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Preparation of APC

DC were prepared as previously described with slight
modification [51]. Briefly, CD8" T cells were isolated from
PBMC using CD8 MicroBeads (Miltenyi Biotec, Bergisch
Gladbach, Germany) and stored at -135°C until use. The
CD8-depleted PBMC were suspended in 4 mL RPMI 1640
medjum supplemented with 5% human serum (MP Biomedi-
cals, Aurora, OH), 2 mM L-glutamine, 50 U/mL penicillin,
50 pg/mL streptomyecin, and 50 pg/mL kanamycin (referred
to as DC medium), and incubated for 2 h in wells of 6-well
plates at 37°C. Nonadherent cells were removed by gentle
pipetting, and the adherent cells were cultured in DC medium
in the presence of 50 ng/mL GM-CSF (Osteogenetics, Wuerz-
burg, Germany) and 10 ng/mlL IL-4 (Osteogenerics). On
days 2 and 4, half of the medium was replaced with fresh
DC medium containing GM-CSF and IL-4. On day 6, DC were
collected and electroporated for mRNA transduction. CD40-
B cells were generated as described previously [50, 52] using
NIH/3T3 human CDA40 ligand cells (kindly provided by Dr.
Freeman, Dana-Farber Cancer Institute, Boston, MA).

Plasmid construction

To construct ALMP1 [20], PCR was performed using a sense
primer 5'-aagcttgecaccATGAGTGACTGGACTGGA-3/, an anti-
sense primer 5'-ttgaattcttagtcatagtagcettagetga-3’, and EBV
strain B95-8 (NCBI accession No. V01555) ¢DNA as a template.
The resultant DNA fragment was cloned into peDNA 3.1(+)
(Invitrogen, Carlsbad, CA) using its HindlIl and EcoRI sites
(pcDNA/ALMP1). For constructing further C-terminal and N-
terminal deletion mutants of the ALMP1 gene, truncated
fragments were prepared by PCR using pcDNA/ALMPI as a
template, and cloned into the pcDNA3.1(+). To construct
some plasmids encoding short LMP1 peptide fragments, each
pair of complementary oligonucleotides were annealed and
cloned into restriction enzyme-cut pcDNA3.1(+). ALMP1 and
EGFP [50] ¢DNA were cloned into the pMSCVpuro retroviral
vector (BD Biosciences Clontech, Palo Alto, CA) to generate
pMSCVpuro/ALMP1 and /EGFP, respectively.

shRNA interference retrovirus vectors were constructed
using the RNAi-Ready pSIREN-RetroQ vector (BD Biosciences
Clontech). The following $iRNA targets were selected in this
study: ip-LMP2, AAGUGAAGGAGGUCAGGUAUA, and ip-
LMP7, AGAUUAACCCUUACCUGCUTT. The shRNA constructs
included a TTCAAGAGA Joop separating the sense and
antisense sequences followed by a 5T termination signal.
These constructs were synthesized as two complementary DNA
oligonucleotides, annealed, and ligated between the BamHI
and EcoRI sites of the vector. In addition, a negative control
siRNA annealed oligonucleotide (BD Biosciences Clontech)
was inserted into the same vector and used as a control. The
cloned genes were sequenced to verify their identity.

Retrovirus production and infection

To establish retrovirus-producing cells, pMSCVpuro/ALMP1,
pMSCVpuro/EGFP and RNAi-Ready pSIREN-RetroQ-based
vectors were packaged in PT67 cells (BD Biosciences Clontech)
using Lipofectamine 2000 (Invitrogen). LCL were infected
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with the retroviral supernatant in the presence of 8 pg/mL
polybrene (Sigma Chemical Co.), spun at 1000 x gar32°C for
1 h, and incubated at 37°C for 2 days. Thereafter, these LCL
were cultured in the presence of 0.8 pg/mL puromycin for
14 days. Expression of EGFP and ALMP1 was analyzed by FCM.
Expression of ip-LMP2 and ip-LMP7 was assessed by Western
blotting as described previously [53, 54].

Production and transduction of in vitro transcribed
mRNA

Fragments containing the T7 promoter region and the ALMP1
coding region were prepared by PCR using pcDNA/ALMP1 as a
template. The amplified DNA was used as a template for in vitro
transcription  of 5'-capped mRNA uging a mMESSAGE
mMACHINE kit (Ambion, Austin, TX) according to the
manufacturer's instructions. The 3’ polyA tail was added using
polyA polymerase (Ambion) followed by purification with an
RNeasy kit (QIAGEN, Tokyo, Japan).

Prior to electroporation, DC and CD40-B cells were washed
twice with serum-free RPMI 1640 medium and suspended to a
final concentration of 2.5%107 cells/mL. Cells in 40 pL were
mixed with 20 ug of mRNA, and electroporated in a 0.2-cm
cuvette using an Electro Square Porator ECM 830 (Harvard
Apparatus, Holliston, MA). The conditions were 450 V and
500 pS for DC and 350 V and 350 uS for CD40-B cells. After
electroporation, DC were cultured in DC medium supplemen-
ted with GM-CSF and IL-4 for 3-h, then exposed to TNF-u
(PeproTech, Rocky Hill, NJ), IL-1f (PeproTech) and prosta-
glandin E2 (Cayman Chemical Company, Ann Arbor, MI) for
maturation. CD40-B cells were immediately seeded onto
irradiated NIH/3T3 human CD40 ligand cells, and after
36-48 h used as APC.

Cell staining and FCM

Intracellular staining of LMP1 Ag was performed as previously
described with slight modification [20]. Briefly, electroporated
cells were collected and fixed with 4% paraformaldehyde in
PBS for 10 min at room temperature. After washing with PBS,
cells were permeabilized with IC Perm (BioSource Interna-
tional, Camarillo, CA) and reacted with an mAb recognizing
the C terminus of LMP1 (CS1-4; DAKO Cytomation, Glostrup,
Denmark) for 30 min at 4°C. After washing with PBS, cells
were stained with fluorescein isothiocyanate-labeled anti-
mouse IgG (H+L) Immunotech, Marseille, France) for 30 min
at 4°C. The stained cells were analyzed using a FACSCalibur
(BD Biosciences, San Jose, CA) and CellQUEST software (BD
Biosciences).

CTL induction

Stored CD8™ T cells were thawed, washed, and co-cultured
with irradiated (33 Gy) autologous ALMP1 mRNA-transduced
DC in 2 mL RPMI 1640 medium supplemented with 10%
human serum, 2 mM L-glutamine, 50 U/mL penicillin, 50 pg/
mL streptomycin, and 50 pg/mL kanamycin, in the presence of
25 ng/mLIL-7 (R&D Systems, Minneapolis, MN) and 5 ng/mL
1L-12 (R&D Systems) at 5% CO, in a humidified incubator. On
days 8 and 15, T cells were restimulated with ALMP1 mRNA-
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transduced and y-irradiated DC and CD40-B cells, respectively.
One day after each restimulation, IL-2 (Shionogi, Osaka,
Japan) was added to a final concentration of 20 U/mL. To
establish T cell clones, limiting dilution of polyclonal CTL was
performed using round-bottomed 96-well plates as previously
described [55]. After 2 wk of culture, growing wells were split
into three replicates and used as effectors in the CTL assay
against either ALMP1 mRNA- or EGFP mRNA-transduced
autologous CD40-B cells. Wells were scored as positive when
the counts per minute from ALMP1 mRNA-transduced CD40-
B cells exceeded the mean counts per minute from EGFP
mRNA-transduced CD40-B cells by three standard deviations.
Positive wells were transferred into flasks and expanded as
previously described [55].

ELISPOT assay

ELISPOT assays were performed as described earlier [48, 50,
55]. Briefly, CD8* Tcells were co-cultured with various
stimulators in wells of Multiscreen-HA plates (MAHA S4510;
Millipore, Billerica, MA) coated with anti human IFN-y mAb
(M700A; Pierce Biotechnology, Philadelphia, PA). As stimu-
lators, HLA-A*0206-positive or -negative LCL (1x10° cells/
well) or HLA-A*0206-expressing HEK-293T (referred to as
A0206-293T) cells (5x10% cells/well) transfected with plas-
mids using Lipofectamin 2000 (Invitrogen) 48 h earlier were
seeded into each well. For peptide titration assays, serial
concentrations of synthetic peptides (Greiner, Frickenhausen,
Germany) were pulsed to A0206-293T cells for 1 h at room
temperature. After probing with anti-rabbit polyclonal IFN-y
antibody (P700; Pierce Biotechnology), followed by exposure
to horseradish peroxidase-labeled anti-rabbit IgG antibody
{Genzyme, Cambridge, MA) and spots visualization, the plates
were washed and dried. IFN-y spots were enumerated using a
dissecting microscope.

CTL assay

Target cells were labeled with 50 pCi ¥*Cr for 1.5 h at 37°C,
washed, and mixed with CTL at the indicated effector-to-target
ratios in 96-well plates. After incubation for 4 or 16 h at 37°C,
the radioactivity in the supernatants was counted in a y-
counter. The percentage specific ™ Cr release was calculated as
100 x (experimental release — spontaneous release) / (max-
imum release — minimum release).

Acknowledgements: Valuable suggestions by Dr. M.
Miyazaki are highly appreciated. The authors of this
paper thank Ms. K. Nishida for her technical expertise,
and Ms. H. Tamaki and Ms. Y. Matsudaira for secretarial
assistance. This work was supported in part by Grants-
in-Aid for Scientific Research (C) (No.17590428) from the
Japan Society for the Promotion of Science; for Scientific
Research on Priority Areas (No0.17016090) from the
Ministry of Education, Culture, Science, Sports, and
Technology, Japan; for Third Team Comprehensive
Control Research for Cancer (No.30) from the Ministry
of Health, Labor, and Welfare, Japan.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Immunol. 2006. 36: 593-602

References

1 Rickinson, A. B. and Kieff, E., Epstein-Barr virus.In Fields, B. N., Knipe, D.
M. and Howley, P. M. (Eds.) Fields virology, 4th. Edn. Lippincott-Raven,
Philadelphia 2001, pp 2575-2627.

2 Kieff, E. and Rickinson, A. B, Epstein-Barr virus and its veplication.In
Fields, B. N., Knipe, D. M. and Howley, P. M. (Eds.) Fields virology,
4th. Edn. Lippincott-Raven, Philadelphia 2001, pp 2511--2573.

3 Kelly, G., Bell, A. and Rickinson, A., Epstein-Barr virus-associated Burkitt
lymphomagenesis selects for downregulation of the nuclear antigen EBNA2.
Nuat. Med. 2002, 8: 1098-1104.

4 Kelly, G. L., Milner, A. E., Tierney, R. J.,, Croom-Carter, D, S., Altmann,
M., Hammerschmidt, W., Bell, A. 1. and Rickinson, A. B., Fpstein-Barr
virus nuclear antigen 2 (EBNAZ2) gene deletion is consistently linked with
EBNA3A, -3B, and -3C expression in Burkitt's lymphoma cells and with
increased resistance to apoptosis. J. Virol. 2005. 79: 10709-10717.

o

Kimura, H., Hoshino, Y., Kanegane, H., Tsuge, I., Okamura, T., Kawa, K.
and Morishima, T., Clinical and virologic characteristics of chronic active
Epstein-Barr virus infection. Blood 2001. 98: 280-286.

6 Nagata, H., Konno, A,, Kimura, N., Zhang, Y., Kimura, M., Demachi, A.,
Sekine, T. et al., Characterization of novel natural killer (NK)-cell and
gammadelta T-cell lines established from primary lesions of nasal T/NK-cell
lymphomas associated with the Epstein-Barr virus. Blood 2001. 97: 708-713.

7 Zhang, Y., Nagata, H., Tkeuchi, T., Mukai, H., Oyoshi, M. K., Demachi, A.,
Morio, T. et al., Gommon cytological and cytogenetic features of Epstein-
Barr virus (EBV)-positive natural killer (NK) cells and cell lines derived from
patients with nasal T/NK-cell lymphomas, chronic active EBV infection and
hydroa vacciniforme-like eruptions. Br. J. Haematol 2003. 121: 805-814.

8 Demachi, A., Nagata, H., Morio, T., Oyoshi, M. K., Zhang, Y., Tabata, N.,
Kimura, N. et al., Characterization of Fpstein-Barr virus (EBV)-positive NK
cells isolated from hydroa vaceiniforme-like eruptions. Microbiol. Immunol.
2003. 47: 543-552.

9 Rooney, C. M., Smith, C. A, Ng, C. Y., Loftin, §., Li, C,, Krance, R. A.,
Brenner, M. K. and Heslop, H. E., Use of gene-modified virus-specific
T lymphocytes to control Epstein-Barr-virus-related lymphoproliferation.
Lancet 1995. 345: 9-13.

10 Heslop, H. E.,, Ng, C. Y., Li, C., Smith, C. A., Loftin, S. K., Krance, R. A,
Brenner, M. K, and Rooney, C. M., Long-term restoration of immunity
against Epstein-Barr virus infection by adoptive transfer of gene-modified
virus-specific T lymphocytes. Nat. Med. 1996. 2: 551--555.

11 Rooney, C. M., Smith, C. A., Ng, C. Y., Loftin, S. K., Sixbey, J. W., Gan, Y.,
Srivastava, D. K, et al., Infusion of cytotoxic T cells for the prevention and
treatment of Epstein-Barr virus-induced lymphoma in allogeneic transplant
recipients. Blood 1998. 92: 1549-1555.

12 Khanna, R,, Bell, 8., Sherritt, M., Galbraith, A., Burrows, S. R., Rafter, L.,
Clarke, B. et al., Activation and adoptive transfer of Epstein-Barr virus-
specific eytotoxic T cells in solid organ transplant patients with posttrans-
plant lymphoproliferative disease. Proc. Natl. Acad. Sci. USA 1999. 96:
10391--10396.

13 Comoli, P., Labirio, M., Basso, S., Baldanti, F., Grossi, P., Furione, M.,
Vigano, M. et al., Infusion of autologous Epstein-Barr virus (EBV)-specific
cytotoxic T cells for prevention of EBV-related lymphoproliferative disorder
in solid organ transplant recipients with evidence of active virus replication.
Blood 2002. 99: 2592.2598.

