of Th1-skewing
as reported previously [25]. Further investigation of
the mechanism of this Thl-skewing of immune
responses induced by OML-mediated immunization
is currently underway.

Cells belonging to the monocyte-M ¢ lineage have
been known to be heterogeneous, reflecting the plas-
ticity and versatility of these cells in response to var-
ious microenvironmental signals [26]. M¢ are now
roughly categorized into M1 and M2 based on their
functional properties, and several studies revealed
that M1 and M2 promote type I and type II Th
responses, respectively [27-29]. Itis also reported that
M1 and M2 are prone to induce inflammatory and
immunoregulatory responses, respectively [29]. A
possible concern of our DDS system is therefore the
protumoral effects by M2 with antigen-encased
OMLs, as they are supposed to express macrophage
mannose receptors induced by 1L-4 [30]. Although
at least our in vitro study clearly showed OML-med-
iated skewing to type I immune responses, more pre-
cise investigation including the conditions for M1
polarization should be done especially in tumor-bear-
ing mice. In addition, characteristics of the small pop-
ulation of non-M¢ cells ingesting OMLs should be
investigated as well.

In order to use our DDS in clinical study, the
best administration routes should be determined to
pursue repetitive vaccination while avoiding possi-
ble side effects. As generally acknowledged, intra-
peritoneal administration is accompanied with a
high risk of side effects such as catheter-related com-
plications, and abdominal pain [31]. In this connec-
tion, we have already obtained anti-tumor effects by
subcutaneous injection of OML-OVA similar to
those by intraperitoneal injection. However, side
effects induced by subcutaneous injection of OMLs

should be further investigated to assure their safe
clinical application.

In the previous study, we reported that the for-
mation of intraperitoneal metastasis of seeded gas-
tric cancer cells in milky spots can be controlled
with OMLs containing anti-cancer drugs [10]. In
the present study, we have further extended the pos-
sibility of OMLs for the immunotherapy of systemic
metastasis and existing tumor cells aside from milky
spots. Oligomannose coating of liposomes showed
the best uptake efficiency by intraperitoneal M¢
among the neoglycolipids so far tested, and the
encased antigen was effectively presented by both
MHC class I and II molecules. However, the addi-
tional effects for immune responses by other neogli-
colipids (shown here) have not been studied at all so
far. We have a great interest in their effects on
immune responses and are seeking sugar materials
with immunoregulatory properties. If such materials
are found, we believe that further study of our
sugar-coated liposome technology will find it also
to be applicable for antigen-specific regulation of
autoimmune diseases and allergy.
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Here we report the identification of a
novel human leukocyte antigen (HLA)-
B44-restricted minor histocompatibility
antigen (mHA) with expression limited to
hematopoietic cells. cDNA expression
cloning studies demonstrated that the
cytotoxic T lymphocyte (CTL) epitope of
interest was encoded by a novel allelic
splice variant of HMSD, hereafter desig-
nated as HMSD-v. The immunogenicity of
the epitope was generated by differential
protein expression due to alternative
splicing, which was completely controlled
by 1 intronic single-nucleotide polymor-

phism located in the consensus 5’ splice
site adjacent to an exon. Both HMSD-v
and HMSD transcripts were selectively
expressed at higher levels in mature den-
dritic cells and primary leukemia cells,
especially those of myeloid lineage. En-
graftment of mHA* myeloid leukemia stem
cells in nonobese diabetic/severe com-
bined immunodeficient (NOD/SCID)/ycnull
mice was completely inhibited by in vitro
preincubation with the mHA-specific CTL
clone, suggesting that this mHA is ex-
pressed on leukemic stem cells. The pa-
tient from whom the CTL clone was iso-

lated demonstrated a significant increase
of the mHA-specific T cells in posttrans-
plantation peripheral blood, whereas
mHA-specific T cells were undetectable
in pretransplantation peripheral blood and
in peripheral blood from his donor. These
findings suggest that the HSD-v-encoded
mHA (designated ACC-6) could serve as a
target antigen for immunotherapy against
hematologic malignancies. (Blood. 2007;
110:1055-1063)

