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(OKT3, eBioscience) in round-bottom 96-well plates.
CD4TCD25M8" Treg cells (highest 3% of CD4"CD25% cells)
were purified with FACSAria (BD Biosciences), and graded num-
bers of them added in the culture as indicated in figure legends.
Proliferation was evaluated by *H-thymidine with 1 pnCi/well for
the last 18 h of 6-day culture. *H-thymidine incorporation was
measured by a scintillation counter.

ELISPOT (enzyme-linked immunospot) assay

The number of IFN-y secreting antigen-specific CD4" T cells
was assessed by ELISPOT assays as described [20, 21]. Briefly,
flat-bottomed, 96-well nitrocellulose-coated microtiter plates
(Millipore, Bedford, MA, USA) were coated with anti-IFN-y
Ab (1-D1K; MABTECH, Stockholm, Sweden). The presensitized
T cells and phytohaemagglutinin (PHA HA15; Murex Diagnostics,
Dartford, UK) activated CD4+ T cells, EBV-transformed human
B lymphocytes or DCs pulsed with 10 pM of peptides or 25 pg/mL
protein overnight were added to each well and incubated for 24 h.
Spots were developed using biotinylated anti-IFN-y Ab (7-B6-1-
biotin; MABTECH), alkaline phosphatase conjugated streptavidin
(Roche, Mannheim, Germany) and 5-bromo-4-chloro-3-indolyl
phosphate/nitroblue tetrazolium (Sigma) and counted with
C.T.L. Immunospot analyzer and software (Cellular Technologies,
Cleveland, OH, USA).

Preparation of monocyte-derived DCs

Monocyte-derived DCs were generated from PBMCs as previously
described with some modifications [51]. Briefly, CD14" mono-
cytes were enriched by positive selection using CD14 Microbeads
(Miltenyi Biotec). Monocytes were cultured in the presence of
20 ng/mL GM-CSF (Immunex, Seattle, WA, USA) and 20 ng/mL
IL-4 (R&D systems) in RPMI1640 supplemented with 2.5% fetal
calf serum. Medium was replaced by fresh medium containing
cytokines 3 days later. On day 6, cells were harvested and used
for subsequent experiments.

ELISA
The concentration of IL-12p70 and IL-10 was measured by ELISA

Kit (eBioscicence) according to the instruction provided by the
manufacturer.

Statistical analysis

Statistical significance was evaluated by Student’s t-test; p values
less than 0.05 are considered significant.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Immunol. 2013. 43: 989-1000

Acknowledgments: This article is dedicated to the memory of
Lloyd J. Old, M.D. We thank Drs. T. Takahashi and J. B. Wing
for critical reading of the manuscript, and L. Wang, C. Brooks, E.
Krapavinsky, E. Ritter, and D. Santiago for technical support.
This study was supported by Grant-in-Aid for Scientific Research
on Priority Areas (No. 17016031, H. Shiku, and No. 20015019,
H. Nishikawa) and Grants-in-Aid for Scientific Research (B) (No.
23300354, H. Nishikawa), the Cancer Research Institute Inves-
tigator Award (H. Nishikawa) and Cancer Vaccine Collabora-
tive Grant for Immunological Monitoring (S. Gnjatic, G. Rit-
ter and L.J. Old), Cancer Research Grant from Foundation of
Cancer Research Promotion (H. Nishikawa), Takeda Science Foun-
dation (H. Nishikawa), Kato Memorial Bioscience Foundation
(H. Nishikawa), the Sagawa Foundation for Promotion of Can-
cer Research (H. Nishikawa), and Senri Life Science Foundation
(H. Nishikawa). MH is a research fellow of the Japan Society for
the Promotion of Science.

Conflicts of interest: The authors declare no financial or com-
mercial conflict of interest.

References

ey

Kawakami, Y. and Rosenberg, S. A, Human tumor antigens recognized
by T-cells. Immunol. Res. 1997. 16: 313-339.

N

Scanlan, M. J., Gure, A. O., Jungbluth, A. A,, Old, L. J. and Chen, Y.
-T., Cancer/testis antigens: an expanding family of targets for cancer
immunotherapy. Immunol. Rev. 2002. 188: 22-32.

w

Boon, T., Coulie, P. G., Van den Eynde, B. J. and van der Bruggen, P.,
Human T cell responses against melanoma. Annu. Rev. Immunol. 2006. 24:
175-208.

4 Shevach, E. M., CD4" CD25* suppressor T cells: more questions than
answers. Nat. Rev. Immunol. 2002. 2: 389-400.

V]

Sakaguchi, S., Naturally arising CD4*+ regulatory T cells for immuno-
logic self-tolerance and negative control of immune responses. Annu.
Rev. Immunol. 2004. 22: 531-562.

o

Nishikawa, H. and Sakaguchi, S., Regulatory T cells in tumor immunity.
Int. J. Cancer 2010. 127: 759-767.

~

Sakaguchi, S., Miyara, M., Costantino, C. M. and Hafler, D. A., FOXP3*
regulatory T cells in the human immune system. Nat. Rev. Immunol. 2010.
10: 490-500.

oo

Onizuka, S., Tawara, 1., Shimizu, J., Sakaguchi, S., Fujita, T. and
Nakayama, E., Tumor rejection by in vivo administration of anti-CD25
(interleukin-2 receptor o) monoclonal antibody. Cancer Res. 1999. 59:
3128-3133.

w

Shimizy, J., Yamazaki, S. and Sakaguchi, S., Induction of tumor immu-
nity by removing CD25+CD4* T cells: a common basis between tumor
immunity and autoimmunity. J. Immunol. 1999. 163: 5211-5218.

10 Nishikawa, H., Kato, T., Tanida, X., Hiasa, A., Tawara, L., Ikeda, H.,
Ikarashi, Y. et al., CD4+ CD25* T cells responding to serologically defined

www.eji-journal.eu

— 156 —



Eur. J. Immunol. 2013. 43: 989~1000

11

1

N

1

w

14

15

16

17

18

19

20

2

-

22

23

24

25

26

autoantigens suppress antitumor immune responses. Proc. Natl. Acad. Sci.
USA. 2003. 100: 10902-10906.

Nishikawa, H., Kato, T., Tawara, 1., Saito, K., Ikeda, H., Kuribayashi, K.,
Allen, P. M. et al.,, Definition of target antigens for naturally occurring
CD4* CD25* regulatory T cells. J. Exp. Med. 2005. 201: 681-686.