14 Bollard, C. M., Aguilar, L., Straathof, K. C., Gahn, B., Huls, M. H.,
Rousseau, A., Sixbey, J. et al., Cytotoxic T lymphocyte therapy for Epstein-
Barr virus* Hodgkin's disease. J. Exp. Med. 2004. 200: 1623-1633.

15 Straathof, K. C,, Bollard, C. M., Popat, U., Huls, M. H., Lopez, T., Morriss,
M. C,, Gresik, M. V. et al., Treatment of nasopharyngeal carcinoma with
Epstein-Bars virus-specific T lymphocytes. Blood 2005. 105: 1898-1904.

16 Khanna, R., Burrows, S. R., Nicholls, J. and Poulsen, L. M., Identification
of cytotoxic T cell epitopes within Epstein-Barr virus (EBV) oncogene latent
membrane protein 1 (LMP1): Evidence for HLA A2 supertype-restricted
immune recognition of EBV-infected cells by LMPl-specific cytotoxic
T lymphocytes. Eur. J. Immunol. 1998. 28: 451458,

17 Lin,C.L., Lo, W.F, Lee, T. H,, Ren, Y., Hwang, S. L., Cheng, Y. F,, Chen, C.

L. et al, Immunization with Epstein-Barr virus (EBV) peptide-pulsed
dendritic cells induces functional CD8" T-cell immunity and may lead to

www.eji.de



Eur. J. Immunol. 2006. 36: 593-602

19

20

21

22

23

24

25

26

27

28

29

30

tumor regression in patients with EBV-positive nasopharyngeal carcinoma.
Cancer Res. 2002. 62: 6952-6958.

Duraiswamy, J., Sherritt, M., Thomson, S., Tellam, J., Cooper, L.,
Connolly, G., Bharadwaj, M. and Khanna, R., Therapeutic LMP1
polyepitope vaccine for EBV-associated Hodgkin disease and nasophar-
yngeal carcinoma. Blood 2003. 101: 3150-3156.

Duraiswamy, J., Bharadwaj, M., Tellam, J., Connolly, G., Cooper, L.,
Moss, D., Thomson, S. et al., Induction of therapeutic T-cell responses to
subdominant tumor-associated viral oncogene after immunization with
replication-incompetent polyepitope adenovirus vaccine. Cancer Res. 2004.
64: 1483-1489.

Gottschalk, S., Edwards, O. L., Sili, U., Huls, M. H., Goltsova, T., Davis, A.
R., Heslop, H. E. and Rooney, C. M., Generating CTLs against the
subdominant Epstein-Barr virus LMP1 antigen for the adoptive immu-
notherapy of EBV-associated malignancies. Blood 2003. 101: 1905-1912.

Heiser, A., Dahm, P., Yancey, D. R., Maurice, M. A., Boczkowski, D., Nair,
S. K, Gilboa, E. and Vieweg, J., Human dendritic cells transfected with
RNA encoding prostate-specific antigen stimulate prostate-specific CTL
responses in vitro. J, Immunol. 2000. 164: 5508--5514.

Van Tendeloo, V. F., Ponsaerts, P., Lardon, F,, Nijs, G., Lenjou, M.,
Van Broeckhoven, C., Van Bockstaele, D. R. and Berneman, Z. N., Highly
efficient gene delivery by mRNA electroporation in human hematopoietic
cells: Superiority to lipofection and passive pulsing of mRNA and to
electroporation of plasmid ¢cDNA for tumor antigen loading of dendritic
cells. Blood 2001. 98: 49-56.

Su, Z., Dannull, J., Heiser, A., Yancey, D., Pruitt, S., Madden, J., Coleman,
D. et al., Immunological and clinical responses in metastatic renal cancer
patients vaccinated with tumor RNA-transfected dendricie cells. Cancer Res.
2003. 63: 2127-2133.

Bonehill, A., Heirman, C., Tuyaerts, S., Michiels, A., Breckpot, K.,
Brasseur, B, Zhang, Y. et al., Messenger RNA-electroporated dendritic cells
presenting MAGE-A3 simultaneously in HLA class T and class ITmolecules. J.
Immunol. 2004, 172: 6649-6657.

Zeis, M., Siegel, S., Wagner, A., Schmitz, M., Marget, M., Kuhl-
Burmeister, R., Adamazik, 1. et al., Generation of cytotoxic responses in
mice and human individuals against hematological malignancies using
sarvivin-RNA-transfected  dendritic  cells. J. Immunol 2003, 170:
5391-5397.

Hammerschmidt, W., Sugden, B. and Baichwal, V. R., The transforming
domain alone of the latent membrane protein of Epstein-Barr virus is toxic to
cells when expressed at high levels. J. Virol 1989. 63: 2469-2475.

Frisan, T., Levitsky, V. and Masueci, M. G., Variatiops in proteasome
subunit composition and enzymatic activity in B-lymphoma lines and normal
B cells. Int. J. Cancer 2000. 88: 831-888.

Morel, 8., Levy, F., Burlet-Schiltz, O., Brasseur, F., Probst-Kepper, M.,
Peitrequin, A. L., Monsarrat, B. et «l., Processing of some antigens by the
standard proteasome but not by the immunoproteasome results in poor
presentation by dendritic cells. Immunity 2000. 12: 107-117.

Hisamatsu, H., Shimbara, N., Saito, Y., Kristensen, P., Hendil, K. B.,
Fujiwara, T., Takahashi, E. et al., Newly identified pair of proteasomal
subunits reg ulated reciprocally by interferon gamma. J. Exp. Med. 1996. 183:
1807-1816.

Lautscham, G., Haigh, T., Mayrhofer, S., Taylor, G., Croom-Carter, D.,
Leese, A., Gadola, 8. et al, Identfication of a TAP-independent,
immunoproteasome-dependent CD8" T-cell epitope in Epstein-Barr virus
latent membrane protein 2. J. Virol. 2003. 77: 2757-2761.

Schultz, E. S., Chapiro, J., Lurquin, C., Claverol, S., Burlet-Schiltz, O.,
Warnier, G., Russo, V. et al., The production of a new MAGE-3 peptide
presented to cytolytic T lymphocytes by HLA-B40 requires the immuno-
proteasome. J. Exp. Med. 2002. 195: 391--399.

Hill, A. B., Lee, §. P, Haurum, J. S., Murray, N,, Yao, Q. Y., Rowe, M.,
Signoret, N. et al, Class I major histocompatibility complex-restricted
cytotoxic T lymphocytes specific for Epstein-Barr virus (EBV)-transformed
B lymphoblastoid cell lines against which they were raised. .J. Exp. Med.
1995. 181: 2221-2228.

Kagami, Y., Nakamura, S., Suzuki, R,, lida, ., Yatabe, Y., Okada, Y.,
Kobayashi, T. et al., Establishment of an 1l.-2-dependent cell line derived
from 'nasal-type' NK/T-cell lymphoma of CD2*, sCD3", CD3epsilon™, CD56™"

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

5¢

Immunity to infection

phenotype and associated with the Epstein-Barr virus. Br. J. Haematol. 1998.
103: 669-677.

Levitskaya, J., Coram, M., Levitsky, V., Imreh, S., Steigerwald-Mullen, P.
M., Klein, G., Kurilla, M. G. and Masucci, M. G., Inhibition of antigen
processing by the internal repeat region of the Epstein-Barr virus nuclear
antigen-1. Nature 1995. 375: 685-688.

Voo, K. 8., Fu, T, Wang, H. Y., Tellam, J., Heslop, H. £, Brenner, M. K.,
Rooney, C. M. and Wang, R. F., Evidence for the presentation of major
histocompatibility complex class I-restricted Epstein-Barr virus nuclear
antigen 1 peptides to CDS™ T lymphocytes. J. Exp. Med. 2004. 199:
459-470.

Lee, S. P, Brooks, J. M., AlJarrah, H., Thomas, W. A., Haigh, T. A,
Taylor, G. §., Hume, S. et al,, CD8 T cell recognition of endogenously
expressed Epstein-Barr virus nuclear antigen 1. J. Exp. Med. 2004. 199:
1409-1420.

Tellam, J., Connolly, G., Green, K. J., Miles, J. J., Moss, D. J., Burrows, S.
R. and Khanna, R., Endogenous presentation of CD8™ T cell epitopes from
Epstein-Barr virus-encoded nuclear antigen 1. J. Exp. Med. 2004. 199:
1421-1431.

Nair, 8. K., Boczkowski, D., Morse, M., Cumming, R. L, Lyerly, H. K. and
Gilboa, E., Induction of primary carcinoembryonic antigen (CEA)-specific
cytotoxic T lymphocytes in vitro using human dendritic cells transfected
with RNA. Nat. Biotechnol. 1998. 16: 364-369.

Heiser, A., Coleman, D., Dannull, J., Yancey, D., Maurice, M. A, Lallas, C.
D., Dahm, P. et al., Autologous dendritic cells transfected with prostate-
specific antigen RNA. stimulate CTL responses against metastatic prostate
tumors. J. Clin. Invest. 2002. 109: 409-417.

Bonehill, A., Heirman, C., Tuyaerts, S., Michiels, A., Zhang, Y.,
van der Bruggen, P. and Thielemans, K., Efficient presentation of known
HLA class IT-restricted MAGE-A3 epitopes by dendritic cells electroporated
with messenger RNA encoding an invariant chain with genetic exchange of
class Tl-associated invariant chain peptide. Cancer Res. 2003. 63:
5587-5594.

Saeboe-Larssen, S., Fossberg, E. and Gaudernack, G., mRNA-based
clectrotransfection of human dendritic cells and induction of cytotoxic
T lymphocyte responses against the telomerase catalytic subunit (WTERT).J.
Immunol. Methods 2002. 259: 191-203.

Su, Z., Vieweg, J., Weizer, A. Z., Dahm, P., Yancey, D., Turaga, V., Higgins,
J. et al., Enhanced induction of telomerase-specific CD4(+) T cells using
dendritic cells wansfected with RNA encoding a chimeric gene product.
Cancer Res. 2002. 62: 50415048,

Meij, P., Leen, A., Rickinson, A. B., Verkoeijen, S., Vervoort, M. B.,
Bloemena, E. and Middeldorp, J. M., Identification and prevalence of
CD8(+) T-cell responses directed against Epstein-Barr virus-encoded latent
membrane protein 1 and latent membrane protein 2. Int. J. Cancer 2002.
99: 93-99.

Duraiswamy, J., Burrows, J. M., Bharadwaj, M., Burrows, S. R., Cooper,
L., Pimtanothai, N. and Khanna, R., Ex vivo analysis of T-cell responses to
Epstein-Barr virus-encoded oncogene latent membrane protein 1 reveals
highly conserved epitope sequences in virus isolates from diverse geographic
regions. J. Virol. 2003. 77: 7401--7410.

Marshall, N. A,, Vickers, M. A. and Barker, R. N., Regulatory T cells
secreting IL-10 dominate the immune response to EBV latent membrane
protein 1. J. Immunol. 2003. 170: 6183-6189.

Peng, G., Guo, Z., Kiniwa, Y., Voo, K. §., Peng, W,, Fu, T., Wang, D. Y. et
al., Toll-like receptor 8-mediated reversal of CD4* regulatory T cell
function. Science 2005. 309: 1380-1384.

Fujimoto, T., Duda, R. B., Szilvasi, A., Chen, X., Mai, M. and O'Donnell,
M. A., Streptococcal preparation OK-432 is a potent inducer of 11.-12 and a
T helper cell 1 dominant state. J. mmunol. 1997. 158: 5619-5626.

Kuzushima, K., Hoshino, Y., Fujii, K., Yokoyama, N., Fujita, M., Kiyono,
T., Kimura, H. et al., Rapid determination of Epstein-Barr virus-specific
CD8(+) T-cell frequencies by flow cytometry. Blood 1999. 94: 3094-3100.

Akatsuka, Y., Goldberg, T. A., Kondo, E., Martin, E. G., Obata, Y.,
Morishima, Y., Takahashi, T. and Hansen, J. A., Efficient cloning and
expression of HLA class 1 cDNA in human B-lymphoblastoid cell lines. Tissue
Antigens 2002. 59: 502-511.

Kondo, E., Topp, M. 8., Kiem, H. P., Obata, Y., Morishima, Y., Kuzushima,
K., Tanimoto, M. et al., Efficient generation of antigen-specific cytotoxic

www.eji.de




602

Ayako Demachi-Okamura et al.

51

52

T cells using retrovirally transduced CD40-activated B cells. J. Immunol.
2002. 169: 2164-2171.

Dauer, M., Obermaier, B., Herten, J., Haerle, C., Pohl, K., Rothenfusser,
S., Schourr, M. et al., Mature dendritic cells derived from human monocytes
within 48 hours: A novel strategy for dendritic cell differentiation from
blood precursors. J. Immunol. 2003. 170: 4069-4076.

Schultze, J. L., Michalak, S., Seamon, M. J., Dranoff, G, Jung, K., Daley,
I, Delgado, J. C. et al, CD40-activated human B cells: An alternative
source of highly efficient antigen presenting cells to generate auwtologous
antigen-specific T cells for adoptive immunotberapy. J. Clin. Invest. 1997.
100: 2757-2765.

Schwarz, K., van den Broek, M., Kostka, S., Kraft, R., Soza, A.,
Schmidtke, G., Kloetzel, P. M. and Groettrup, M., Overexpression of

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

54

55

Eur. J. Immunol. 2006. 36: 593-602

the proteasome subunits LMP2, TMP7, and MECL-1, but not PA28 alpha/
beta, enhances the presentation of an immunodominant lymphocytic
choriomeningitis virus T cell epitope. J. Immunol. 2000. 165: 768-778.

Tajima, K., Ito, Y., Demachi, A., Nishida, K., Akatsuka, Y., Tsujimura, K.,
Hida, T. et al., Interferon-gamma differentally regulates susceptibility of
lung cancer cells to telomerase-specific cytotoxic T lymphocytes. Int. J.
Cancer 2004. 110: 403-412.