© 2007 by The American Society of Hematology

Introduction

Minor histocompatibility antigens (mHASs) are major histocompat-
ibility complex (MHC)-bound peptides derived from cellular
proteins encoded by polymorphic genes. Following human leuko-
cyte antigen (HLA)-matched allogeneic hematopoietic cell trans-
plantation (HCT), donor-recipient disparities in mHAs can induce a
favorable graft-versus-leukemia (GVL) effect that is often associ-
ated with graft-versus-host disease (GVHD).!-? Significant efforts
have been made to identify mHAs, particularly those specific for
hematopoietic cells, since such mHAs are speculated to contribute
to the GVL effect. The first report on the identification of a
hematopoietic lineage-specific mHA, HA-1, was generated by the
Goulmy group in 1998 (den Haan et al*) as a result of biochemical
analysis of peptides eluted from HLA-A*0201 molecules. The only
other mHAs with selective expression in hematopoietic cells described
to date are HA-2% ACC-1 and ACC-2% and DRN-7,7 HB-1%Y and
PANELY the latter 2 of which are B-cell lineage-specific. Thus,
identification of more mHAs should facilitate a better understanding of
the biology of GVL and the development of effective immunotherapy to
induce GVL reactions.

Immunogenicity of most autosomal mHAs identified to date
results from single-nucleotide polymorphisms (SNPs) that cause

amino-acid substitutions within epitopes, leading to the differential
display/recognition of peptides between HCT donor and recipient
via several mechanisms: peptide binding to MHC observed in
HA-1/A2-* HA-2-> and CTSH-encoded mHAs!!; proteasomal
cleavage in HA-3'%; peptide transport in HA-813; and altered
recognition of MHC-peptide complex by cognate T cells in
HB-1,%9 HA-1/B60,'* ECGF1/B7,"> and SP110/A3.7 Other ex-
amples of mechanisms of mHA generation include differential
protein expression due to a nonsense mutation in PANEI'® and a
frame-shift mutation in P2X5. ¢ UGT2B17" is the sole example of
differential protein expression due to gene deletion instead of an
SNP. Because SNPs are scattered throughout the genome, it has
been speculated that mHAs caused by those other than coding
SNPs should be present.

In this study, we report the identification of a novel gene
encoding an HLA-B44—restricted mHA that is recognized by the
2A12 cytotoxic T lymphocyte (CTL) clone and selectively ex-
pressed in primary hematologic malignant cells, especially those of
myeloid lineage, multiple myeloma (MM) cells, and normal mature
dendritic cells (DCs). The antigenic peptide recognized by 2A12-
CTL was encoded by a novel allelic splice variant of HMSD,
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hereafter designated as HMSD-v. due to an intronic SNP located in
the consensus 5’ splice site adjacent to an exon. The leukemic stem
cell (LSC) engraftment assay using severely immunodeficient mice
demonstrated that the engraftment of primary acute myeloid
leukemia (AML) cells was completely abolished by coincubation
with the CTL clone before injection. These findings suggest that
this novel mHA epitope may be an attractive therapeutic target for
immunotherapy.

Patients, materials, and methods

Cell isolation and cell cultures

This study was approved by the Institutional Review Board of Aichi Cancer
Center. All blood or tissue samples were collected after written informed
consent was obtained in accordance with the Declaration of Helsinki.
B-lymphoid cell lines (B-LCLs) were derived from donors, recipients,
and healthy volunteers. B-LCLs and all cell lines of hematologic
malignancy were maintained in RPMI 1640 medium supplemented with
10% fetal calf serum (FCS), 2 mM L-glutamine, and 1 mM sodium
pyruvate (referred to as complete medium). CD40 ligand-activated B
(CD40-B) cells were generated as previously described.'®

Immature DCs were generated by culturing CD14" cells isolated from
peripheral-blood mononuclear cells (PBMCs) with 500 U/mL GM-CSF and
500 U/mL interleukin 4 (IL-4) in AIM-V medium (Invitrogen, Carlsbad,
CA) for 2 days, and then DCs were matured by cultivating the immature
DCs for 2 additional days with 10 ng/mL IL-18, 20 ng/mL IL-6, 10 ng/mL
tissue necrosis factor o (TNF-a; all cytokines were from R&D Systems,
Minneapolis, MN), and 1 pg/mL PGE2 (Cayman Chemical, Ann Arbor,
MI). When necessary, cells were retrovirally transduced with restricting
HLA cDNA by a method described previously.!s?