Nishikawa, H., Kato, T., Tawara, 1., Takemitsu, T., Saito, K., Wang, L.,
Ikarashi, Y. et al,, Accelerated chemically induced tumor development
mediated by CD4*CD25* regulatory T cells in wild-type hosts. Proc. Natl.
Acad. Sci. USA. 2005. 102: 9253-9257.

Curiel, T. J., Coukos, G., Zou, L., Alvarez, X., Cheng, P., Mottram, P.,
Evdemon-Hogan, M. et al., Specific recruitment of regulatory T cells in
ovarian carcinoma fosters immune privilege and predicts reduced sur-
vival. Nat. Med. 2004. 10: 942-949.

Sato, E., Olson, S. H., Ahn, J., Bundy, B., Nishikawa, H., Qian, F.,
Jungbluth, A. A. et al, Intraepithelial CD8* tumor-infiltrating lym-
phocytes and a high CD8*/regulatory T cell ratio are associated with
favorable prognosis in ovarian cancer. Proc. Natl. Acad. Sci. USA. 2005. 102:
18538-18543.

Dannull, J., Su, Z., Rizzieri, D., Yang, B. K., Coleman, D., Yancey, D.,
Zhang, A. et al., Enhancement of vaccine-mediated antitumor immunity
in cancer patients after depletion of regulatory T cells. J. Clin. Invest. 2005.
115: 3623-3633.

Chen, Y.-T., Scanlan, M. J., Sahin, U., Tureci, O., Gure, A. O., Tsang, S.,
Williamson, B. et al., A testicular antigen aberrantly expressed in human
cancers detected by autologous antibody screening. Proc. Natl. Acad. Sci.
US A.1997. 94: 1914-1918.

Gnjatic, S., Nishikawa, H., Jungbluth, A. A., Gure, A. O,, Ritter, G., Jager,
E.,Knuth, A. et al,, NY-ESO-1: review of an immunogenic tumor antigen.
Advy. Cancer Res. 2006. 95: 1-30.

Gnjatic, S., Nagata, Y., Jager, E., Stockert, E., Shankara, S., Roberts, B. L.,
Mazzara, G. P. et al,, Strategy for monitoring T cell responses to NY-ESO-
1in patients with any HLA class I allele. Proc. Natl. Acad. Sci. U S A. 2000.
97:10917-10922.

Danke, N. A., Koelle, D. M., Yee, C., Beheray, S. and Kwok, W.
W., Autoreactive T cells in healthy individuals. J. Immunol. 2004. 172:
5967-5972.

Nishikawa, H., Jager, E., Ritter, G. Old, L. J. and Gnjatic, S.,
CD4*CD25 regulatory T cells control the induction of antigen-specific
CD4*+ helper T cell responses in cancer patients. Blood 2005. 106:
1008-1011.

Nishikawa, H., Qian, F., Tsuji, T., Ritter, G., Old, L. J., Gnjatic, S. and
Odunsi, K., Influence of CD4*CD25% regulatory T cells on low/high-
avidity CD4* T cells following peptide vaccination. J. Immunol. 2006. 176:
6340-6346.

Iwasaki, A. and Medzhitov, R., Toll-like receptor control of the adaptive
immune responses. Nat. Immunol. 2004. 5: 987-995.

Pasare, C. and Medzhitov, R., Toll pathway-dependent blockade of
CD4*CD25* T cell-mediated suppression by dendritic cells. Science 2003.
299: 1033-1036.

Sutmuller, R. P., den Brok, M. H., Kramer, M., Bennink, E. J., Toonen,
L. W., Kullberg, B. J., Joosten, L. A. et al., Toll-like receptor 2 controls
expansion and function of regulatory T cells. J. Clin. Invest. 2006. 116:
485-494.

Liu, H. Y., Komai-Koma, M., Xu, D. and Liew, F. Y., Toll-like receptor 2
signaling modulates the functions of CD4*CD25* regulatory T cells. Proc.
Natl. Acad. Sci. USA. 2006. 103: 7048-7053.

Yang, Y., Huang, C. T., Huang, X. and Pardoll, D. M., Persistent Toll-like
receptor signals are required for reversal of regulatory T cell-mediated
CD8 tolerance. Nat. Immunol. 2004. 5: 508-515.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

27

28

29

30

31

32

3

w

34

35

36

37

38

39

4

-

42

Immunomodulation

Nishikawa, H., Sato, E., Briones, G., Chen, L. M., Matsuo, M., Nagata, Y.,
Ritter, G. et al., In vivo antigen delivery by a Salmonella typhimurium type
11 secretion system for therapeutic cancer vaccines. J. Clin. Invest. 2006.
116: 1946-1954.

Nishikawa, H., Tsuji, T., Jager, E., Briones, G., Ritter, G., Old, L. J., Galan,
J. E. et al,, Induction of regulatory T cell-resistant helper CD4+ T cells by
bacterial vector. Blood 2008. 111: 1404-1412.

Nakahara, S., Tsunoda, T., Baba, T., Asabe, S. and Tahara, H., Dendritic
cells stimulated with a bacterial product, OK-432, efficiently induce cyto-
toxic T lymphocytes specific to tumor rejection peptide. Cancer Res. 2003.
63:4112-4118.

Okamoto, M., Oshikawa, T., Tano, T., Ohe, G., Furuichi, S., Nishikawa,
H., Ahmed, S. U. et al,, Involvement of toll-like receptor 4 signaling in
interferon-y production and antitumor effect by streptococcal agent OK-
432.]. Natl. Cancer Inst. 2003. 95: 316-326.

Okamoto, M., Oshikawa, T., Tano, T. Ahmed, S. U., Kan, S.,
Sasai, A., Akashi, S. et al,, Mechanism of anticancer host response
induced by OK-432, a streptococcal preparation, mediated by phago-
cytosis and Toll-like receptor 4 signaling. J. Immunother. 2006. 29:
78-86.

Ono, T., Harada, M., Yamada, A., Tanaka, M., Takao, Y., Tanaka, Y.,
Mine, T. et al., Antitumor effects of systemic and local immunization
with a CTL-directed peptide in combination with a local injection of OK-
432. Clin. Cancer Res. 2006. 12: 1325-1332.