Kuzushima, K., Hayashi, N., Kimura, H. and Tsurumi, T., Efficient
identification of HLA-A*2402-restricted cytomegalovirus-specific CD8(+)
Tcell epitopes by a computer algorithm and an enzyme-linked immunospot
assay. Blood 2001. 98: 1872-1881.

www.eji.de



JournaL OF VIROLOGY, Jan. 2006, p. 883-890
0022-538X/06/$08.00-+0  doi:10.1128/JV1.80.2.883-890.2006

Vol. 80, No. 2

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Three Immunoproteasome-Associated Subunits Cooperatively Generate
a Cytotoxic T-Lymphocyte Epitope of Epstein-Barr Virus LMP2A by
Overcoming Specific Structures Resistant to Epitope Liberation

Yoshinori Ito," Eisei Kondo Ayako Demachi-Okamura,’ Y()Shlkl Akatsuka,' Kunio Tsujimura,’

Mitsune Tanimoto,? Yasuo Morishima,® Toshitada Idkahashl

and Klyotaka Ku/ushnna

Division of Immunology, Aichi Cancer Center Research Institute, Nagoya, Japan®; Deparntment of Internal Medicine 1,

Okayama University Graduate School of Medicine and Dentistry, Okayama, Jap(m~ and
Department of Cell Therapy, Aichi Cancer Center Hospital, Nagoya, Japan®

Received 17 June 2005/Accepted 19 October 2005

The precise roles of gamma interferon-inducible immunoproteasome-associated molecules in generation of
cytotoxic T-lymphocyte (CTL) epitopes have yet to be fully elucidated. We describe here a unique epitope
derived from the Epstein-Barr virus (EBV) latent membrane protein 2A (LMP2A) presented by HLA-A¥2402
molecules. Generation of the epitope, designated LMP2A,,, 53, from the full-length protein requires the
immunoproteasome subunit low-molecnlar-weight protein 7 (ip-LMP7) and the proteasome activator 28-«
subunit and is accelerated by ip-LMP2, as revealed by gene expression experiments using an LMP2A,,, 534
specific CTL clone as a responder in enzyme-linked immunospot assays. The unequivocal involvement of all
three components was confirmed by RNA interference gene silencing. Interestingly, the LMP2A,,, ., epitope
could be efficiently generated from incomplete EBV-LMP2A fragments that were produced by puromycin
treatment or gene-engineered shortened EBV-LLMPZA lacking some of its hydrophobic domains. In addition,
epitope generation was increased by a single amino acid substitution from leucine to alanine immediately
flanking the C terminus, this being predicted by a web-accessible program to increase the cleavage strength.
Taken together, the data indicate that the generation of LMP2A,,, 53, is influenced not only by extrinsic
tactors such as immunoproteasomes but also by intrinsic factors such as the length of the EBV-LMP2A protein

and proteasomal cleavage strength at specific positions in the source antigen.

Cytotoxic T lymphocytes (CTLs) recognize short peptide
products processed {rom target proteins and presented by ma-
jor histocompatibility complex (MHC) class I molecules. The
first step in protein processing in the cytosol is cleavage by
proteasomes, proteolytic complexes playing a critical role in
the antigen processing pathway. Resultant peptides are trans-
located by the transporters associated with antigen processing
into the endoplasmic reticulum, where they assemble with
newly synthesized MHC class I molecules for transportation to
the cell surface (12, 28, 33). Proteasome catalytic activity is
exerted by the 208 core proteasome, a cylindrical structure
composed of four stacked rings. The outer two rings cousist of
seven different « subunits, and the inner rings consist of seven
different B-type subunits. Enzymatic activity is mediated by
three of the B subunits, designated B1 (Y/8), B2 (Z/MC14),
and B5 (X/MB1) (33). Exposure of cells to gamma interferon
(IFN-v) during immune responses alters the proteasome ac-
tivity qualitatively and quaatitatively with the induction of
three newly synthesized immunoproteasome B subunits, low-
molecular-weight protein 2 (ip-LMP2) or Bli, multicatalytic
endopeptidase complex-like 1 (MECL~1) or B2i, and ip-LMP7
or B5i. These become incorporated interdependently and re-
place the three constitutive B subunits in newly assembled
immunoproteasomes (14, 22, 24). The expression of ip-LMP7

* Corresponding author. Mailing address: Division of Immunology,
Aichi Cancer Center Research Institute, 1-1 Kanokoden, Chikusa-ku,
Nagoya 464-8681, JTapan. Phone: 81-52-764-2990. Fax: 81-32-764-2990.
E-mail: kkuzushi@aichi-cejp.

883

and/or ip-LMP2 is known to alter the proteasomal cleavage
specificity for virus- and tumor-associated antigens (15, 39).
Furthermore, the incorporation of ip-ILMP7 is sufficient to
alter cleavage properties of proteasomes although the role of
its catalytic site remains unclear (8, 36, 38, 40). The expression
of ip-IL.MP2 alone or with ip-IL.MP7 is also reported to change
cleavage specificity (1, 19, 23), and effects of the two subunits
have been observed in each subunit’s knockout mice (4, 7, 45).
Besides its effects on immunoproteasomes, [FN-y up-regu-
lates expression of the proteasome activator 28 (PA28), which
consists of two different subunits, o and B, that form a hep-
tameric ring that binds to proteasomes and is thought to in-
crease their rate of cleavage (39). Regarding contributions to
epitope liberation, effects of the o subunit have been observed
(10, 41) but findings are limited regarding the B subunit (41).
Elucidating differential effects of the three immunoproteasome
subunits and two PA28 subunits is clearly important for a
better understanding of generation of CTL epitopes.
Recently, defective ribosomal products (DRiPs) from newly
synthesized proteins, which are rapidly ubiquitylated and de-
graded by proteasomes, were shown to be the main sources of
antigenic peptides (29, 35, 48, 49); this suggests that antigen
structures are critical for efficient processing by proteasomes.
While almost every amino acid residue can serve as a cleavage
site, there are certain preferences (25, 27, 44). Because the C
terminus of the CTL epitope is precisely determined by the
proteasome, cleavage strength at specific positions, such as that
immediately flanking the C terminus of the epitope, reaily
affects epitope generation (14, 34). In fact, mutation in the
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flanking region of epitopes has been shown to impair the pro-
cessing by proteasomes (2, 37). Thus, structural features play
an important role in epitope liberation and could influence the
working of the five immunoproteasome-associated subunits.

We have previously shown the generation of an HLA-
A*2402-restriced CTL. epitope in the Epstein-Barr virus
(EBV) latent membrane protein 2A (EBV-LMP2A), amino
acids 222 to 230 (referred to as LMP2A,,, 550), to be depen-
dent on IFN-y exposure (18). Differential expression of ip-
ILMP2, MECIL-1, ip-L.MP7, PA28a, and PA28( in various
combinations has allowed us to selectively address the role of
each subunit in the processing of the epitope independently of
other IFN-y-inducible proteins, and we have established that
the generation of LMP2A,5, 53 Is cooperatively controlled by
interplay among ip-LMP2, ip-LMP7, and PA28x. Moreover,
these observations were supported by the results of RNA in-
terference experiments. We have now extended our studies to
demonstrate that LMP2A structural factors influence epitope
liberation in various target cells.

MATERIALS AND METHODS

CTL clones and epitopes. EBV-specific CTL lines and clones were established
as described earlier (18). Briefly, EBV-specific T-cell lines were generated
from peripheral blood mononuclear cells after stimulation with HLA-
A*2402-transfected, TAP-negative T2-A24 cells (18) pulsed with each epitope
peptide or autologous EBV-carrying lymphoblastoid cell lines (LCLs). After
several rounds of stimulation, CTL clones were established by a limiting dilu-
tion method. A polyclonal CTL line that was specific to the epitope
LMP2A 10457 (TYGPVEMCL) (21) was designated LMP2A 15.427-CTL, and
CTL clones that were specific to the epitope LMP2Ag,0 230 (IYVLVMLVL) (18)

Cell lines. T2-A24 cells were cultured in RPMI 1640 medium (Sigma, St.
Louis, MO) supplemented with 10% fetal calf serum, 2 mM r-glutamine, 50 U/ml
penicillin, 50 wg/ml streptomycin,. and 800 pg/m! of G418 (Iavitrogen Corp.,
Carlsbad, CA). HLA-A*2402-positive L.CLs and PT67 cells (BD Bioscience
Clontech, Palo Alto, CA), retroviral packaging cell lines, were cultured in RPMI
1640 medium (Sigma, St. Louis, MO) supplemented with 10% fetal calf serum,
2 mM v-glutamine, 50 U/ml penicillin, 50 pg/ml streplomycin, and 50 pg/ml of
kanamycin (referred to as LCL medium). HLA-A*2402-positive 1.CLs express-
ing short hairpin RNA (shRNA) were maintained in LCL medium in the pres-
ence of 0.8 wo/ml of puromyein. HEK293 T cells (referred 10 as 293T; American
Type Culture Collection, Manassas, VA) and HLA-A*2402-positive dermal fi-
broblast cell lines were cultured in Dulbecco’s modified Eagle’s medium (Sigma)
supplemented with 10% fetal calf serum, 2 mM r-glutamine, 50 U/ml penicillin,
and 50 pg/ml streptomyein.

Expression vectors, Plasmids expressing various lengths of EBV-IL.MP2A and
EBNA3A, from full-length proteins to minimal epitopes, were constructed as
described previously (16, 18). Full-length HLA-A*2402, ip-LMP2, ip-LMP7,
MECL-1, PA28q, and PA28[ were amplified by reverse transcriptase (RT)-PCR
from HLA-A*2402-positive LCLs, cloned into the pcDNA3.1(+ ) vector (Invitro-
gen Corp.), and sequenced. A plasmid containing a mutant EBV-LMP2A gene
with alanine substituted for leucine at position 231 was constructed by PCR-
based mutagenesis as described previously (16). This single amino acid substi-
tution was intended to increase the proteasome cleavage strength, as predicted
with the Prediction Algorithm for Proteasomal Cleavages I program (PAProC
version 1.0; hitp:/www.paproc.de/) (17, 26).

Transduction of 2937 cells. The plasmids encoding HI.A-A*2402 and EBV-
LMP2A and at least one of those expressing ip-LMP2, ip-LMP7, MECI-1,
PA28a, or PA28B were transfected into 2937 cells using TransIT-293 transfec-
tion reagents (Mirus, Madison, WI). Briefly, 3 x 10° cells were transfected with
100 ng of each plasmid and 0.2 pl TransIT reagent per 100 ng DNA in various
combinations in 96-well plates. After 24 h, these cells were used as stimulators in
the enzyme-linked immunospot (ELISPOT) assay.

shRNA inferference retrovirus vectors, The following small interfering RNA
targels were selecled in this study: ip-LMP2, AAGUGAAGGAGGUCAGGU
AUA; ip-LMP7, AGAUUAACCCUUACCUGCUTT; and PA28a, AAGCCA
ACUUGAGCAAUCUGA. shRNA constructs included a TTCAAGAGA-loop
separating the sense and antisense sequences followed by a 5T termination
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signal. These consiructs were synthesized as two cDNA oligonucleotides, an-
nealed, and ligated between the BamHI and FcoRl sites of the RNA{-Ready
PSIREN-RetroQ vector (BD Biosciences Clontech). In addition, oligonucleo-
tides with sequences selected by the company (BD Biosciences Clontech) as a
negative control for gene silencing were annealed and inserted into the same
vector.

Retrovirus production and infection. PT67 cells were plated on six-well culture
plates, and a 4-pg aliquot of each retrovirus vector plasmid was transfected with
Lipofectamine 2000 (Invitrogen Corp), according to the manufacturer’s instruc-
tions. After culture in the presence of 2.5 pwg/ml of puromycin for 14 days, the
cells were incubated in medium without puromycin for another 48 I. The culture
supernatant was collected, and debris was removed by centrifugation at 1,000 %
£ for 10 min. A total of | % 10° LCLs were suspended in 1 ml of the virus-
containing culture supernatant in each well of a 12-well plate, and polybrene was
added to a final concentration of 10 pg/ml. Plates were centrifuged at 1,000 * g
at 32°C for 1 h and incubated at 37°C in a humidified incubator. The LCLs were
then cultured in medium containing puromycin for 14 days. FExpression of ip-
LMP2, ip-LMP7, or PA28« in these 1.CLs was analyzed by Western blotting and
RT-PCR for gene silencing.

Western blofting, Western blotting was performed as described previously
with slight modifications (42). Briefly, aliquots of 130 pg protein were applied to
sodivm dodecyl sulfate-12% polyacrylamide gel electrophoresis, blotted onto
Immobilon-P membranes (Millipore Corporation, Bedford, MA), blocked with
phosphate-buffered saline containing 10% low-[at dry milk and 0.1% Tween 20
overnight at 4°C, and probed with rabbit polyclonal antibodies specific to ip-
LMP2, ip-LMP7, and PA28« (Affinity, Mamhead, United Kingdom), followed by
peroxidase-conjugated goat anti-rabbit immunoglobulin G (Zymed, San Fran-
cisco, CA). Proteins were visualized using an ECL Western blot detection system
(Amersham Biosciences, Buckinghamshire, United Kingdom).

RT-PCR. Total RNA was extracted from L.CLs and reverse transcription was
performed in 20-pl reactions containing random hexamers and 1-pg aliquots.
The specific primer sets used to detect ip-LMP2, ip-LMP7, and PA28x were as
follows: ip-LMP2 forward, 5'-GGTGGTGAACCGAGTGTTTGA-3"; ip-LMP2
reverse, 5'-GCCAAAACAAGTGGAGGTTCC-3; ip-LMP7 forward, 5'-GAT
TGCAGCAGTGGATTCTCG-3"; ip-LMP7 reverse, 5-GACATGGTGCCA
AGCAGGTAA-3" PA28a forward, 5-ACCAAGACAGAGAACCTGCTCG-3,
and PA28« reverse, 5-GGCCTTCAGATTGCTCAAGTTG-3".

ELISPOT assays. BLISPOT assays were performed as previously described
(18). In brief, a MultiScreen-HA plate (Millipore) was coated with anti-human
LFN-y monoclonal antibody (Endogen, Rockford, 1) and used as the assay
plate. The following stimulator cells in 100 pl of LCL medium were seeded into
the wells: (i) 293T cells cotransfected with plasmids expressing HLLA-A*2402 and
those expressing various lengths of EBV-LMP2A (in some experiments, cells
were treated with puromycein at 1 pg/mi for 30 min); (if) 2937 cells cotransfected
with plasmids encoding HLA-A*2402 and EBV-LMP2A and at least one of
those two expressing ip-LMP2, ip-LMP7, MECL-1, PA28«, or PA28b; and (jii)
L.CLs transduced by retrovirus vectors expressing shRNA for either ip-LMP2,
ip-LMP7, or PA28a.