Generation of CTL lines and clones

CTL lines were generated from PBMCs (~10%) obtained at day 197 after
HCT by primary stimulation with irradiated (33 Gy) pre-HCT recipient
PBMCs (~109), thereafter stimulated weekly with irradiated (33 Gy)
recipient CD40-B cells (2 X 10°) twice in RPMI 1640 supplemented with
10% pooled human serum and 2 mM L-glutamine (referred to as CTL
medium).!! IL-2 was added on days | and 5 after the second and third
stimulation. CTL clones were isolated by standard limiting dilution and
expanded in CTL medium as previously described.!!20

Chromium release assay

Target cells were labeled with 3.7 MBq of 3'Cr for 2 hours, and 107 target
cells/well were mixed with CTLs at the effector-target (E/T) ratio indicated
in a standard 4-hour cytotoxicity. All assays were performed at least in
duplicate. Some target cells were pretreated with interferon vy (IFN-v;
500 U/mL) and TNF-a (10 ng/mL; both from R&D Systems) for 48 hours
as indicated. Percent specific lysis was calculated as follows: (fexperimen-
tal cpm — spontaneous cpm}/{maximum cpm — spontaneous cpm]) X 100,
where cpm indicates counts per minute.

cDNA library construction

The cDNA library used in the present study was the same one that had been
used to identify HLA-A31- and HLA-A33-restricted cathepsin H-encoded
mHAs (ACC-4 and ACC-5) previously.!! The cDNA library was con-
structed from mRNA of a B-LCL derived from an AML patient (UPN-027)
using the SuperScript Plasmid System (Invitrogen). The library contained
1.5 X 10 cDNA clones with an average insert size of approximately 2500
bp. cDNA pools, each consisting of approximately 120 and 5 clones for
initial and second screens, respectively, were expanded for 24 hours in 96
deep-well plates, and plasmid DNA was extracted with the QlAprep 96
Turbo Miniprep kit (Qiagen, Valencia, CA).
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Transfection of 293T cells and ELISA

Twenty thousand 293T cells retrovirally transduced with HLA-B*4403
were plated in each well of 96-well flat-bottomed plates, cultured overnight
at 37°C, then transfected with 0.12 pg of plasmid containing a pool of the
¢DNA library using Trans [T-293 (Mirus, Madison, WI). Ten thousand
CTL-2A12 cells were added to each well 20 hours after transfection. After
overnight incubation at 37°C, 50 pL of supernatant was collected and
IFN-y was measured by enzyme-linked immunosorbent assay (ELISA).

Genotyping of polymorphisms

Genomic DNA was isolated from each B-LCL with a QlAamp DNA blood
kit (Qiagen). Total RNA was extracted using an RNeasy Mini Kit (Qiagen),
and ¢cDNA was synthesized by standard methods. Genomic DNA or cDNA
was amplified using KOD-plus-DNA polymerase (Toyobo, Osaka, Japan)
according to the manufacturer’s instructions. The polymerase chain reac-
tion (PCR) temperature profile was 30 cycles of 94°C for 15 seconds, 58°C
for 20 seconds, and 68°C for 40 seconds on a GeneAmp PCR system 9700
(Applied Biosystems, Foster City, CA).

The primer sequences used to amplify from exon 1 to exon 4 of HMSD
cDNA were as follows: sense, 5'-CCTCTCCGACCCGGTCTC-3'; anti-
sense, 5'-GGGAAAAGCTAAAGCTAGAGAAAA-3'. Exonic sequence
and intronic sequence adjacent to HMSD exon | and 2 were amplified with
primers as follows: exon | sense, 5'-GACTGAAAACTCCCGGACAG-3';
exon | antisense, 5'-GAAAGGTCTGGAGCAACAGG-3’; exon 2 sense,
5'-GCAGACATTCACTCACAGCA-3'; exon 2 antisense, 5'-AAGCAC-
CCACATGAGTGACC-3'. PCR products were purified and directly se-
quenced with the same primer.

Construction of minigenes and truncated genes for HUSD-v

Mammalian expression plasmids containing the full-length or truncated
forms of the HMSD-v ¢cDNA were constructed by reverse transcriptase
(RT)-PCR using the isolated cDNA clone as a template. The constructs all
encoded a Kozak sequence and initiator methionine (CCACC-ATG) and a
stop codon (TAA). All products were ligated into HindIll-Norl-cut pEAK10
vector (Edge Bio Systems, Gaithersburg, MD) and verified by sequencing.

Epitope reconstitution assay

The candidate HMSD-encoded epitopes were synthesized by standard
Fmoc chemistry. 3!Cr-labeled donor B-L.CLs were incubated for 30 minutes
in complete medium containing 10-fold serial dilutions of the peptides and
then used as targets in standard cytotoxicity assays.