Oshikawa, T., Okamoto, M., Tano, T., Sasai, A., Kan, S., Moriya, Y.,
Ryoma, Y. et al,, Antitumor effect of OK-432-derived DNA: one of the
active constituents of OK-432, a streptococcal immunotheropeutic agent.
J. Immunother. 2006. 29: 143-150.

Okamoto, M., Furuichi, S., Nishioka, Y., Oshikawa, T., Tano, T.,
Ahmed, S. U., Takeda, K. et al., Expression of toll-like receptor 4
on dendritic cells is significant for anticancer effect of dendritic
cell-based immunotherapy in combination with an active compo-
nent of OK-432, a streptococcal preparation. Cancer Res. 2004. 64:
5461-5470.

Rosenberg, S. A., Yang, J. C. and Restifo, N. P., Cancer immunother-

apy: moving beyond current vaccines. Nat. Med. 2004, 10:

909-915.

Dougan, M. and Dranoff, G., Immune therapy for cancer. Annu. Rev.
Immunol. 2009. 27: 83-117.

Napolitani, G., Rinaldi, A., Bertoni, F., Sallusto, F. and Lanzavecchia, A.,
Selected Toll-like receptor agonist combinations synergistically trigger a
T helper type 1-polarizing program in dendritic cells. Nat. Immunol. 2005.
6:769-776.

Warger, T., Osterloh, P., Rechtsteiner, G., Fassbender, M., Heib, V.,
Schmid, B., Schmitt, E. et al., Synergistic activation of dendritic cells
by combined toll-like receptor ligation induces superior CTL responses
in vivo. Blood 2006. 108: 544~550.

King, L. L. and Segal, B. M., Cutting edge: IL-12 induces CD4*CD25 T
cell activation in the presence of T regulatory cells. . Immunol. 2005. 175:
641-645.

Zhao, J. X., Zhao, J. C. and Perlman, S., Differential effects of IL-12 on
Tregs and non-Treg T cells: roles of IFN-y, IL-2 and IL-2R. Plos One 2012.
7: e46241.

Setoguchi, R., Hori, S., Takahashi, T. and Sakaguchi, S., Homeostatic
maintenance of natural Foxp3+ CD25% CD4* regulatory T cells by inter-
leukin (IL)-2 and induction of autoimmune disease by IL-2 neutralization.
J. Exp. Med. 2005. 201: 723-735.

Oldenhove, G., Bouladoux, N., Wohlfert, E. A., Hall, J. A., Chou, D., Dos
Santos, L., O’Brien, S. et al., Decrease of Foxp3* Treg cell number and

www.eji-journal.eu

— 157 —

999




1000

Michiko Hirayama et al.

acquisition of effector cell phenotype during lethal infection. Immunity
2009. 31: 772~-786.

43 Wan, Y. 5. Y. and Flavell, R. A., Regulatory T-cel} functions are subverted
and converted owing to attenuated Foxp3 expression. Nature 2007. 445:
766-770.

44 Gnjatic, S., Altorki, N. K., Tang, D. N., Tu, S. M., Kundra, V., Ritter,
G., Old, L. J. et al,, NY-ESO-1 DNA vaccine induces T-cell responses
that are suppressed by regulatory T cells. Clin. Cancer Res. 2009. 15:
2130-2139.

45 Zhou, G., Drake, C. G. and Levitsky, H. 1., Amplification of tumor-specific
regulatory T cells following therapeutic cancer vaccines. Blood 2006. 107:
628-636.

46 Bonertz, A., Weitz, J., Pietsch, D. H. K., Rahbari, N. N., Schlude, C., Ge,
Y. Z., Juenger, S. et al., Antigen-specific Tregs control T cell responses
against a limited repertoire of tumor antigens in patients with colorectal
carcinoma. J. Clin. Invest. 2009. 119: 3311-3321.

47 Aoki, M., Ueda, S., Nishikawa, H., Kitano, S., Hirayama, M., Ikeda,
H., Toyoda, H. et al., Antibody responses against NY-ESO-1 and HER2
antigens in patients vaccinated with combinations of cholesteryl pul-
lulan (CHP)-NY-ESO-1 and CHP-HER2 with OK-432. Vaccine 2009. 27:
6854-6861.

48 Gnjatic, S., Atanackovic, D., Jager, E., Matsuo, M., Selvakumar, A.,
Altorki, N. K., Maki, R. G. et al, Survey of naturally occurring
CD4* T cell responses against NY-ESO-1 in cancer patients: correla-
tion with antibody responses. Proc. Natl. Acad. Sci. U S A. 2003. 100:
8862-8867.

49 Stockert, E., Jager, E., Chen, Y.-T., Scanlan, M. J., Gout, 1., Karbach, ],
Arand, M. et al,, A survey of the humoral immune response of cancer

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Immunol. 2013. 43: 989-1000

patients to a panel of human tumor antigens. J. Exp. Med. 1998. 187:
1349-1354.

50 Riddell, S. R. and Greenberg, P. D., The use of anti-CD3 and anti-CD28
monoclonal-antibodies to clone and expand human antigen-specific
T-cells. J. Immunol, Methods 1990. 128: 189-201.

5

puiy

Nagata, Y., Ono, S., Matsuo, M., Gnjatic, S., Valmori, D, Ritter, G., Garrett,
W. et al., Differential presentation of a soluble exogenous tumor antigen,
NY-ESO-1, by distinct human dendritic cell populations. Proc. Natl. Acad.
Sei. U S A, 2002. 99: 10629-10634.