LMP2A5; 230-CTLs or LMP2A19 45-CTLs in 100 pl medium were intro-
duced into each well and incubated for 20 h. To visualize spots, anti-human
TFN-y polycional antibody (Endogen), horseradish peroxidase-conjugated goat

“anti-rabbit immunoglobulin G (Zymed) and substrate were used. All assays were

performed in duplicate.

RESULTS

LMP2A,,, 539 I8 not presented on target cells expressing
full-length EBV-LMP2A. The LMP2A ;4.4,-CTL responded
to 293T cells pulsed with the epitope peptide and 1o those
expressing full-length EBV-LMP2A cotransfected with HILA-
A*2402. However, the LMP2A 5, 550-CTL responded to 293T
cells expressing the minimal epitope, but not full-length EBV-
LMP2A, cotransfected with HLA-A*2402 (Fig. 1).

As we reported previously, IFN-y-treated fibroblasts trans-
duced with full-length EBV-LMP2A were recognized by
LMP2A,55 230-CTL, showing LMP2A,,, 53, to be an TFN-y-
dependent epitope. This suggested that TFN-y-induced immu-
noproteasome and PA28 subunits generate LMP2A,,, 15 in
the target cells (18).
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FIG. 1. EBV-specific CTL recognition of target cells measured by
the ELISPOT assay. The epitope LMP2A,,, .., is not presented on
293T cells expressing full-length EBV-LMP2A while LMP2A ;9407 is
presented on these cells. LMP2A,5, 25,-CTL is the clone specific for
LMP2A435 550, and LMP2A, 4 ,~CTL is a polyclonal CD8™ T-cell
line specific to LMP2A4;o 409. 2937 cells were cotransfected with plas-
mids expressing HLA-A*2402 and full-length EBV-LMP2A or pulsed
with the epitope peptide. CD8™ T cells (200/wvell) were cultured with
the indicated stimulators for 20 h. Data from one representative ex-
periment out of three are shown. Each bar demonstrates the average
number of spots in duplicate wells.

LMP2A,,, .- CTL

Generation of LMP2A,,, ;+, requires the immunoprotea-
some subumit ip-LMP7 and PA28c and is enhanced by ip-
LMP2. To investigate whether immunoproteasome-associated
molecules are involved in generating the LMP2A,,, .5, epitope,
we examined the effect of each proteasome immunosubunit (ip-
LMP2, ip-LMP7, and MECI-1) and PA28 subunit (PA28« and
PA28B) in 293T cells that dominantly have a standard protea-
some. First, 2937T cells were cotransfected with plasmids encoding
HLA-A*2402, the full-length BEBV-LMP2A, and immunoprotea-
some-associated molecules in various combinations, as shown in
Fig. 2A. We then evaluated epitope liberation using the FLIS-
POT assay. Surprisingly, three molecules were found to be in-
volved in the generation of LMP2A,4, 2300 ip-LMP7 and PA28«
subunits were required, and the ip-LMP2 subunit euhanced its
recognition (Fig. 2A). We confirmed the expression of ip-LMP2,
ip-LMP7, and PA28x by Western blotting (Fig. 2B).

Inhibition of ip-LMP2, ip-LMP7, and PA28« expression
in LCLs by RNA interference decreases the generation of
LMP2A,;; 530 in target cells. 1.CLs predominantly have im-
munoproteasomes (24), and the LMP2A,,, ,.,-CTL have rec-
ognized HLA-A*2402-positive 1.Cls, as we reported previ-
ously (18). To examine whether ip-LMP2, ip-LMP7, or PA28«
is most directly involved in the generation of IMP2A,0, 430,
we evaluated the epitope liberation in LCLs in which the
expression of each subunit was separately inhibited using a
gene-silencing technique. HLA-A*2402-positive L.CLs were in-
fected with retrovirus vectors expressing shRNAs for ip-LMP2,
ip-L.MP7, or PA28x and assessed for the expression of each
subunit by Western blotting (Fig. 3A, B, and C) and RT-PCR
(data not shown). Then, generation of the LMP2A,,, 530
epitope was probed with epitope-specific CTL using the
ELISPOT assay. As expected, epitope liberation was clearly
decreased with the inhibition of ip-LMP2, ip-LMP7, or
PAZ28ax expression (Fig. 3A, B, and C), demonstrating de-
finitive involvement of all three molecules in the generation
of LMP2A,,, 550 To test whether the generation of IFN-y-
independent EBV-LMP2 epitope was influenced in these
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FIG. 2. Involvement of immunoproteasome and PA28 subunits in
the generation of LMP2A,,, .., as analyzed by the ELISPOT assay.
(A) Generation of LMP2A,,, s, requires three immunoproteasome-
associated molecules. 203T cells were cotransfected with plasmids en-
coding HLA-A*2402, full-length EBV-L.MP2A, and at least one im-
munoproteasome-associated molecule (ip-LMP2, ip-1L.MP7, MECL-1,
PA28c¢, and PA2SB). LMIP2A,5; 55,-CTLs were cultured with stimu-
fators for 20 h as described in Materials and Methods. Data from one
representative experiment out of three are shown. Data are means plus
or minus standard deviation (SD) of spots in duplicate wells. The
arrows indicate noteworthy results. +, presence of immunoproteasome
or subunit. (B) Expression of ip-LMP2, ip-1.MP7, and PA28« in 293T
cells transfected with corrresponding expression vectors. 2937 cells
were transfected with each of three plasmids or with all these vectors.
Expression of each subunit was analyzed by Western blotting. “Single
vector-transfected” represents the 2937T cells transfected with each
plasmid encoding ip-LMPZ, ip-LMP7, or PA28« and “three vectors
cotransfected” represents the 2937T cells cotransfected with the
three plasmids. Results of one representative experiment out of two
are shown.

L.CLs transfected with shRNA expression vectors for ip-
LMP2, ip-LMP7, or PA28x, we investigated the generation
of LMP2A ;4 44, using the BELISPOT assay. We found that
there were no significant differences in the processing of this
epitope. (data not shown).

Incomplete or shortened EBV-LMP2A results in efficient
generation of LMP2A,,, 53, in target cells. Recently, DRiPs
have been reported to be major sources of C1T. epitopes (43, 46),
suggesting that incomplete antigen proteins allow efficient pro-
cessing. To test this possibility with regard to LMP2A, 5 534, 2931



886 ITO ET AL

A

J. ViroL.

RNAI
Ip-LMP2
50
3 a0 T %0 T
: : L
s g% s
2 20 2 20 2 20
7] @ [
10 10 10
Control RNAI Control RNAI Control RNAI
A*2402+ LCL A*2402+ LCL A*2402+ LCL

FIG. 3. Generation of LMP2Asy; 4y, is inhibited by RNA interference (RNAi) products targeting ip-LMP2 (A), ip-LMP7 (B), or PA28«

(C) expression. Immunoproteasome-expressing HLA-A*2402-positive LC

Ls were infected with retrovirus vectors expressing shRNA for ip-LMP2,

ip-LMP7, or PA28c. As a control stimulator, an LCL infected with a retrovirus vector expressing a nonsilencing ShRNA was used. Inhibition of
each subunit expression in shRNA-expressing 1.CLs was analyzed by Western blotting. LMP2Ay, 55-CTL (5 X 103 cellspwell) was cultured with
cach shRNA-transduced LCL for 20 h. Results of one representative experiment out of two are shown. Data are means plus or minus SD of spots
in duplicate wells. —, absence of immunoproteasome or subunit; -+, presence of immunoproteasome or subunit.

cells transduced with HILA-A*2402 and full-length EBV-LMP2A
together with ip-LMP7 and/or PA28a were treated with puromy-
cin for 30 min to generate short-lived premature proteins (6,
13, 47). We then analyzed the generation of LMP2A,,, ., by
ELISPOT assay. As shown in Fig. 4A, puromycin treatment re-
markably augmented LMP2A,,, 555-CTL recognition on the cells
expressing ip-LMP7 and PA28«. Interestingly, puromycin was
capable of substituting either effect of ip-LMP7 and PA28w.

Next, we introduced truncated EBV-LMP2A of different
lengths starting from isoleucine at position 222, the first amino
acid of LMP2A,,, 520, into expression vectors (Fig. 4B). The
fected with vectors encoding HLA-A*2402 and each truncated
EBV-LMP2A without immunoproteasomes and PA28 sub-
units. Interestingly, the shortest EBV-LMP2A antigen was
processed most efficiently and all truncated EBV-LMP2A an-
tigens could be processed to generate LMP2A,,, »s, without
the aid of immunoproteasomes and PA28 (Fig. 4C). These
data clearly demonstrated that the efficiency of IMP2A,, 230
generation is, at least in part, dependent on the length of the
source protein.

Substitution of amino acid immediately flanking the C ter-
minus of LMP2A,,, ,5, increasing the proteasome cleavage
strength, results in efficient generation of LMP2A,,, ,3, in
target cells. Finally, we investigated whether the amino acid
cleavage strength at a specific position affects the processing of
the LMP2A,,, 55, epitope. To determine the cleavage strength
of each amino acid in EBV-LMP2A, the program PAProC was
used (hup:/fwww.paproc.def). We focused on the cleavage
strength, which js critical for epitope generation, of amino
acids in the position immediately flanking the C termini of
CTL epitopes (14, 34). First, we constructed a plasmid con-
taining a mutant full-length LMP2A gene in which alanine
replaced leucine at position 231; this was predicted to increase
the cleavage strength after leucine at position 230, ie., the C
terminus of LMP2A,,, o, (Fig. SA). It was thought that this

somes. Target 293T cells were cotransfected with vectors en-
coding HLA-A*2402, ip-LMP7, PA28a, and the mutant EBV-
LMP2A, and LMP2A,p, 550-CTL recognition was evaluated
using the BLISPOT assay. A remarkable increase was evident
for cells expressing ip-LMP7 and PA28w (Fig. SB), suggesting
the processing of LMP2A,s, 230 to be accelerated by the
amino acid substitution at the specific position in the EBV-
LMP2A antigen.

DISCUSSION

IFN-y induces cells to express the proteasome subunits ip-
LMP2, MECI-1, and ip-LMP7, leading to the formation of
immunoproteasomes and the proteasome activator subunits
PA28x and PA28B, comprising the activator complex. Barly
experiments with IFN-y-treated cells demonstrated the gener-
ation of a number of epitopes to be affected by immunopro-
teasomes and PA28 (15, 32, 44). Immunoproteasomes have
various cleavage site preferences as well as cleavage rates for
the generation of some epitopes, while PA28 up-regulates
epitope liberation via conformational changes within the pro-
teasome 208 complex. Following the discovery that the influenza
virus matrix-derived epitope required ip-LMP7 expression for its
generation (3), the involvement of imununoproteasomes and
PA28 subunits with different CTL epitopes received much at-
tention. The results of the studies that investigated the effect of
at least two immunoproteasome-associated molecules in the
generation of CTL epitopes are summarized in Table 1 (1, 8,
10,19, 23, 36, 38, 40, 41). The combination patterns of the five
immunoproteasome-associated subunits fall into three catego-
ries. (i) PA28 alone, (ii) ip-LMP7 alone, and (iii) both ip-
LMP2 and ip-LMP7 exerted the epitope generation. Tt has
been hypothesized that immunoproteasomes and PA28 coop-
erate in antigen processing, but direct experimental evidence
has hitherto been lacking. In this study, we found that the
IMP2A,,, 020 epitope has two unique features. First, coex-

pression of ip-LMP7 and one PA28 subunit is necessary for its
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FIG. 4. Generation of LMP2A,,, 5, from incomplete and shortened
EBV-LMP2A as analyzed by ELISPOT assay. (A) LMP2A,5, 5.-CTL
recognition of puromycin-treated (1 pwg/ml for 30 min) or untreated target
cells expressing EBV-LMP2A. 293T cells, cotransfected with plasmids
encoding HLA-A*2402, full-length BBV-LMP2A, ip-LMP7, and/or
PA28, were cultured with LMP2Ays, 5 -CTL (1 X 10% cellspvell) for 20 h.
For Ip-LMP7 and PA28 lanes, “-+7 indicates the presence of the immu-
noproteasome or subunit. (B) The length and structure of the truncated
EBV-IMP2A fragments. Numbers of transmembrane domains (TDs)
following LMP2A,,, ., in the fragments are shown; e.g., +3TD indicates
fragment LMI2A,,, 55, plus three transmembrane domains. Fach TD lo-
cated from the C terminus of LMP2A,,, 54, s serially numbered. M,
methionine. (C) LMP2A,,; 555-CTL recognition of target cells expressing
truncated EBV-LMP2A fragments in the absence of immunoprotea-
somes. The 293T cells were cotranstected with expression vectors encod-
ing HLA-A*2402 and one truncated EBV-IMP2A and cultured with
LMP2A,55 2 CTL (1 X 10° cellsavell) for 20 h. Numbers of amino acids
and transmembrane domains (TDs) following LMP2A,,, 5, in the frag-
ments are shown, e.g., +3aa indicates fragment LMP2A,,, 55, plus five C-
terminal amino acids. Results of one representative experiment out of two are
shown. Hach bar represents the average number of spots in duplicate.
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FIG. 5. Comparison of generation of LMP2A,,, 4y, from native
and mutant EBV-LMP2A with alanine substituted for leucine at po-
sition 231 (referred as to L231A-EBV-LMP2A). (A) Partial amino
acid sequences of EBV-LMP2A and 1.231A-EBV-LMP2A. The posi-
tion numbers, single code letters for amino acids and predicted cleav-
age strengths are shown. Predictions by the program PAProC are
scored as follows: —, no cleavage behind this position; +, ++, ++ -+,
cleavage behind this position, with a hint of the strength indicated by
the number of +%. (B) Generation of TMP2A,,, 55, from EBV-
LMP2A and 1.231A-EBV-LMP2A, analyzed by ELISPOT assay. 2937
cells were cotransfected with plasmids encoding HLA A*2402, ip-
LMP7, PA28a, and full-length EBV-LMP2A or L231A-EBV-LMP2A
and cultured with LMP2A,5, 55,-CTL for 20 h. Results of one repre-
sentative experiment out of two are shown. Each bar represents the
average number of spots in duplicate. For Ip-LMP7 and PA28 lanes,
“+ indicates the presence of the immunoproteasome or subunit.

generation. Second, ip-I.MP2 has additional effects on epitope
liberation. These data suggest that the processing of an IFN-
y-inducible epitope is controlled differentially by multiple im-
munoproteasome-associated subunits. To our best knowledge,
this is the first documentation of molecular evidence of such
cooperation.