Real-time PCR assay for HMSD and HMSD-v expression

¢DNAs were prepared from various hematologic malignant cell lines, primary
cell cultures, freshly isolated CD34* bone marrow (BM) and peripheral-blood
hematopoietic cells and their subpopulations, immature and mature DCs,
activated B and T cells, CD34" subsets of primary leukemic cells, and CD138*
subsets of primary MM cells. Cell sorting was performed using magnetic-
activated cell separation (MACS) immunomagnetic beads (Miltenyi Biotec,
Bergish Gladbach, Germany). A panel of cDNA made from different human
adult and fetal tissues was purchased (MTC panels human 1 and 1I; BD
Biosciences, San Diego, CA). Real-time PCR analysis was performed using the
TagMan assay as described previously.!! Because of uncertainty of which
allele(s) were included in each cDNA pool from the MTC panels, quantitative
PCR primers and a probe were designed to detect the exon 3-4 boundary, which is
shared by both alleles. The following sequences spanning the exon 3-4 boundary
were used as primers with TagMan probe to detect both HMSD and HMSD-v
transcripts simultaneously: sense, 5'-AGAACTGCCAACGGGCTCTT-3'; anti-
sense, 5'-TTGGTAGAATTTGCCACAGGAAT-3"; probe, 5'-(FAM)-CTTAT-
GATTTCCTCACAGGTT-(MGB)-3'. To selectively detect HMSD-v transcripts,
the following oligonucleotides specific for the exon 1-3 boundary were used:
sense, 5'-CTCCGACCCGGTCTCACTT-3'; antisense, 5'-TCTCCATCTTCAC-
CTCCGATTT-3’; probe, 5'-(FAM)-CAAAGTGCCCCAGTTC-(MGB)-3'.
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Figure 1. Specificity of the HLA-B44-restricted CTL clone 2A12. The cytolytic activity of CTL-2A12 was evaluated in a standard 4-hour 3'Cr release assay at the indicated
E/T ratios. (A) CTL-2A12 recognition of target cells derived from recipient (Rt) but not donor (Do) B-LCLs. NK-sensitive K562 cells were used to determine nonspecific lysis.
(B) CTL-2A12 recognition of Rt PHA-stimulated T celis (PHA blasts) but not of Rt dermal fibroblasts and bone marrow (BM)-derived fibroblasts pretreated with 500 U/mLiFN-y
and 10 ng/mL TNF-a for 48 hours before 5'Cr labeling. (C) CTL-2A12 recognition of an HLA-B*4403- and -B*4402-restricted mHA epitope. The following target cells were
tested: Rt B-LCL, B-LCLs of 2 unrelated individuals (UR1 and UR2) sharing an HLA-A33, B44 haplotype with the recipient, and B-LCLs of an HLA class I-mismatched individual

(UR3) that were transduced with either HL.A-A*3303, B*4403, or B*4402 (E/T ratio, 30:1).

CD45 mRNA expression was detected as described previously.”!
A primer and probe set for human GAPDH (Applied Biosystems) was used
as an internal control. PCR was performed according to the manufactur-
er's instructions in the ABI PRISM 7700HT Sequence Detector System
(Applied Biosystems). Samples were quantified using relative standard
curves for each experiment. All results were normalized with respect to
the internal control and are expressed relative to the levels found in
recipient B-L.CLs.

LSC engraftment assay of AML cells in immunodeficient
NOG mice

BM cells were obtained from patients with AML at diagnosis and then
positively selected for CD34" subsets using MACS immunomagnetic
beads (Miltenyi), NOD/Shi-scid. IL-2Ryc™! (NOG) mice?? were purchased
from the Central Institute for Experimental Animals (Kanagawa, Japan). All
mice were maintained under specific pathogen-free conditions in the Aichi
Cancer Center Research Institute. The Ethical Review Committee of the
Institute approved the experimental protocol. The ACC-2P mHA-specific
CTL clone 3B5° restricted by the same HLA-B*4403 allele as CTL-2A12
was used as a control CTL clone for this assay. AML cells (7.0 X 10°) were
preincubated for 16 hours in CTL medium supplemented with 25 units/mL
recombinant human IL-2 at 37°C with 5% CO, either alone or in the
presence of CTL-2A12 or CTL-3B5 at a T-cell/AML cell ratio of 5:1.
Thereafter, the cultures were harvested and resuspended in a total volume of
300 pL and were inoculated via the tail vein of 8- to 12-week-old NOG
mice (3 mice per group). Five weeks after inoculation, mice were killed,
peripheral blood was aspirated from the heart, and BM cells were obtained
by flushing the femora with complete medium. Nucleated cells were
prepared for flow cytometry by incubation at 4°C for 20 minutes in PBS and
2% FCS with antihuman CD45 and CD34 (all from BD Biosciences) and
were analyzed with a FACSCalibur flow cytometer and CellQuest 3.3
software (BD Biosciences). Percentage of engraftment was examined by
I-way analysis of variance (ANOVA) test.