Abbreviation: CHP: cholesteryl hydrophobized pullulan

Full correspondence: Dr. Hiroyoshi Nishikawa, Experimental
Immunology, Immunology Frontier Research Center, Osaka
University, 3-1 Yamadaoka, Suita, Osaka 565-0871, Japan
Fax: +81-6-6879-4464

e-mail: nisihiro@ifrec.osaka-u.ac.jp

Additional correspondence: Sacha Gnjatic, Ludwig Institute for Cancer
Research, New York Branch, Memorial Sloan-Kettering Cancer Center,
1275 York Avenue, New York, NY 10065, USA.

e-mail: gnjatics@mskcc.org

Additional correspondence: Hiroshi Shiku, Departments of Cancer
Vaccine and Immuno-Gene Therapy, Mie University Graduate School
of Medicine, 2-174 Edobashi, Tsu, Mie 514-8507, Japan.

e-mail: shiku@clin.medic.mie-u.ac.jp

Received: 6/7/2012

Revised: 7/12/2012

Accepted: 28/1/2013

Accepted article online: 4/2/2013

www.eji-journal.eu

— 158 —



Cancer Immunity (15 January 2013) Vol. 13, p. 3
Copyright © 2013 by Maries van den Broek

Cancer Immunity

Article
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We investigated whether antibodies against intracellular tumor-
associated antigens support tumor-specific immunity when
administered together with a treatment that destroys the tumor. We
propose that released antigens form immune complexes with the
antibodies, which are then efficiently taken up by dendritic cells. We
cloned the first human monoclonal antibodies against the Cancer/
Testis (CT) antigen, NY-ESO-1. We tested whether the monoclonal
anti-NY-ESO-1 antibody (12D7) facilitates cross-presentation of a
NY-ESO-1-derived epitope by dendritic cells to human CD8+ T cells,
and whether this results in the maturation of dendritic cells in vitro.
We investigated the efficacy of 12D7 in combination with
chemotherapy using BALB/c mice bearing syngeneic CT26 tumors
that express intracellular NY-ESO-1. Human dendritic cells that were
incubated with NY-ESO-1:12D7 immune complexes efficiently
stimulated NY-ESO-1,5, 145/ HLA-A2-specific human CD8+ T cells to
produce interferon-y, whereas NY-ESO-1 alone did not.
Furthermore, the incubation of dendritic cells with NY-ESO-1:12D7
immune complexes resulted in the maturation of dendritic cells.
Treatment of BALB/c mice that bear CT26/NY-ESO-1 tumors with 5-
fluorouracil (5-FU) plus 12D7 was significantly more effective than
chemotherapy alone. We propose systemic injection of monoclonal
antibodies (mAbs) against tumor-associated antigens plus a
treatment that promotes the local release of those antigens resulting
in immune complex formation as a novel therapeutic modality for
cancer.

Keywords: NY-ESO-1, antibody, chemotherapy

Introduction

Cancer/Testis (CT) antigens form an extended family of
proteins that are frequently expressed in a large variety of
malignancies but are absent from healthy tissue, except for the
testis and placenta. Cancer patients often develop spontaneous
immune responses toward CT antigens, which illustrate their
immunogenicity (1-3). Their apparent immunogenicity and
unique expression pattern make CT antigens attractive targets
for immunotherapy, and a number of clinical trials in which
cancer patients were immunized with CT antigens in different
forms have been completed, some of which show objective

www.cancerimmunity.org

clinical responses (4-12).

Dendritic cell (DC) maturation is a key prerequisite for the
activation of T cells, and moreover, antigen presentation by
steady-state DCs results in peripheral tolerance induction, a
process that is considered crucial for the protection against
autoimmunity (13, 14). DC maturation usually is induced by
infection or inflammation—or by adjuvants for that matter—
and can be a local event. Insufficient maturation of tumor-
associated DCs may be one of multiple reasons for the
compromised response of tumor-infiltrating T cells compared
to peripheral T cells (15, 16). Cross-presentation of sufficient
amounts of tumor-derived antigens may be another limiting
factor, especially because the number of tumor-associated DCs
often is low and cross-presentation is inefficient (17, 18).
Therefore, we developed a novel immunotherapeutic approach
that combines enhanced cross-presentation of epitopes derived
from intracellular proteins with concomitant DC maturation.
We hypothesized that administration of monoclonal antibodies
(mADbs) against CT antigens together with a therapy that releases
these usually intracellular antigens may support the local
formation of immune complexes, which are efficiently taken up
by DCs (19, 20) resulting in increased presentation of CT
antigen-derived epitopes to CD8+ T cells. Because there is
evidence that the uptake of immune complexes by DCs through
the activating receptor for IgG (FcyRIIA) results in DC
maturation (21), the use of mAbs against CT antigens may serve
both purposes: DC activation and enhanced cross-presentation.

The fact that NY-ESO-1 is one of the best-characterized and
most immunogenic CT antigens known to date (22, 23) and is
frequently expressed by tumors of different origin (6, 24)
prompted us to clone human-derived mAbs against NY-ESO-1
from patients who had high serum levels of NY-ESO-1-specific
IgG and, thus, presumably a high frequency of NY-ESO-1-
specific B cells. The obvious advantage of cloning a therapeutic
antibody from humans is that adverse side effects of such an
antibody are very unlikely and that it therefore can relatively be
quickly tested in clinical trials. We report here the generation of
the first human-derived IgG1 mAbs against NY-ESO-1 and the
selection of a lead development candidate (12D7). We show that
12D7 facilitates cross-presentation of a NY-ESO-1-derived
epitope to CD8+ T cells, that 12D7:NY-ESO-1 immune
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complexes induce the maturation of human monocyte-derived
DCs in vitro, and that 12D7 significantly enhances the
therapeutic efficacy of chemotherapy using a preclinical
syngeneic mouse model.

Table 1

Binding of human monoclonal anti-NY-ESO-1 antibodies to NY-
ESO-1. Comparison of EC;, and equilibrium affinity constants for
the binding between NY-ESO-1 and different anti-NY-ESO-1 anti-
bodies.

12D7 1.14 2.08x10° 1.56x10"
1D4 2.23 1.62x107 2.24x10°"°
30D6 1.09 4.35x10° 2.65x107°
31E4 9.52 1.9x107 2.23x10°
15812 72.6 - e
E978 control 6.66 2.56x10° 1.56x10™"7
Results

Cloning of human-derived monoclonal antibodies from cancer
patients

We cloned eight different NY-ESO-1-specific human-derived
monoclonal antibodies (HD mAbs) from a melanoma patient,
of which the following five were selected for further analysis
based on their affinity to the target: 1D4, 12D7, 15B12, 30D6,
and 31E4. All HD mAbs were of IgG1 isotype.

In vitro characterization of HD mAbs

To compare the binding properties of five different anti-NY-
ESO-1 HD mAbs to recombinant NY-ESO-1 protein, we
determined the half-maximal effective concentration (ECs,)
using a protein ELISA. All antibodies bound recombinant NY-

ESO-1 produced in bacteria in the low pM range. Actual
binding constants to recombinant NY-ESO-1 produced in
bacteria and in eukaryotic cells were determined by surface
plasmon resonance (Biacore Systems) (Table 1).