Incorporation of the immunoproteasome is reported to be
cooperative. The ip-LMP7 is required for immunoproteasome
formation and maturation (9, 14). MECI~1 is incorporated if
ip-LMP?2 is present, while MECIL-1 dependency for the incor-
poration of ip-LLMP2 is under dispute (5, 11). Moreover, this
cooperativity in forming proteasome complexes results in al-
tered cleavage properties. In the present study, the generation
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TABLE 1. Effects of immunoproteasomes and PA28 subunits by species on epitope generation®
S s Immunoproteasome or subunit
Species Source Antigen L“’IZ fgg; SI;'P“?P@‘ : : : — Reference
. quence ip-LMP2  MECL1  ipLMP7  PA28«  PA23B
Mouse  Murine CMV pp89 168-176  YPHFMPTNL ND? + ND 11
Mouse Influenza virus NP 146154  TYGRTRALV - ND + ND 11
Human  Influenza virus  Matrix 58-66 GILGFVFTL,. - ND + ND ND 9
Human HIV RT 346-354 VIYQYMDDL - ND -+ ND ND 38
Human HBV HBcAg 141-151  STLPETTVVRR - - + ND ND 39
Human  Melanoma MAGE-3  114-122 AELVHFLLL + ND ND 36
Human  Melanoma TRP2 360-368  TLDSQVMSL - -+ + 41
Human EBV LMP2A 356-364  FLYALALLL + - I 20
Human  Melanoma Melan-A 26-35 ELAGIGILTV - - + ND ND 23
Human LCMV ap 33-41 KAVYNFATC + ND + - 1
Human LCMV gp 276-286  SGVENPGGYCLS + ND + 1
Human EBV L.MP2A 222-230  IYVLVMLVL + + + Present study

¢ CMV, cytomegalovirus; HIV, human immunodeficiency virus; HBV, hepatitis B virus; LCMV, lymphocytic choriomeningitis virus; -, absence; -+, presence.

® ND, not done.

¢ Generation of this epitope was inhibited by the expression of either ip-LMP7 or ip-LMP2.

of ILMP2A,,4 530 is enhanced by ip-LLMP2 expression. This
effect may be exerted through the functions of ip-LMP7 and
PA28«, which induce the cleavages properties on the epitope
generation.

In this study, we developed a retrovirus vector producing
shRNA to confirm the effects of ip-LMP2, ip-ILMP7, and
PA28w in the generation of LMP2A,,,.230. Generally, the use
of chemically synthesized small interfering RNA or expression
plasmids for shRNA is a more feasible way to test the involve-
ment of target molecules but we believe that the retrovirus
system has advantages in our case, because the effects of RNA
interference in the target cells proved stable. After an epitope
binds to MHC molecules and is presented on the cell surface,
the complex exists for some time. Since there is a wide range in
the life spans of the MHC-epitope complex, it is difficult 1o
infer the sufficient duration to maintain inhibition of immuno-
proteasome-associated subunits to examine their effects in pep-
tide liberation. In our retrovirus system, LCLs were cultured in
medium containing puromycin for 14 days after retrovirus vector
infection, and we assessed LMP2A,,, 13, presentation on the
surface. This procedure should exclude false-positive results that
are observed with the ELISPOT assay.

DRiPs are thought to be important sources of CTL epitopes
(29, 35, 49), as in the case of EBNALI, for example, for which
epitopes are not readily generated from stable mature EBNA1
because of the glycine-alanine repeat domain within the pro-
tein (43, 46). EBV-LMP2A has 12 hydrophobic integral mem-
brane sequences, and this hydrophobic-rich structure may in-
hibit epitope liberation (20). To address the question of
whether the incomplete EBV-ILMP2A might be superior to the
mature complete EBV-LMP2A for epitope generation, we
treated target cells with puromycin, which generates short-
lived premature termination products from newly synthesized
was accelerated in puromycin-treated 2937T cells expressing
ip-L.MP7 or PA28w, in contrast 1o the limited yield without
puromycin treatment, even when the subunits were coex-
pressed. The data suggest that puromycin treatment is not
sufficient to generate LMP2A,,,_,s, epitopes via constitutive
proteasomes, but rather affects epitope generation by enhanc-
ing the effect of ip-LMP7 and PA28x. Next, we expressed

a panel of shorter EBV-LMP2A fragments encompassing

tion to that of LMP2A,., 23¢-CTI.. Fach fragment started
from the N terminus of LMP2A,,, 140, s shown in Fig. 4B.
This strategy should focus on the cleavage efficiency of the C-
terminal side, which is performed exclusively by proteasomes
(14, 34). We found that shorter EBV-LMP2A fragments were
processed more efficiently. Therefore, the length of the source
antigen may be a critical factor. Addition of two consecutive
hydrophobic transmembrane domains substantially abrogated
the epitope presentation. The obstacles presented by the in-
trinsic structure of EBV-LMP2A may be overcome by the
effects of ip-ILMP7 and PA28x in the generation of the
LMP2A,,,.050 epitope.

The cleavage efficiency at each amino acid varies widely in
antigen proteins (25, 27, 44), and this may explain why one
epitope is generated efficiently by proteasomes while an-
other is not, even when processed from the same protein.
Previous work showed that even a single amino acid substi-
tution of asparagine for the aspartic acid immediately flank-
ing the C terminus of the Moloney murine leukemia virus
epitope SSWDFTITYV resulted in its abrogation (2). The pro-
gram PAProC predicts that the cleavage strength of the C-
terminal leucine in EBV-LMP2A is weak (17, 26), and sub-
stitution of an amino acid to increase the cleavage strength
(from “+” to “++7, as shown in Fig. 5A) resulted in re-
markable up-regulation of LMP2A,,, .5 liberation in cells
expressing ip-L.MP7 and PA28«.

EBV-LMP2A is thouglt to be an important antigen in EBV-
related malignancies and is targeted by CTLs that recognize
multiple epitopes located throughout the membrane-spanning
molecules (20, 30, 31). Interestingly, EBV-LMP2A epitopes
can be divided into two groups: (i) hydrophobic examples lo-
cated in the transmembrane domain and processed in a TAP-
independent manner and (ii) intertransmembrane hydrophilic
epitopes, which are TAP-dependent (20). In addition, the gen-
eration of one hydrophobic epitope, LMP2A554 244, requires
ip-L.MP7 and ip-I.MP2 (19). Moreover, we here demonstrated
that the processing of LMP2A,,, 30 requires immunoprotea-
some subunits ip-LMP7 and PA28« and is enhanced by immu-
noproteasome subunit ip-LMP2. These two epitopes belong to
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the former group, although the effects of immunoproteasome
and PA28 subunits on other epitopes remain to be investi-
gated. Potentially, EBV-LMP2A is a good model for determin-
ing the mechanisms by which immunoproteasomes and PA28
affect CTI. epitope generation.

In conclusion, the present ivestigation provided evidence
for differential roles of ip-LMP2, ip-LMP7, and PA28« in the
generation of the LMP2A,,, 3, epitope, which was most ef-

ficiently generated from incomplete EBV-LMP2A fragments
and a mutated LMP2A gene with improved cleavage charac-
teristics in cells expressing ip-LMP7 and PA28a. Although the
precise function of each of the three subunits could not be
clarified, we showed the generation of LMP2A,,, 55, 10 be
controlled by multiple factors. Further investigations on the
differential effects of immunoproteasome-associated subunits
could provide important information for understanding the
presentation of viral and tumor antigens for CT1., recognition.

ACKNOWLEDGMENTS

We thank K. Nishida and F. Ando for technical expertise and H.
Tamaki and Y. Matsudaira for secretarial assistance.

This work was supported in part by Grants-in-Aid for Scientific
Research (C) (no. 17590428) and the Encouragement of Young Sci-
entists (B) (no. 16790281) from the Japan Society for the Promotion of
Science, Scientific Research on Priority Areas (no. 17016090) from the
Ministry of Hducation, Culture, Science, Sports, and Technology of
Japan and the Third Team Comprehensive Control Research for Can-
cer (no. 30) from the Ministry of Health, Labor, and Welfare of Japan.

REFERENCES

1. Basler, M., N. Youhmovski, M. van den Broek, M. Przybylski, and M. Groet-
trup. 2004. Immunoproteasomes down-regulate presentation of a subdomi-
nant T cell epitope from lymphocytic choriomeningilis virus. J. Immunol.
173:3925-3934.

2. Beekman, N. J., P. A, van Veelen, T, van Hall, A, Neisig, A. Sijts, M. Camps,
P. M. Kloetzel, J. J. Neefjes, C. J. Melief, and F. Ossendorp. 2000. Abroga-
tion of CTL epitope processing by single amino acid substitution flanking the
C-terminal proteasome cleavage site. J. Immunol. 164:1898-1905,

. Cerundolo, V., A. Kelly, T. Elliott, J. Trowsdale, and A. Townsend. 1995.
Genes encoded in the major histocompatibility complex affecting the gen-
eration of peptides for TAP transport. Bur. I. Immunol. 25:554-562.

4. Chen, W,, C. C. Norbury, Y. Cho, J. W. Yewdell, and J. R. Bennink. 2001.
Immunoproteasomes shape Immunodominance hierarchies of antiviral
CD8™ T cells at the levels of T cell repertoire and presentation of viral
antigens. J. Exp. Med. 193:1319-1326.

5. De, M., K. Jayarapy, L. Elenich, J. J. Monaco, R. A. Colbert, and T. A.

Griffin. 2003. 2 subunit propeptides influence cooperative proteasome as-

sembly. J. Biol. Chem. 278:6153-6159.

Bggers, D. K., W. J. Welch, and W. J. Hansen. 1997. Complexes between

nascent polypeptides and their molecular chaperones in the cytosol of mam-

malian cells. Mol. Biol. Cell $:1559~1573.

7. ehling, IL. J., W. Swat, C. Laplace, R. Kuhn, K. Rajewsky, U. Muller, and
H. von Boehmer. 1994. MHC class I expression in mice lacking the protea-
some subunit LMP-7. Science 265:1234-1237.

8. Gileadi, U, H. T. Moins-Teisserenc, I. Correa, B. L. Booth, Jr.,, P, R.
Dunbar, A. K. Sewell, J, Trowsdale, R. E. Phillips, and V. Cerundolo. 1999,
Generation of an immunodominant CTL epitope is affected by proteasome
subunit composition and stability of the antigenic protein. J. ITmmunol. 163
6045-6052.

9. Griffin, T. A,, D, Nandi, M. Croz, H. J. Fehling, L. V. Kaer, J. J. Monaco, and
R. A, Colbert. 1998, Immunoproteasome assembly: cooperative incorpora-
tion of interferon y (IFN-y)-inducible subunits. J. Fxp. Med. 187:97-104.

10. Groettrup, M., A, Soza, M. Bggers, L. Kuchn, T. P. Dick, H. Schild, H. G.
Rawmmensee, U. H. Koszinowski, and P. M. Kloetzel. 1996. A role for the
proteasome regulator PA28« in antigen presentation. Nature 381:166-168.

11. Groettrup, M., S. Standera, R. Stohwasser, and P, M. Kloeizel, 1997, The
subunits MECL-1 and LMP2 are mutually required for incorporation into
the 208 proteasome. Proc. Natl. Acad. Sci. USA. 94:8970--8975.

12. Heemels, M. T, and H. Ploegh. 1995. Generation, translocation, and pre-
sentation of MHC class T-restricted peptides. Annu. Rev. Biochem. 64:463-
491.

13. Hightower, L. E. 1980. Cultured animal cells exposed to amino acid ana-
logues or puromycin rapidly synthesize several polypeptides. I, Cell. Physiol.
102:407-427.

[

6.

THREE IFN-y-INDUCIBLE SUBUNITS GENERATE AN EBV EPITOPE

14.

20.

w

15
[

0
wn

133
N

889

Kloetzel, P. M. 2001. Antigen processing by the proteasome. Nat. Rev. Mol
Cell Biol. 2:179-187.

- Kloetzel, P. M. 2004. Generation of major histocompatibility complex class

I antigens: functional interplay between proteasomes and TPPII. Nat. Im-
munol. ::661-669.

. Kondo, E., Y. Akatsuka, K. Kuzushima, K. Tsujimora, S. Asakura, K. Tajima,

Y. Kagami, Y. Kodera, M. Tanimoto, Y. Morishima, and T. Takahashi. 2004.
1dentification of novel CTL epitopes of CMV-pp65 presented by a variety of
HIA alleles. Blood 103:630-638.

. Kuttler, C,, A, K. Nusshaum, T. P. Dick, H. G. Rammensee, H. Schild, and

K. P. Hadeler. 2000. An algorithm for the prediction of proteasomal cleav-
ages. J. Mol. Biol. 298:417-429.

. Kuzushima, K., N. Hayashi, A. Kuodoh, Y. Akatsuka, K. Tsujimura, Y.

Morishima, and T, Tsucumi. 2003. Tetramer-assisted identification and
characterization of epitopes recognized by HLA A*2402-restricted Epstein-
Barr virus-specific CD8* T cells. Blood 101:1460-1468.

. Lauotscham, G., T. Haigh, S. Mayrhofer, G. Taylor, D. Croom-Carter, A,
. Leese, 8. Gadola, V. Cerundolo, A, Rickinson, and N. Blake. 2003. Identifi-

cation of a TAP-independent, immunoproteasome-dependent CD8™ T-cell
epitope in Epstein-Barr virus latent membrane protein 2. J. Virol. 77:2757-
2761.

Lauvtscham, G., 8. Mayrhofer, G. Taylor, T. Haigh, A. Leese, A, Rickinson,
and N. Blake. 2001. Processing of a multiple membrane spanning Epstein-
Barr virus protein for CD8™ T cell recognition reveals a proteasome-depen-
dent, transporter associated with antigen processing-independent pathway. J.
Exp. Med. 194:1053~1068.

. Lee, 8. P, R. J. Tierney, W. A. Thomas, J. M. Brooks, and A. B. Rickinson.