Real-time PCR assay for detecting CTLs specific for ACC-6,
a newly identified mHA

Complementary DNAs for a standard curve were prepared from mixtures of
ACC-6-specific CTL clone (CTL-2A12) at various ratios with CD3* cells
from healthy donors, and cDNAs of peripheral blood CD3* cells from the
donor and patient before and after HCT were prepared from the AML
patient (UPN-027). Real-time PCR analysis was performed using a TagMan
assay as described in “Real-time PCR assay for HMSD and HMSD-v
expression.” The primers and fluorogenic probe sequences spanning the
CTL-2A12 complementarity-determining region 3 (CDR3) were used to
detect T cells carrying the CDR3 sequences identical to that of CTL-2A12.
Samples were quantified with the comparative cycle threshold (Cy) method.
The delta Cy value was determined by subtracting the average GAPDH Cy
value from the average CTL-2A12 CDR3 Cy value. The standard curve for
the proportion of CTL-2A12 among CD3* cells (Figure 7A) was composed
by plotting mean delta Cy values for each ratio, and the percentages of

T cells carrying the CDR3 sequence identical to CTL-2A12A were
calculated by using this standard curve.

Results
Characterization of a CTL clone

The CD8* CTL clone 2A12 (CTL-2A12) was 1 of 24 putative CTL
clones isolated from day-197 post-HCT PBMCs of a male with
refractory AML with multilineage dysplasia (UPN-027) receiving
an HLA-identical HCT from his brother (A*2402, A*3303, B75,
B#4403, Cw3, DR4, DR6)." The patient developed grade 1 acute
GVHD in the first 2 years after transplantation and then suffered
from glomerular IgG deposition and mild bronchiolitis obliterans
organizing pneumonia. He is alive and in good condition and has
been disease free for more than 3 years.

Cytotoxicity assays revealed that CTL-2A12 lysed the recipient
B-LCL and less efficiently phytohemagglutinin (PHA)-stimulated
T-cell blasts but not donor B-L.CL or natural killer (NK)-sensitive
K562 cells (Figure 1A,B). No cytotoxicity was observed against the
recipient’s dermal fibroblasts and BM-derived fibroblasts even after
treatment with IFN-y and TNF-a (Figure 1B). Cytotoxicity against
recipient B-LCL was blocked by anti-HLA class | antibody (Ab) but not
by anti-HLA-DR Ab, suggesting HLA class I-restricted recognition of
mHA (data not shown). Based on the screening results of a panel of
B-LCLs derived from individuals partially sharing HLA class I alleles
with the recipient (Figure 1C URI and UR2; data not shown), those
from HLA-mismatched individuals that were transduced with either
HLA-A*3303 or -B*4403 were further tested. CTL-2A12 lysed UR3
B-LCLs when transduced with HLA-B*4403. In addition, UR3 B-
LCLs transduced with HLA-B*4402 were also recognized, indicating
that the mHA peptide can be presented by both HLA-B*4403 and
-B*4402 (Figure 1C).

Identification of the gene encoding the mHA and elucidation
of the mechanism of antigenicity

cDNA expression cloning using a cDNA library was conducted
as described in “Patients, materials, and methods, cDNA library
construction.” In the first round of screening, | of 96 plasmid
pools induced IFN-vy production by CTL-2A12. Two-step sub-
clonings (~5 cDNAs and 1 ¢cDNA) of this pool finally resulted
in the isolation of a cDNA clone (data not shown).

The ¢DNA clone was sequenced and a BLAST search®
revealed that this cDNA clone was previously unreported, but
partially identical to XM_209104. XM_209104 was designated
histocompatibility (minor) serpin domain containing (HMSD) by