To determine the epitopes recognized by the different mAbs,
we used a set of overlapping peptides spanning the complete
NY-ESO-1 protein as coating antigen in ELISA. As shown in
Figure 1A, 12D7 binds to a peptide representing the amino acids
11 to 30 from the NY-ESO-1 protein, but not to the two adjacent
peptides that span amino acids 1-20 or 21-40. This suggests that
the epitope recognized by 12D7 lies at the junction of these two
peptides around amino acid 20 of NY-ESO-1. Figure 1B
summarizes the epitope-specificity of all five anti-NY-ESO-1
antibodies. In addition, all antibodies were tested for binding to
endogenous NY-ESO-1 from the human melanoma cell line SK-
MEL-37 by immunoprecipitation. All antibodies precipitate NY-
ESO-1 from a cell lysate of an NY-ESO-1+ cell line (SK-MEL-
37) (Figure 1C). Because 12D7 had the highest affinity for
eukaryotic NY-ESO-1, we performed further experiments with
this mAb.

12D7 facilitates cross-presentation of NY-ESO-1 by DCs and induces
concomitant DC maturation

To test whether 12D7 facilitates the cross-presentation of NY-
ESO-1-derived epitopes in vitro, we generated monocyte-
derived, HLA-A*0201+ DCs and fed them with 12D7:NY-ESO-
1 immune complexes, NY-ESO-1, or 12D7. DCs were
subsequently incubated with cloned NY-ESO-1s; 4/HLA-
A*0201-specific CD8+ T cells, and the percentage of T cells that
produced IFN-y was used as readout for antigen recognition.
Mature DCs fed with NY-ESO-1 protein induced IFN-y
production in a low but discernible percentage of T cells
(Figure 24, black bars), which did not occur when DCs were not
matured (Figure 2A, white bars). DCs fed with 12D7:NY-ESO-1
immune complexes induced the production of IFN-y in a much

Figure 1
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Epitope mapping of anti-NY-ESO-1 human monoclonal antibodies. (A) Representative peptide ELISA for antibody 12D7, where P1-P17 represent overlapping NY-
ESO-1 peptides. (B) Overview of the specificities of different NY-ESO-1 specific human-derived mAbs. (C) Immunoprecipitation of NY-ESO-1 from a cell lysate of a
NY-ESO-1+ cell line SK-MEL-37 or a NY-ESO-1- cell line A549 by human anti-NY-ESO-1 mAbs.
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Human monoclonal anti-NY-ESO-1 antibody (12D7) facilitates cross-presentation of a NY-ESO-1-derived, HLA-A2-restriced epitope (NY-ESO-1;57.145). (A)
HLA-A2+, monocyte-derived DCs were incubated with 20 pg NY-ESO-1 protein, 200 g human monoclonal anti-NY-ESO-1 antibody (12D7), with immune complexes
(12D7:NY-ESO-1) or with media for 3 h, were washed and cultured for 36 h with (black bars) or without (white bars) 25 ng/mL TNF-a + 1 pg/mL sCD40L (maturation
cocktail). 6 x 10* cloned, NY-ESO-157.165 /HLA-A2-specific CD8+ T cells were added to 10° DCs in the presence of 10 ug/mL Brefeldin A, followed by a 5 h incubation
and subsequent surface staining for CD8 and intracellular staining for TEN-y. 10" M peptide was added to DCs as positive control. All cultures were performed in tripli-
cate. (B) HLA-A2+, monocyte-derived DCs were incubated with 20 ug NY-ESO-1 protein, 200 pg human monoclonal anti-NY-ESO-1 antibody (12D7), with lysate of
107 NY-ESO-1+ SK-MEL-37 cells (lysate), with immune complexes (NY-ESO-1:12D7 or lysate:12D7), or with media (0) for 3 h, were washed and cultured for 36 h with
25 ng/mL TNF-a + 1 pg/mL sCD40L (maturation cocktail). 6 x 10* cloned, NY-ESO-1;s5.165 /HLA-A2-specific CD8+ T cells were added to 10° DCs in the presence of
10 ug/mL Brefeldin A, followed by a 5 h incubation and subsequent surface staining for CD8 and intracellular staining for IFN-y. All cultures were performed at least in

duplicate.

higher percentage of T cells and, importantly, also did so when
DCs that were not deliberately matured were used (Figure 2A,
compare black and white bars). None of the negative controls—
DCs fed with 12D7, mock immune complexes, or medium—
induced IFN-y production (Figure 2A and data not shown). To
exclude that our observations are a peculiarity of recombinant
NY-ESO-1, we incubated 12D7 with a cell Iysate of SK-MEL-37
cells, which naturally express NY-ESO-1, and subsequently fed
this mixture to DCs. DCs fed with the 12D7:lysate or with
12D7:NY-ESO-1  presented NY-ESO-1-derived epitopes
approximately equally well (Figure 2B).

Because presentation of 12D7:NY-ESO-1 immune complexes
seemed not to require deliberate DC maturation, we addressed
whether the uptake of immune complexes, but not the uptake of
uncomplexed protein, induced DC maturation in vitro. We
therefore compared the expression of three surface molecules
that are upregulated on mature DCs (CD83, CD86, and MHC
class II) after incubation with media, 12D7, NY-ESO-1, or with
12D7:NY-ESO-1 immune complexes in the absence of
maturation cocktail. We found that only immune complexes
induced an upregulation of CD86, CD83, and MHC II
(Figure 3A; left, middle, and right panels, respectively). We then
compared the expression of CD83, CD86, and MHC II on DCs
that were incubated with the maturation cocktail, with immune
complexes, or with both, in order to determine the relative
potency of immune complexes with respect to DC maturation.
We found that immune complexes were almost as potent in
inducing DC maturation as the classical maturation cocktail
(sCD40L plus TNF-a) (Figure 3B). A combination of immune
complexes plus maturation cocktail resulted in the most
pronounced upregulation of CD86 and CD83 (Figure 3B; left
and middle panels, respectively), whereas MHC II was not
further upregulated compared to any of the two treatments
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alone (Figure 3B, right panels).