1997. Conserved CTL epitopes within BBV latent membrane protein 2: a
potential target for CTL-based tumor therapy. J. Immunol. 158:3325-3334.

. Macagno, A, M. Gilliet, I, Sallusto, A. Lanzavecchia, F. O. Nestle, and M.

Groettrup, 1999. Dendritic cells up-regulate immunoproteasomes and the
proteasome regulator PA28 during maturation. Eur. . Immunol. 29:4037~
4042,

. Meidenbauer, N, A, Zippeliug, M. J. Pittet, M. Laumer, S. Vogl, J. Heymann,

M. Rehli, B. Seliger, 8. Schwarz, F. A. Le Gal, P. Y. Dietrich, R. Andreesen,
P. Romero, and A, Mackensen. 2004. High frequency of functionally active
Melan-A-specific T cells in a patient with progressive immunoproteasome-
deficient melanoma. Cancer Res. 64:6319-6326.

. Morel, S., I, Levy, O. Burlet-Schiltz, F. Brasseur, M. Probst-Kepper, A, L.

Peitrequin, B, Monsarrat, R. Van Velthoven, J. C. Cerottini, T. Boon, J. E.
Gairin, and B. J. Van den Eynde. 2000. Processing of some antigens by the
standard proteasome but not by the immunoproteasome results in poor
presentation by dendritic cells. Immunity 12:107-117.

. Nusshaum, A. K., T. P. Dick, W. Keilholz, M. Schirle, 8. Stevanovic, K.

Dietz, W, Heinemeyer, M. Groll, D. H. Wolf, R. Huber, H. G, Rammensee,
and H. Schild. 1998. Cleavage motifs of the yeast 208 proteasome B subunits
deduced from digests of enolase 1. Proc. Natl. Acad. Sci. USA 95:12504—
12509,

. Nugshaum, A. K., C. Kuttler, K. P. Hadeler, . G. Rammensee, and H.

Schild. 2001. PAProC: a prediction algorithm for proteasomal cleavages
available on the WWW, Immunogenetics 53:87-94.

. Nusshaum, A. K., C. Kuttler, 8. Tenzer, and H. Schild. 2003. Using the

World Wide Web for predicting CTL epitopes. Curr. Opin. Immunol. 15:
69-74.

. Pamer, E., and P. Cresswell, 1998. Mechanisms of MHC class I-restricted

antigen processing. Annu. Rev. Immunol. 16:323-358.

29. Reits, E. A,, J. C. Vos, M. Gromme, and J. Neefjes. 2000. The major sub-

strates for TAP in vivo are derived from newly synthesized proteins. Nature
404:774-778.

. Rickinson, A. B, and E. Kieff. 2001. Epstein-Barr virus, p. 2575-2628, In

D. M. Knipe, P. M. Howley, D. E. Griffin, R. A. Lamb, M. A. Martin, B.
Roizman, and 8. E. Straus (ed.), Fields virology, 4th ed. Lippincott Williams
& Wilkins, Philadelphia, Pa.

. Rickinson, A, B, and 1. J. Moss. 1997. Human cytotoxic T lymphocyte

responses to Epstein-Barr virus infection. Annu. Rev. Immunol. 15:405-431.

- Rivett, A. I, and A. R. Hearn. 2004, Proteasome function in antigen pre-

sentation: immunoproteasome complexes, peptide production, and interac-
tions with viral proteins. Curr. Protein Pept. Sci. 5:153~161.

. Rock, K. L., and A. L. Goldberg. 1999. Degradation of cell proteins and the

generation of MHC class I-presented peptides. Annu. Rev. Immunol. 17:
739-779.

34. Rock, K. L, I A. York, and A. L. Goldberg. 2004. Post-proteasomal antigen

processing for major histocompatibility complex class 1 presentation. Nat.
Immunol. 5:670-677.

. Schubert, U, L. C. Anton, J. Gibbs, C. C. Norbury, J. W. Yewdell, and J. R.

Bennink. 2000. Rapid degradation of a large fraction of newly synthesized
proteins by proteasomes. Nature 404:770~774.

36. Schultz, E. S, J. Chapire, C. Lurquin, S, Claverol, O. Burlet-Schiltz, G.

Warnier, V. Russo, S, Morel, F. Levy, T. Boon, B. J. Van den Eynde, and P.
van der Bruggen, 2002. The production of a new MAGE-3 peptide presented
to cytolytic T lymphocytes by HILA-B40 requires the immunoproteasome. J.
Exp. Med. 195:391-399.



890

37.

ITO ET Al.

Seifert, U., H. Liermann, V. Racanelli, A. Halenius, M, Wiese, . Wedemeyer, T.
Ruppert, K. Rispeter, P. Henklein, A. Sijts, H. Hengel, P. M. Kloetzel, and
B. Rehermann. 2004, Hepatitis C virus mutation affects proteasomal epitope
processing. J. Clin. Investig. 114:250-259.

38. Sewell, A, K., D. A, Price, H. Teisserenc, B. L. Booth, Jr., U. Gileadi, F. M.

40.

41.

Flavin, J. Trowsdale, R. K. Phillips, and V. Cerundolo. 1699. ITFN-y exposes
a cryptic cytotoxic T lymphocyte epitope in HIV-1 reverse transcriptase.
T. Immunol. 162:7075~7079.

. Sijts, A, Y. Sun, K, Janek, S. Kral, A, Paschen, D. Schadendorf, and P. M.

Kloetzel. 2002. The role of the proteasome activator PA28 in MHC class |
antigen processing. Mol. Immunol. 39:165-169.

Sijts, A. J., T. Ruppert, B. Rehermann, M. Schmidt, U. Koszinowski, and
P. M. Kloetzel. 2000. Efficient generation of a hepatilis B virus cytotoxic T
lymphocyte epitope requires the structural features of immunoproteasomes.
1. Exp. Med. 191:503-514.

Sun, Y., A, J. Sijts, M. Song, K. Janek, A, K. Nusshaum, S. Kral, M. Schirle,
8. Stevanovic, A. Paschen, H. Schild, P. M. Kloetzel, and D). Schadendorf.
2002. Expression of the proteasome activator PA28 rescues the presentation
of a cytotoxic T Iymphocyte epitope on melanoma cells. Cancer Res. 62:
2875-2882.

. Tajima, K., Y. Ito, A. Demachi, K, Nishida, Y. Akatsuka, K. Tsujimura, T.

Hida, Y. Morishima, H. Kowano, T. Mitsudomi, T. Takahashi, and K.
Kuzushima. 2004. Interferon-y differentially regulates susceptibility of lung
cancer cells to telomerase-specific cytotoxic T Iymphocytes. Int. J. Cancer.
110:403-412.

43.

45.

46.

47.

48.

49.

J. VIROL.

Tellam, J., G. Connolly, K. J. Green, J. J. Miles, D. J. Moss, S, R. Burrows,
and R. Khanna. 2004. Endogenous presentation of CD8™ T cell epitopes
from Epstein-Barr virus-encoded nuclear antigen 1. J. Exp. Med. 199:1421~
1431.

. Toes, R, E., A, K. Nusshaum, 8. Degermann, M. Schirle, N. P. Emmerich, M.

Kraft, C. Laplace, A. Zwinderman, T. P, Dick, J. Muller, B. Schonfisch, C.
Schmid, IL J. Fehling, 8. Stevanovic, H. G. Rammensee, and H. Schild. 2001.
Discrete cleavage motifs of constitutive and immunoproteasomes revealed
by quantitative analysis of cleavage products. J. Exp. Med. 194:1-12.

Van Kaer, L., P. G. Ashton-Rickardt, M. Eichelberger, M. Gaczynska, K.
Nagashima, K. L. Rock, A, L. Goldberg, P. C. Doherty, and S. Tonegawa.
1994, Altered peptidase and viral-specific T cell response in LMP2 mutant
mice. Immunity 1:533-341.

Yoo, K. 8, T. Fu, I1. Y. Wang, J. Tellam, H. E, Heslop, M. K. Brenner, C. M.
Rooney, and R. ¥. Wang. 2004. Evidence for the presentation of major
histocompatibility complex class I-restricted Epstein-Barr virus nuclear an-
tigen 1 peptides to CD8* T lymphocytes. J. Exp. Med. 199:459-470.
Wharton, S. A, and A. R. Hipkiss. 1984, Abnormal proteins of shortened
length are preferentially degraded in the cytosol of cultured MRCS fibro-
blasts. FEBS Lett. 168:134-138.

Wheatley, D. N, 8. Grisolia, and J. Hernandez-Yago. 1982. Significance of
the rapid degradation of newly synthesized proteins in mammalian cells: a
working hypothesis. J. Theor. Biol 98:283--300.

Yewdell, J. W., . Reits, and J. Neefjes. 2003. Making sense of mass destruc-
tion: quantitating MHC class T antigen presentation. Nat. Rev. Immunol.
3:952-961.



Correspondence

Bone marrow may be a reservoir of long-lived memory T cells
specific for minor histocompatibility antigen

It has been shown that minor histocompatibility antigens
(mHAgs) can function as targets for the graft-versus-leukaemia
effect (Goulmy, 1997) following human leucocyte antigen
(HLA)-identical allogeneic haematopoietic cell transplantation
(HCT) and donor lymphocyte infusion (Marijt et al, 2003).
We previously identified two haematopoietic-specific mHAgs,
ACC-1 and ACC-2 (Akatsuka et al, 2003), and demonstrated
that T cells specific for ACC-1 were detected in the peripheral
blood (PB) up to 7 month postHCT in a patient from whom
the original ACC-1-specific cytotoxic T cell (CTL) clone had
been generated (Nishida et al, 2004). As it has recently been
proposed that bone marrow (BM) can function as a secondary
lymphoid organ and contribute to long-term T cell memory
for pathogens and malignant disease (reviewed in Di Rosa &
Pabst, 2005), this study was conducted to investigate whether
T cells specific for mHAgs could feasibly be generated from
BM, rather than PB, long after HCT.

Another patient who received an HLA-identical, ACC-1-
disparate HCT for chronic myelomonocytic leukaemia was
identified. At 14 months postHCT, she had complete donor
chimerism in PB and remained disease free. After informed
consent, we examined the phenotype and proliferative capacity
of ACC-1-specific T cells in mononuclear cells (MCs) obtained
from the patients’ PB and BM. Three-colour flow cytometry
detected a 3-5-fold higher percentage of ACC-1-specific T cells
among the CD8" population in BM than PB (0-72% vs.
0-21%), with a trend of more CD62L" cells in the BM (Fig 1A,
upper panels). After CD8" cell selection by immunomagnetic
beads, tetramer” cells were further stained with antibodies

Fig 1. Characterisation of CD8" T cells specific for the ACC-1 minor
histocompatibility antigen in peripheral blood (PB) and bone marrow
(BM) at 14 months following human leucocyte antigen (HLA)-iden-
tical allogeneic haematopoietic cell transplantation. (A) Mononuclear
cells (MC) were isolated from PB and BM and stained with fluores-
cence-conjugated monoclonal antibodies and HLA-A24/ACC-1 tetr-
amer (Nishida et al, 2004). In lower panels, CD8* MC were first sorted
and then stained as above. Percentages shown are of the gated T cells as
indicated. (B) Remaining MC were stimulated with 0-1 umol/l ACC-1
peptide (DYLQYVLQYI) directly added to cell suspension on day 0 and
7 in RPMI 1640 medium supplemented with 6% pooled human serum.
On day 14, donor-derived OKT3-activated CD4" blasts, pulsed with
the same concentration of peptide, were added as antigen-presenting
cells. Interleukin-2 (10 U/ml) was added on days 1 and 4 after the
second and third stimulations. Growing T cells were stained as above.
(C) Cytolytic activity of the T cell line generated from BM in the right
panel of Fig 1B is shown.
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against CD28, CDw197 (CCR7), CD44 (H-CAM, as a marker
for memory T cells) and CD49d (VLA4e, a receptor for
vascular cellular adhesion molecule-1 expressed on BM
stromal cells). BM tetramer™ cells contained a higher percent-
age of CCR7" cells than PB (83% vs. 50%), and a threefold
higher percentage of CD28" cells were detected in the BM
tetramer” CCR7* population (47% vs. 16%, Fig 1A lower
panel). More than 97% of the cells were CD44* and CD49d" in
both PB and BM (data not shown). These findings indicate
that the vast majority of tetramer™ cells were memory T cells
that possessed the property of being able to migrate to BM,
and that most tetramer™ cells in BM also expressed CCR7, a
lymph node homing receptor, as a central memory T (Tepy)
cell marker. It is of note that more than half of BM ACC-1-
specific CTL expressed CD28, an important costimulatory
molecule for effective CD8™ T cell responses that interacts with
CD80/86 expressed by antigen-presenting cells to stimulate
interleukin-2 production (Topp et al, 2003).

Next we tested whether these tetramer™ cells could be
expanded by ACC-1 peptide stimulation. Peripheral blood
mononuclear cells (PBMC) or bone marrow mononuclear cells
(BMMC) from the same aliquot (c. X 10°) were stimulated
twice in the presence of 0-1 pmol/l (predetermined concen-
tration) of ACC-1 peptide alone, and once with ACC-1-pulsed
(0-1 umol/l), donor-derived antigen-presenting cells. Staining
with tetramer was done 21 d after the first stimulation. As
shown in Fig 1B, stimulated BMMC produced a large popu-
lation of tetramer™ cells, whereas PBMC did not yield any
significant tetramer" population (confirmed in an independent
experiment, data not shown). The T cell line induced from the
BMMC was cytotoxic to recipient B-lymphoblastoid cells
(Fig 1C). The reason for the poor induction of tetramer™ cells
from the PBMC at 14 month postHCT is most probably a
result of their reduced capacity to proliferate in vitro long after
HCT, as PBMC harvested on days 94 and 180 postHCT readily
generated 37% and 18% of tetramer® populations respectively
(data not shown). These observations suggest that BM may be
a superior source of mHAg-specific Tcas that could possibly
be expanded and used for immunotherapy, although it is to be
determined whether our finding is a general phenomenon not
only in other HCT cases, but also in other mHAgs.
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Summary

Minor histocompatibility antigens (mHags) play crucial roles in the
induction of graft versus host disease (GVHD) andfor graft versus
leukaemia (GVL) effects following human leucocyte antigen (HLA)-
identical haematopoietic stem cell transplantation (HSCT). Using HLA-
A*3101- and -A*3303-restricted cytotoxic T lymphocyte (CTL) clones
generated from different post-HSCT recipients, we identified two novel
mHag epitopes encoded by the leader sequence of cathepsin H (CTSH)
isoform a. The nonameric sequence ATLPLLCAR was defined as an HLA-
A*3101-restricted epitope (CTSH®/A31), while a decameric peptide featuring
a one N-terminal amino acid extension, WATLPLLCAR, was presented by
HLA-A*3303 (CTSH®/A33). The immunogenicity of both epitopes was
totally dependent on the polymorphic C-terminal arginine residue and
substitution with glycine completely abolished binding to the corresponding
HLA molecules. Thus, the immunogenicity of this mHag is exerted by
differential HLA binding capacity. CTSH is relatively ubiquitously expressed
at protein levels, thus it may be involved in GVHD and anti-leukaemic/
tumour responses. Interestingly, however, CTL clones predominantly lysed
targets of haematopoietic cell origin, which could not be explained in terms
of the immunoproteasome system. Although the mechanisms involved in the
differential susceptibility remain to be determined, these data suggest that
CTSH-encoded mHags could be targets for GVL effects.