12D7 increases the therapeutic efficacy of chemotherapy in mice
with NY-ESO-1+ tumors

To test the therapeutic efficacy of 12D7 in vivo, we injected 10°
syngeneic, NY-ESO-1-transfected CT26 tumor cells s.c. in
BALB/c mice. To induce release of intracellular NY-ESO-1, mice
were treated with 75 mg/kg 5-FU when tumors reached a size of
approximately 25 mm? which was typically around 2 weeks after
injection of tumor cells. The treatment with 5-FU was repeated
one week later and, in some groups, was combined with 100 pg
12D7 given systemically 2 d after each 5-FU injection. As can be
seen from the growth curves, 5-FU has the expected therapeutic
effect. Importantly, this was enhanced by 12D7 (Figure 4A).
Treatment with 12D7 alone had no effect, presumably because
the amount of spontaneously released antigen is not sufficient in
this particular model. A compilation of end-point tumor sizes
from 4 independent experiments shows a highly significant
difference between mice treated with 5-FU plus 12D7, and mice
treated with 5-FU alone (Figure 4B).

To investigate whether treatment with 5-FU plus 12D7
supported tumor-specific immunity, we injected mice with
Brefeldin A 4 h before euthanasia, followed by staining for
CD45.2, CD8, and intracellular IFN-y. This way of analysis
shows which cells actually are making IFN-y in vivo and not
which cells potentially can do this upon in vitro restimulation
with peptide. This method obviously does not allow
discrimination between single peptide specificities, but it is of
higher biological relevance (25) particularly because we
envisaged that DC activation, which we have shown to occur
upon cross-presentation (Figure 3), may also support the
presentation of other epitopes besides those derived from NY-
ESO-1. Treatment with 5-FU plus 12D7 supported CD8+ and
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Immune complexes induce maturation of monocyte-derived DCs in vitro. (A) CD14-derived DCs were incubated with media, 200 pg NY-ESO-1, 20 pg 12D7 or pre-
formed immune complexes of 20 pg 12D7 + 200 pg NY-ESO-1, and were analyzed 36 h later for surface expression of CD86, CD83, or MHC I1. (B) CD14-derived DCs
were incubated with preformed immune complexes of 20 ug 12D7 + 200 pg NY-ESO-1, maturation cocktail (sCD40L + TNF-a) or with preformed immune complexes
plus maturation cocktail, and were analyzed 36 h later for surface expression of CD86, CD83, or MHC I

effector function in the tumor (Figure 4C). Treatment with 5-
FU (Figure 4C) or 12D7 (data not shown) did not have this
effect.

Discussion

‘We hypothesized that antibodies against intracellular, tumor-
associated antigens support tumor-specific immunity when
used in combination with a therapy that induces cell death such
as chemo- or radiotherapy. We envisaged that such antibodies
form immune complexes with the released tumor antigens.
These immune complexes are subsequently taken up with
higher efficiency compared to protein (fragments) by DCs (26),
which then cross-present relevant epitopes to local CD8+,
tumor-specific T cells. This presumed sequence of events may
be of particular interest as evidence is accumulating that both
chemo- and radiotherapy support tumor-specific immunity
(27), and we therefore reasoned that additional stimulation of
tumor-specific immunity could further improve the efficacy of
these standard therapies.

For this purpose, we have cloned the first fully human mAbs to
NY-ESO-1 using Epstein-Barr virus (EBV)-transformed B cells
from a melanoma patient and subjected those to preclinical
experiments to obtain proof of principle. We found that 12D7, a
fully human IgGl mAb specific for the immunogenic CT
antigen NY-ESO-1, supported cross-presentation of NY-ESO-1
in vitro resulting in an approximate 15-fold increase of the
number of responding CD8+ T cells. Of the other four NY-ESO-

40f9

1-specific mAbs we generated here, 1D4 and 30D6 improved
cross-presentation of NY-ESO-1 (data not shown), whereas
15B12 and 31E4 seemed not effective (data not shown). This
difference may be explained by the difference in affinity, as
15B12 did not show binding to NY-ESO-1 by Biacore—although
it did bind weakly to NY-ESO-1 in ELISA—and 31E4 had at
least a 1-log lower affinity than 12D7, 1D4, and 30D6. At
present, we have no reason to think that the epitope recognized
by the mAb impacts on its ability to support cross-presentation.
Our observation that 12D7:NY-ESO-1 immune complexes are
considerably less efficient than peptide-loaded DCs in
stimulating IFN-y production illustrates that cross-presentation
is a rather inefficient process, but underscores the therapeutic
potential of antibodies against tumor-associated antigens.

It is well accepted now that activation of T cells in vivo
crucially depends on antigen presentation by mature or
activated DCs (14, 28). Many cues, including inflammation and
infection but also endogenous signals, can induce DC
maturation (29), and the lack of such signals in the tumor
environment may be one reason why tumor-infiltrating T cells
often have compromised functions (16, 30). Because the uptake
of immune complexes was shown to result in DC maturation
(19), we specifically addressed this issue here. We found that the
in vitro uptake of immune complexes resulted in DC maturation
that was comparable to sCD40L plus TNF-a, which is a classical
maturation cocktail. Therefore, the use of mAbs against CT
antigens may serve both purposes: DC activation and enhanced
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A human, monoclonal anti-NY-ESO-1 antibody (12D7) increases the therapeutic efficacy of 5-FU chemotherapy in mice bearing NY-ESO-1+ syngeneic tumors.
Female BALB/c mice were injected s.c. with 106 CT26/NY-ESO-1+ cells and treatment was started when tumors reached a surface of approximately 25 mm? (~ d13-15).
(A) Mice received 75 mg/kg 5-FU i.p. at days 15 and 22 and/or 100 ug 12D7 i.p. on days 17 and 24. The results are shown as mean+SD. A representative experiment of 4
experiments is shown. (B) Compilation of 4 independent experiments, each symbol represents the tumor surface of an individual mouse at the end of the experiment (d
29). (C) Mice were injected i.p. 1 week after the last injection with 12D7 (d 29) with 250 pg Brefeldin A and were euthanized 4 h later. Processing of tumors and staining
with antibodies for CD45.2, CD8 (surface), and IFN-y (intracellular) was performed in the presence of 10 pg/mL Brefeldin A. Each symbol represents values from indi-

vidual mice at the end of the experiment.

cross-presentation at the relevant anatomic location. This is not
trivial, as systemic activation of DCs may not be without risk as
systemic side effects such as the release of cytokines or
autoimmunity may ensue (31, 32).

We found that 12D7 improved the efficacy of chemotherapy in
a preclinical mouse model of transplanted, syngeneic NY-ESO-
1-expressing tumors, thus supporting our concept. Further
support comes from the fact that more CD8+ T cells infiltrate
the tumor and that those cells have increased effector function.
By itself, however, 12D7 had no therapeutic effect, suggesting
that the amount of released tumor antigen is limiting without
deliberate destruction of the tumor. Our in vivo experiments
require the binding of human IgG to mouse Fcy receptors
(FcyR), which was previously described (33, 34). Improved
efficacy of chemotherapy by the use of tumor-associated
antigen-specific antibodies will presumably work for
chemotherapies especially, which are not immunosuppressive
or—even more important—promote immunogenic cell death
(35).

We propose the concept of antibody-facilitated T cell
induction in cancer (AFTIC) as a novel type of immunotherapy.
AFTIC is based on the application of mAbs against tumor-
associated antigens, including CT antigens, plus a treatment that
promotes the local release of those antigens, such as chemo- or
radiotherapy. The locally released antigens and the mAb form
immune complexes, which facilitate the uptake and subsequent
presentation of antigen-derived peptides by tumor-associated
DCs. As the uptake of immune complexes induces concomitant
maturation of DCs, AFTIC supports boosting as well as de novo
activation of tumor-specific CD8+ T cells. Furthermore,
administration of antibodies against a particular tumor-
associated antigen may promote the presentation of the same
antigen when administrated as a cancer vaccine, thereby
improving the efficacy of immunotherapy. Alternatively, better
antigen presentation of immune complexes and concomitant
DC maturation may support the activity of adoptively
transferred T cells provided they have the same antigen
specificity as the therapeutic antibodies.

www.cancerimmunity.org
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Materials and methods

Patient material

Serum and peripheral blood was collected from cancer
patients. All patients were admitted at the University Hospital
Ziirich and provided written informed consent in accordance
with the Declaration of Helsinki. The local ethics committee
approved the study.

Memory B cell culture

PBMC were incubated with anti-CD22 coupled to magnetic
beads (Miltenyi Biotec), PE-conjugated anti-IgD, and APC-
conjugated antibodies to IgM, CD3, CD8, and CD56 (Becton
Dickinson). B cells were isolated by positive selection of CD22+
cells using a midi-MACS device and LS columns (Miltenyi
Biotec), followed by sorting PE-APC- cells using a MoFlo cell
sorter (Beckman Coulter). CD22+ IgD- IgM- memory B cells
were incubated with 10% EBV-containing supernatant from
B95-8 cells (from European Collection of Cell Cultures,
ECACC) in the presence of 2.5 ug/mL CpG 2006 at 37°C for 4 h.
Cells were seeded in 96-well U-bottom plates at 10 cells per well
plus 3 x 10* irradiated allogeneic PBMCs in RPMI 1640 medium
supplemented with 10% human serum, antibiotics, 10%
supernatant from B95-8 cells, and 2.5 pg/mL CpG 2006.
Supernatants were tested for NY-ESO-1-specific antibodies after
2 weeks by ELISA.

Single cell-RT-PCR

B cell cultures were harvested and single cells were deposited
into a 96-well PCR plate (Applied Biosystems) using a MoFlo
XDP cell sorter (Beckman Coulter). RT-PCR was performed
using random hexamer primers for cDNA synthesis and specific
primers to amplify the immunoglobulin variable and constant
regions. Immunoglobulin heavy and light chain variable regions
were amplified using a nested PCR approach as described (36).
Primer-encoded amino acid sequences and J-C regions of the
antibodies were corrected to represent the authentic amino acid
sequence as it occurred in the patient in a subsequent step prior
to antibody production.

Antibody production and purification

293-T human embryonic kidney cells were transfected with 25
kDa branched polyethylenimine (PEL,  Polysciences,
Warrington, PA) plus DNA plasmids (heavy and light chain in
equal ratios) in a 1.3:1 ratio and were incubated for 15 min at
room temperature. Following transfection, the cells were
cultured in serum free Opti-MEM I + GlutaMAX-I (Invitrogen)
supplemented with 10 U penicillin-streptomycin  (Lonza,
Switzerland). After 72 h supernatants were collected and IgG
was purified on a protein A column (GE Healthcare, Sweden)
using FPLC (GE Healthcare, Sweden).

Biacore analysis

Antibody binding kinetics with NY-ESO-1 proteins derived
from E. coli (LICR New York Branch) and HEK293 cells
(OriGene Technologies, Inc.) were determined by Biacore
technology (model Biacore 2000; Biacore AB) using CM5 sensor
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chips, EDC-NHS conjugation, and BlAevaluation software.
Technical details have been described previously (37).

ELISA
o Protein or peptide ELISA

96-well half-area microtiter plates (Costar, USA) were coated
with 30 pL/well of 1 ug/mL recombinant NY-ESO-1 protein, or
10 pg/mL 20-mer peptides spanning the entire NY-ESO-1
protein (Peptides & Elephants, Germany) diluted in PBS
overnight at 4°C. After coating, plates were washed with PBS +
0.05% Tween-20 (PBS-T) and blocked for 1 h at room
temperature with 2% BSA/PBS (Sigma). B cell-conditioned
medium, patient serum, or recombinant antibody was
incubated for 2 h at room temperature (RT) at indicated
concentrations or dilutions in PBS. Plates were washed with
PBS-T and incubated for 1 h at RT with HRPO-conjugated goat-
anti-human Fcy antibody (Jackson ImmunoResearch), diluted
1:4000 in 0.5% BSA/PBS, followed by measurement of the
HRPO activity using a TMB substrate solution (Sigma, Buchs,
Switzerland). The mouse IgGl monoclonal anti-NY-ESO-1
antibody E978 (38) and HRPO-conjugated goat-anti-mouse Fcy
antibody (Jackson ImmunoResearch) at 1:4000 dilution in 0.5%
BSA/PBS served as positive control.
o Cellular ELISA

4 x 10* SK-MEL-37 cells were seeded in a 96-well flat bottom
plate and cultured under standard conditions overnight. Cells
were fixed in ice-cold ethanol/acetone mix (1:1) for 15 min on
ice. After two wash steps with PBS, cells were blocked and
permeabilized with 100 pL of PBS + 0.5% BSA + 0.5% Triton X
100 for 2 h at 4°C. B cell-conditioned medium or recombinant
antibody was incubated at indicated concentrations for 2 h at
4°C. Bound antibodies were detected after 1 h incubation at 4°C
with HRPO-labeled goat anti-human Fc secondary antibody
(Jackson ImmunoResearch).