Keywords: minor histocompatibility antigen, graft versus leukaemia, graft
versus host disease, cytotoxic T lymphocyte, cathepsin H.

Minor histocompatibility antigens (mHags) are major histo-
compatibility complex (MHC)-bound peptides derived from
cellular proteins that are encoded by polymorphic genes,
mostly due to single nucleotide polymorphism (SNP) (Goulmy
et al, 1996; Simpson & Roopenian, 1997). Disparities in some
mHags with allogeneic haematopoietic stem cell transplanta-
tion (HSCT) have been shown to be associated with graft
versus host disease (GVHD) (Goulmy ef al, 1996; Tseng et al,
1999; Akatsuka et al, 2003a), graft rejection (Marijt et al, 1995)
and/or graft versus leukaemia (GVL) effects (Bonnet et al,
1999; Marijt et al, 2003). Although methods for identification
of MHC-bound antigens have improved, only a limited
number of mHags have been reported to date (Bleakley &
Riddell, 2004; Spierings et al, 2004). Thus, identification of

novel mHags should facilitate further understanding of the
mechanisms involved in generating mHags and also of the
pathogenesis of GVHD, which may lead to development of
effective immunotherapy.

This study identified the mHag epitopes recognised by two
HLA-A*3101 and -A*3303-restricted cytotoxic T lymphocyte
(CTL) clones, which were encoded by the same non-synony-
mous SNP in the cathepsin H (CTSH) gene. The polymorphic
amino acid (aa) responsible for antigenicity was an arginine
(Arg) in place of glycine (Gly) at the C terminus of the
identified epitopes. The latter substitution resulted in more
profound loss of peptide-HLA binding than previously demon-
strated with HA-1/A2 (den Haan et al, 1998) and HA-2 (Pierce
et al, 2001). CTSH has been shown to be expressed relatively
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ubiquitously, but unexpectedly, CTL clones specific for CTSH-
encoded mHag lysed haematopoietic cells, including primary
acute myeloid leukaemia (AML) cells obtained from patients,
but not some cytokine-treated non-haematopoietic cells, even
though high levels of CTSH protein expression and immuno-
proteasome components comparable with those of haemato-
poietic cells were found. The selective susceptibility of
haematopoietic cells suggests that CTSH should be further
evaluated as a potential target to augment GVL effects.

Materials and methods

Patients, cell collection and cultures

Cytotoxic T lymphocyte clones, clinical characteristics of the
two patients from whom the clones were obtained with
unique patient numbers (UPNs) 027 and 028, are summa-
rised in Table I. This study was approved by the Institu-
tional Review Board of the Aichi Cancer Centre according to
the Declaration of Helsinki. All blood or tissue samples were
collected after written informed consent was obtained.
Epstein—Barr virus-transformed B lymphocyte cell lines (B-
LCL) were derived from donors, recipients, and normal
volunteers and maintained in RPMI 1640 medium (Sigma-
Aldrich, St Louis, MO, USA) supplemented with 10% fetal
calf serum (IBL, Takasaki, Japan). Individual patients’
primary fibroblast lines established pre-HSCT from skin
and bone marrow, normal renal epithelial cells and renal cell
carcinoma cell lines established from restriction HLA-
matched unrelated individuals and 293T cells were grown
in Iscove’s-modified Dulbecco’s medium (Sigma-Aldrich)
supplemented with 10% fetal calf serum. B-LCLs from
Centre d’Etude du Polymorphism Humain (CEPH) families
(provided by Dr P. Martin, Human Immunogenetics
Program, Fred Hutchinson Cancer Research Center, Seattle,
WA, USA) were transduced with HLA-A*3101 or -A*3303

CTSH Encodes HLA-A31- and -A33-restricted Minor Antigens

c¢DNA-encoding retroviral vectors as described previously
(Akatsuka et al, 2003b).

Generation and cytotoxicity analysis of CTL lines and
clones

Cytotoxic T lymphocyte lines were generated from post-HSCT
peripheral blood mononuclear cells (PBMC) (c. 1 x 10%) by
primary stimulation with irradiated (33 Gy) pre-HSCT recipi-
ent PBMC (c. 1 X 10°) followed by weekly restimulation with
irradiated (33 Gy) recipient activated B cells (2 x 10°, see
below) twice. Interleukin (IL)-2 (20 U/ml; Chiron, Emeryville,
CA, USA) was added on days 1 and 5 after the second and
third stimulation. CTL clones were generated by limiting
dilution as previously reported (Akatsuka et al, 2002). The
CTLs were expanded as previously described (Walter et al,
1995) and frozen until use. All cultures were performed in
RPMI 1640 medium supplemented with 9% pooled human
serum. The cytotoxic activity of the CTL lines and clones was
evaluated by standard *!Cr release assays. Some target cells
were treated with cytokines as indicated for 48 h. Percentage-
specific lysis was calculated as follows: ((experimental
cpm - spontaneous cpm)/(maximum cpm — spontaneous
cpm)) X 100.

For antibody blocking experiments, cells were incubated for
30 min with predetermined concentrations of monoclonal
antibodies W6/32 (anti-HLA class I) or HDR-1 (anti-HLA-
DR; provided by K. Ito, Kurume University, Fukuoka, Japan)
before mixing with CTL clones. The antigen specificity of
tumour cell lysis was further determined in a cold target
inhibition assay by adding unlabelled cold target cells (indi-
cated) to labelled target cells (hot targets) at serial ratios of
cold-to-hot target cells. The percentage of inhibition was
calculated as follows: ((% specific lysis without cold target — %
specific lysis with cold target)/(% specific lysis without cold
target)) x 100.

Table I. Characteristics of patients and cyto-

UPN 027 UPN 028

toxic T lymphocyte clones.

Disease AML with multilineage dysplasia AML (FAB classification, M5b)
Status at HSCT Resistant disease First relapse

Donor Matched sibling (male to male) Matched sibling (male to male)
HLA A24/33, B44/75, Cw3/~, DR4/6 A31/33, B44/51, Cw3/—, DR4/13
Acute GVHD Grade 1 (skin stage 2) None

Chronic GVHD None Extensive but mild (oral, skin)
Other complications BOOP, IgG deposition at glomerulus None

Current status Alive disease-free over 3 years Alive disease-free over 2'5 years
Representative CTL  Clone 2A10 Clone 1A8

Days obtained 31 d post-HSCT 29 d post-HSCT

HLA restriction HLA-A*3303 HLA-A*3101

UPN, unique patient number; AML, acute myeloid leukaemia; FAB, French—American-British
classification; HSCT, haematopoietic stem cell transplantation; HLA, human leucocyte antigen;
GVHD, graft versus host disease; BOOP, bronchiolitis oblitarans organising pneumonia; CTL,
cytotoxic T lymphocyte; Ig, immunoglobulin.
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Construction of a cDNA library and expression screening

A cDNA library was constructed using the SuperScript Plasmid
System (Invitrogen, Carlsbad, CA, USA). A sample (2 pg) of
messenger RNA isolated from B-LCL recognised by CTL clones
with a FastTrack 2-0 kit (Invitrogen) was converted into cDNA
using an oligo-dT primer containing a Notl site in its 3"-end
and SuperScript II reverse transcriptase (Invitrogen). cDNA
was ligated to Sall adaptors, and then digested with Notl, size
fractionated by column chromatography and ligated into the
Sall and Notl cut pCMVSPORTS$ vector (Invitrogen). Recom-
binant plasmids were transformed into Escherichia coli DH10B
by electroporation, and clones were selected with ampicillin.
The library contained 15 x 10° cDNA clones with an average
insert size of approximately 2500 bp. ¢cDNA pools, each
consisting of c. 120 clones were expanded for 24 h in 96-deep
well plates, and plasmid DNA was extracted with a QlAprep 96
Turbo Miniprep kit (Qiagen, Valencia, CA, USA).

The 293T cells (n = 20 000), stably transduced with HLA-
A*3303 or -A*3101 were plated in 96-well flat-bottomed plates,
cultured overnight at 37°C, then transfected with 0-12 pg of
plasmid containing a pool of the cDNA library using Trans IT-
293 (Mirus Technologies, Madison, WI, USA). CTL clones
(10 000 cells/well) were added to each well 20h after
transfection. After overnight incubation in the presence of
10 U/ml IL-2 at 37°C, 50 pl of supernatant was collected and
interferon (IFN)-y was measured by enzyme-linked immuno-
sorbent assay (ELISA) with 3,3',5,5-tetramethylbenzidine
substrate (Sigma-Aldrich).

Genotyping of CTSH polymorphisms

Genomic DNA was isolated from each B-LCL with a DNA
blood kit (Qiagen) and amplified by polymerase chain reaction
(PCR). The primer sequences used to amplify CTSH exon 1
were as follows: sense, 5-GAACTAGAGCTGGGGAGTTA-3
antisense, 5-CCCGCCTATAATGCAGTTTA-3’. PCR products
were purified and directly sequenced with the same primerand a
BigDye Terminator kit (ver. 3-1; Applied Biosystems, Foster
City, CA, USA) using an ABI PRISM 3100 (Applied Biosystems).

HLA peptide-binding assay

We used a quantitative ELISA-based assay capable of measuring
the affinity of the interaction between peptide and HLA as
described previously, with some modifications (Sylvester-Hvid
et al, 2002). In brief, purified recombinant HLA molecules in
8 mol/l of urea, 10 mmol/l of EDTA, 25 mmol/l of 2-(N-
morpholino)ethanesulfonic acid (MES) and 0-1 mmol/l of
dithiothreitol were diluted to 4 pg/ml in refolding buffer
containing 400 mmol/l of Arg, 100 mmol/l Tris pH 8,
2 mmol/l of EDTA, 5 mmol/l of reduced glutathione,
0-5 mmol/l of oxidised glutathione, 0-2 mmol/l of phenyl
methyl sulphonyl fluoride (all from Sigma-Aldrich), and
2 pmol/l purified P2-microglobulin (B2m) on ice. Ten-fold

dilutions of each peptide were made with 100% dimethyl
sulphoxide in 96-well round-bottomed polypropylene plates,
then 1 pl of individual aliquots were transferred into new plates
and 99 pl of the above HLA-B2m mixture was added to each
well (i.e. 100-fold dilution for each peptide solution). The plates
were incubated on a shaker at 4°C for 4872 h. One day before
ELISA analysis, 96-well ELISA plates (Costar, Cambridge, MA,
USA) were coated with 50 pl/well W6/32 monoclonal antibody
(mAb) (10 pg/ml) in 50 mmol/l of carbonate-bicarbonate
buffer, pH 9-6 (Sigma, St. Louis, MO, USA) and kept overnight
at 4°C. After washing three times with washing buffer contain-
ing 0-05% Tween-20 (Sigma) in phosphate-buffered saline
(PBS), the wells were blocked for 1 h. Just prior to the ELISA
analysis, the reaction volume was diluted 10 times by PBS at
4°C, and 50 pl/well of aliquots were transferred in duplicate to
the W6/32 mAb-coated plates. The plates were incubated for
2 h at room temperature, and then washed six times. To detect
properly refolded complexes, incubation was for 2 h at room
temperature with 100 pl/well of horseradish peroxidase (HRP)-
conjugated anti-human B2m mAb (1:1000 dilution; Dako,
Copenhagen, Denmark), followed by washing as above. Finally,
colour development was performed by ELISA as above.

Reverse transcription PCR analysis of components for
antigen processing

A reverse transcription PCR assay was used to examine the
expression of LMP2, LMP7, PA28a, TAP1, TAP2 and B-actin
(as an internal control) mRNA. Total RNA was extracted using
an RNeasy Mini Kit (Qiagen), and cDNA was synthesised by
standard methods. Specific primers used were prepared as
reported previously (Ito et al, 2006). The PCR products were
separated in 2:5% agarose and visualised with ethidium
bromide staining,

Confocal microscopy

Cells were fixed and permeabilised with Cytofix/Cytoperm
(BD Biosciences, San Diego, CA, USA), incubated for 60 min
with goat anti-cathepsin H monoclonal and mouse anti-HLA-
DM antibodies (both from Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Then cells were reacted with appropriate
fluorescence-labelled secondary antibodies for 60 min. Finally,
stained cells were washed and cytocentrifuged, and analysed by
laser scanning confocal microscopy using Radiance 2100 K-3
(Bio-Rad, Hercules, CA, USA).

Tetramer construction and flow cytometric analysis

HLA-A*3101 or -A*3303 tetramers incorporating the identi-
fied peptides were produced as described previously (Altman
et al, 1996). For staining, PBMC or T-cell lines were incubated
with the tetramer at a concentration of 20 pg/ml at room
temperature for 15 min followed by fluorescein isothiocya-
nate-conjugated anti-CD3 (Becton-Dickinson, San Diego, CA,

© 2006 The Authors
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USA) and Tricolor anti-CD8 mAb (Caltag, Burlingame, CA,
USA) on ice for 15 min. Cells were analysed with a FACSCal-
ibur flow cytometer and CellQuest software (Becton-Dickin-
son).

Results

Characterisation of CTL clones

Cytotoxicity assays using a panel of B-LCLs showed that the
CD8* CTL clone 2A10, derived from UPN 027, was HLA-
A*3303-restricted, while 1A8, from UPN 028, was HLA-
A*3101 restricted (data not shown, and Table 1). Each lysed its
respective recipient-derived B-LCLs and phytohaemagglutinin
(PHA)-stimulated T-cell blasts, but not donor-derived B-LCLs
or natural killer-sensitive K562 cells (Fig 1A and B). Specific
lysis of respective recipient B-LCL was inhibited by anti-HLA
class I mAb, but not by mAb against anti-HLA-DR, indicating
recognition of HLA class I-restricted mHags (Fig 2C and D).
No cytotoxicity was observed against the recipient’s dermal-
and bone marrow-derived fibroblasts even after treatment with
IFN-v and tumour necrosis factor-a (Fig 1E and F). UPN 028
was also HLA-A*3303 positive and his B-LCL were found to be
lysed by 2A10 as well. Primary leukaemic blasts from UPN 028
were tested for recognition by the CTL clones. Both 2A10 and
1A8 lysed the leukaemic blasts (Fig IE and F), indicating that
the mHag was expressed on myeloid leukaemic cells. The U937
cell line (Sundstrom & Nilsson, 1976) (subsequently confirmed
to be mHag-positive by genotyping) was lysed by both CTL
clones only when the respective HLA allele was transduced,
confirming HLA-restricted recognition by these CTL clones
(Fig 1E and F). Finally, mHag-specific recognition of the U937
cell line was confirmed by cold target inhibition assays. Killing
of HLA-transduced U937 was inhibited by the addition of
respective recipient B-LCLs or donor LCLs pulsed with the
cognate mHag identified in the subsequent study (see below)
(Fig 1G and H), while addition of unpulsed donor B-LCLs
showed no inhibition. These data suggest that the mHags
recognised by 2A10 and 1A8 clones were presented by the
U937 cell line. The preferential lysis of haematopoietic cells by
these CTLs prompted us to identify the gene(s) encoding the
mHags as potential therapeutic targets.

Identification of the gene encoding the mHags as
cathepsin H

Two-point linkage analysis was performed to identify the gene
encoding the mHags recognised by 2A10 and 1A8, as reported
previously (Akatsuka et al, 2003b). Surprisingly, the two CTL
clones showed identical lytic patterns against CEPH B-LCLs in
five families tested (Fig 2A and B, and data not shown),
suggesting that the polymorphic genes controlling the expres-
sion of the two mHags were located on a narrow chromosomal
region or, alternatively, that a single gene encoded both mHags,
as seen with the BCL2A1 mHags (Akatsuka et al, 2003b).

© 2006 The Authors

CTSH Encodes HLA-A31- and -A33-restricted Minor Antigens

100 —B—UPNOZT RtBLCLs o0 ~#— UPNO28 Rt B-LCLs
~3— UPNO27 Rt PHABL ~~3- UPNO28 Rt PHA-BL
2 80 ~L- UPNOZT DoB-LCLs -8 80 ~{3~ UPNO28 Do B-LCLs
2 O KB62 = e KEG2
2 0 L e
1o 1o
& 20 ® 20
° 0
3011 10:1 3:1 11 10:1 11
E:T ratio ET rano
C 2A10 D 1A8
mAbs_added mabs_added
None None
Anti-HLAclass | AntiHLA class
Anti-HLA-DR Anti-HLA-DR
0 20 40 60 o 20 40
% speciic lysis % specific lysis
~X4—UPNO27 Rt D-fibro ~%¥—UPN028 Rt Dibro
E ~4-UPNO27 Rt BMibro | 1AB e UPNHOZS Rt BMAibro
0 ~ade— UPNO28 AML Msb 80 ~d- UPNO23 AML M5b
N g U371 A33 @ U937/ A31
£ ~O— U7 .g . -0 U937
2 2
e i
R 20 *
o
30 10:1 31 11 W01 101 31 11
E:T ratio E:T ratio
G H 1A8
100 100
80
5 5 80 UPN028 Rt B-LCLs
I3 Z
i a0 a—: 40 Do B-LCLs + peptide
20 20 M&'ﬁ&“‘ DoB-CLs
° °
3011 tort E 01 1o at
Cold:hot ratio Cold:hot ratio

Fig 1. Cytotoxicity of two cytotoxic T lymphocyte (CTL) clones de-
rived from different post-haematopoietic stem cell transplantation
recipients. Standard *'Cr-release assays were conducted for the human
leucocyte antigen (HLA)-A*3303-restricted CTL clone, 2A10 (A) and
the HLA-A*3101-restricted CTL clone, 1A8 (B) against target cells
derived from recipient (Rt) B lymphocyte cell lines (B-LCLs), phyto-
haemagglutinin blasts and donor (Do) B-LCLs at the E:T ratios indi-
cated. Natural killer-sensitive K562 cells were also included as target
cells. (C, D) Inhibition of cytotoxicity by anti-HLA monoclonal anti-
bodies (mAbs). Chromium-labelled recipient B-LCLs were incubated
with anti-HLA class I mAb (W6/32) or HLA-DR mAb (HDR1), and
were tested by CTL clones, 2A10 (C) and 1A8 (D), respectively, at an
E:T ratio of 3:1. Cytotoxic activity of 2A10 (E) and 1A8 (F) was also
tested against recipient dermal fibroblasts (D-fibro) and bone marrow
fibroblasts (BM-fibro), primary acute monocytic leukaemic cells (AML
M5b blasts) obtained from patient unique patient number 028 who is
positive for both HLA-A*3101 and -A*3303, and U937 cell line, which
was found to be minor histocompatibility antigen (mHag)-positive by
genotyping, with or without transduction of restriction HLA at the E'T
ratios indicated. Both types of fibroblast were pretreated with inter-
feron-y (500 U/ml) plus tumour necrosis factor-o. (10 ng/ml) for 48 h
before *!Cr labelling. (G, H) Cold target inhibition of cytolysis of
U937/A33 and U937/A31 by 2A10 and 1A8 CTL clones respectively.
Cold targets were recipient B-LCLs, donor B-LCL with or without the
subsequently identified mHag epitope peptide.

However, because the mapped region contains many genes
whose characteristics have not yet been fully elucidated, we
could not identify candidate gene(s) by this in silico approach.
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Fig 2. The representative results of phenotyping for the pedigrees of Centre d'Etude du Polymorphism Humain families. B lymphocyte cell lines (B-
LCLs) from these families were transduced with human leucocyte antigen (HLA)-A*3303 and -A*3101 and assayed with 2A10 (A) and 1A8 (B)
respectively. Filled symbols (Ml males; ®, females) represent individuals who were found to be positive in the cytotoxicity assay, and open symbols
(O, males; O, females) represent individuals who were found to be negative. Shaded symbols represent individuals from whom no B-LCL was
available. Numbers above or below the symbols were assigned to each family member by the University of Utah (Broman et al, 1998).

A cDNA library was generated from UPN 027 B-LCL and
used for expression cloning. In the initial screening, one of 96
plasmid pools induced IFN-y production by 2A10, which was
then subcloned into individual cDNA clones and rescreened
(Fig 3A). A single cDNA, referred to as B9, was identified that
stimulated 2A10 CTL to produce IFN-v, and recognition of
293T cells required transfection of both HLA~A*3303 and B9
cDNA (Fig 3B, left panel). As the preliminary linkage analysis
results showed that the genetic region controlling the mHag
recognised by 1A8 was found to be in the same location as that
for 2A10 (41-Mbp distance around chromosome 15q24—q25,
data not shown), we examined whether CTL clone 1A8 might
also recognise the B9 ¢DNA product. Indeed, CTL 1AS8
recognised 293T cells expressing B9 ¢cDNA and HLA-A*3101,
suggesting that 2A10 and 1A8 CTL clones recognised two
different epitopes of the same gene product (Fig 3B, right
panel). Subsequently, the cDNA insert of B9 was sequenced
and a search of the BLAST database (http://www.ncbi.nlm.-
nih.gov/BLAST/Blast.cgi) revealed that this cDNA was nearly
identical to transcriptional variant 1 encoding isoform a of
CTSH (GenBank accession no. NM_004390) (Fig 3C), which
existed within the region identified by linkage analysis (data
not shown).

Identification of HLA-A*3303 and -A*3101-restricted
epitopes on CTSH

We next sought to identify the polymorphism(s) in CTSH
responsible for antigenicity. Splice variant 1 of CTSH mRNA
contains three reported non-synonymous coding SNPs
(Fig 3C). It was found that the presence of the adenine

(translation, Arg) but not guanine (translation, Gly) at
nucleotide (nt) position 126 (aa position 11) was associated
with recognition by both 2A10 and 1A8 CTL clones. The
observed frequency of the adenine-containing allele among 21
Japanese individuals was 0-11.

We then searched for candidate epitope sequences spanning
this SNP using on-line algorithms, such as BIMAS (http://
bimas.dcrt.nih.gov/molbio/hla_bind) (Parker et al, 1994), and
identified nonameric ATLPLLCAR or decameric WATLPLL-
CAR as candidate epitopes. Both HLA-A*3303 and -A*3101
have Arg or Lys as preferred C-terminal anchor residues,
whereas Gly is not a preferred residue (Falk et al, 1994; Parker
et al, 1994; Takiguchi et al, 2000). Minigene experiments
demonstrated that CTL clone 2A10 recognised 293T/A*3303
expressing WATLPLLCAR but not that expressing nonameric
peptide, while 1A8 recognised 293T/A*3101 expressing both
ATLPLLCAR and WATLPLLCAR (Fig 3D). Neither CTL clone
recognised 293T cells transfected with minigenes encoding the
Gly allele.

To determine whether the identified epitopes could sensitise
donor HLA-A*3303 or -A*3101-positive target cells to lysis by
2A10 and 1A8, epitope reconstitution assays were performed.
As predicted by minigene experiments, 2A10 recognised only
the decameric WATLPLLCAR with half-maximal lysis at
2 nmol/l (Fig 4A), although peptide-HLA-binding assays sug-
gested that both nonameric and decameric peptides could bind
to HLA-A*3303 equally (Fig 4B). Thus, peptide WATLPLL-
CAR represents the HLA-A*3303-restricted mHag epitope
recognised by 2A10 (designated as CTSH®/A33). 1A8 recog-
nised the nonameric peptide ATLPLLCAR in the context of
HLA-A*3101, with half-maximal lysis at 20 nmol/l, and also

© 2006 The Authors
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the decameric peptide WATLPLLCAR, but at a 100-fold higher
concentration (Fig 4C). However, in this case, the HLA-
binding assay demonstrated that almost only the nonameric
peptide could bind to HLA-A*3101 (Fig 4D). These data
demonstrate that the nonameric peptide ATLPLLCAR repre-
sents the HLA-A*3101-restricted 1A8 epitope (designated as
CTSH"/A31).

© 2006 The Authors

CTSH Encodes HLA-A31- and -A33-restricted Minor Antigens

Fig 3. Identification of a cDNA clone encoding the minor histocom-
patibility antigen (mHag) recognised by cytotoxic T lymphocyte clones
2A10 and 1A8 by expression cloning. (A, upper panel) Screening of
¢DNA library. cDNA library pools containing 120 cDNA clones were
transfected into human leucocyte antigen (HLA)-A*3303 transduced
293T cells (293T/A*3303). After overnight culture with 2A10, inter-
feron (IFN)-y in the supernatant was measured by enzyme-linked
immunosorbent assay. One pool (black bar) was found to stimulate
2A10 efficiently. Subsequently, the pool was divided into individual
¢DNA clones, then similarly screened. Only 1 ¢<DNA clone, B9, sti-
mulated 2A10 (A, lower panel). The data presented are the ODg30
mean values for IFN-y release + 1 SD of duplicate cultures. (B)
Confirmation of the isolated cDNA as the gene encoding the mHags.
IFEN-y production in the supernatant of 2A10 stimulated with 293T or
293T/A*3303 transfected with or without ¢cDNA clone B9 (left panel).
The error bars indicate the SD from two experiments. IFN-y pro-
duction of 1A8 stimulated with 293T or 293T/A*3101 transfected with
or without cDNA clone B9 (right panel). {(C) Nucleotide and deduced
amino acid sequences of the human cathepsin H cDNA (NM_004390)
and location of mHag epitopes. The deduced amino acids are shown in
one-letter designation below the nucleotide sequence. Three previously
reported non-synonymous single nucleotide polymorphisms and the
corresponding amino acid residues are indicated in bold type. The
sequences of identified epitopes are boxed. (D) Identification of the
2A10 and 1A8 epitopes. IFN~y production of 2A10 (left panel) and 1A8
(right panel) stimulated with restriction HLA-expressing 293T trans-
fected with minigene constructs encoding the nonameric peptide
(ATLPLLCAR/G) or the decameric peptide (WATLPLLCAR/G) that
were predicted by BIMAS (Parker ef al, 1994) and SYFPEITHI
(Rammensee ef al, 1999) software. The data presented are the ODg;,
mean values for JFN-y release + 1 SD of duplicate cultures. Poly-
morphic amino acid residues are underlined.

Finally, A3 1/CTSH® or A33/CTSHR tetramers, which were
prepared in our laboratory, was able to detect growing
populations of CD8" T cells in T-cell lines generated from
UPN 028s post-HSCT PBMC by two different stimulators,
recipient pre-HSCT PBMC and mHag peptide-pulsed donor
PBMC, indicating that CTSH® mHags were indeed immuno-
genic and sensitised precursor T cells were generated in the
recipients. However, tetramer-positive cells were not detectable
as a distinguishable cluster in the unstimulated CD8" fraction
of any of the post-HSCT samples tested (data not shown),
implying that the precursor frequency CTSH"-specific T cells
in unstimulated PBMCs was <10~ (data not shown).

Lysosomal localisation of CTSH does not correlate with
susceptibility to lysis

Because mHags CTSH®/A31 and CTSHY®/A33 are generated
only from the isoform a of CTSH that is anticipated to localise
to lysosomes, confocal microscopy was used as this approach
would make it possible to address the question of whether
preferential accumulation of CTSH isoform a in lysosomes
correlated with the differential susceptibility to CTL of
individual target cells. Haematopoietic cells, including not
only monocytes, PHA-blasts, B-LCLs but alsc most primary
leukaemia cells were positive for CTSH, but co-localisation of
CTSH with lysosome-resident HLA-DM was not evident
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