Immunoprecipitation

SK-MEL-37 tumor cells were lysed with Triton X 100/
Glycerol-based lysis buffer for 15 min at 4°C. Cell debris was
separated by centrifugation at maximum speed in a table
centrifuge and protein concentration of the supernatant
analyzed by standard Bradford assay. 300 ng of antibody was
used to precipitate NY-ESO-1 from 250 pg of SK-MEL-37 cell
lysate in a 16 h incubation at 4°C. The immune complex was
isolated by adding magnetic Protein G beads (New England
Biolabs, Ipswich, MA) for 1 h at 4°C under constant agitation.
Beads were washed, resuspended in NuPAGE LDS sample buffer
(Invitrogen) and boiled prior to Gradient SDS Polyacrylamide
Gel Electrophoresis (NuPAGE 4-12% Bis-Tris Gel, Invitrogen).
NY-ESO-1 protein was detected by Western blot using murine
antibody E978 (38).

In vitro cross-presentation assay

Human, HLA-A*0201/NY-ESO-1,5;.,5 specific CD8+ T cells
were cloned as previously described (39). To generate DCs,
CD14+ cells were MACS-purified according to the
manufacturer’s instructions (Miltenyi Biotech) from PBMC
from HLA-A*0201+ healthy donors and cultured at 10° cells/mL
in serum-free CellGro DC media (CellGenix), supplemented
with 800 U/mL GM-CSF and 500 U/mL IL-4 (R&D Systems) to
generate DCs. Medium was exchanged the following day and
DCs were harvested on d 4 of culture and resuspended at 10¢/
mL in Opti-MEM (Gibco). Immune complexes were generated
by incubating 20 ug recombinant NY-ESO-1 with 200 pg 12D7
in a total volume of 500 pL Opti-MEM (Gibco) for 30 min at

8of9

37°C. Human IgG1 (Sigma Aldrich), 12D7 alone, or NY-ESO-1
alone were used as controls. Alternatively, 200 pg 12D7 was
incubated with a lysate of an equivalent of 10’ NY-ESO-1+ SK-
MEL-37 cells in 500 pL. Opti-MEM. DCs (5x10° in 0.5 mL Opti-
MEM) were added to the immune complexes and controls. The
mixture was incubated at 37°C for 3 h. DCs were then
centrifuged and resuspended in CellGro DC media at 10%/mL.
Hundred pL (10° DCs) were cultured in 96-well flatbottom
plates at 37°C in the presence or absence of maturation cocktail
(1 pg/mL soluble CD40L (sCD40L) trimer (PeproTech) plus
TNF-a (25 ng/mL; R&D Systems)). After 36 h, approximately 6
x 10° HLA-A*0201/NY-ESO-1,5;.15 specific CD8+ T cells in 100
uL RPMI + 10% human serum + antibiotics + 20 pg/mL
Brefeldin A (Sigma Chemicals) were added to the different DC-
cultures. After 4 h, cultures were harvested in FACS buffer (PBS
+ 2% FCS + 2 mM EDTA + 0.05% NaN;) and surface stained
with anti-CD8 followed by intracellular staining for IFN-y as
previously described (39). CD8+ T cells plus unloaded DCs
served as negative control, and CD8+ T cells plus DCs with 10
M of NY-ESO-1,5;.,65 (SLLMWITQC, Thermo Fisher Scientific)
served as positive control. All cultures were performed at least in
duplicates.

Mice and cell lines

BALB/c mice were originally obtained from Jackson
Laboratories and were bred and kept under specific pathogen-
free conditions in the Institute of Laboratory Animal Sciences
(University of Ziirich). Age- and sex-matched mice of 9-12
weeks old were used for all experiments. Mice were housed
under specific pathogen-free conditions at University Hospital
Zirich. All experiments were performed in agreement with the
federal and cantonal laws on animal protection.

The colon carcinoma cell line CT26 was transfected to stably
express intracellular NY-ESO-1 (40) and was cultured in RPMI
+10% FCS + antibiotics + 10 pg/mL puromycin under standard
tissue culture conditions. CT26/NY-ESO-1 and the human
melanoma cell line SK-MEL-37 were cultured in RPMI + 10%
FCS + antibiotics under standard tissue culture conditions. 293-
T cells were cultured in DMEM (Lonza, Switzerland)
supplemented with 10% FCS (Linaris) and 10 U penicillin-
streptomycin (Lonza, Switzerland) under standard tissue culture
conditions.

Treatment of mice

Mice were injected s.c. into the right flank with 10¢ CT26/NY-
ESO-1+ cells in 100 pL RPMI. The tumor surface was measured
at least twice a week with a calliper. Treatment was started (d 0)
when tumors reached a size of approximately 25 mm? 5-
Fluorouracil (5-FU, TEVA Pharma, Aesch, Switzerland) was
diluted in saline and were given i.p. on d 0 and d 7 at 75 mg/kg,
respectively. 12D7 (100 pg in 100 uL PBS) was given i.p. on d 2
and d 9. All animal experiments were performed in accordance
with the Swiss federal and cantonal law on animal protection.

Flow cytometry

At the end of the experiment (1 week after the last injection of
12D7), mice were injected i.p. with 250 ug Brefeldin A and were
euthanized 4 h later. Subsequent processing and staining was
performed in the presence of 10 pg/mL Brefeldin A (25).
Tumors were cut into small pieces and subsequently digested
with 1.5 mg/mL collagenase + 100 ug/mL DNase for 1 h at 37°C
followed by filtration through a 50 pm cell strainer. Single cell
suspensions were surface stained in FACS buffer (FB, PBS + 2%
FCS + 0.03% NaN; + 20 mM EDTA) with anti-CD45.2 pacific
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blue and anti-CD8bPE. For intracellular staining to detect IFN-
v, cells were permeabilized with permeabilization buffer (PB, FB
+ 0.1% saponin) and stained intracellularly with anti-IFN-y
APC. All antibodies were obtained from BioLegend, San Diego,
CA, USA. Samples were measured with a CyAn ADP9
(Beckman Coulter, Brea, CA, USA) and analyzed using FlowJo
Analysis Software (Tree Star Inc., Ashland, OR, USA).

Statistical analysis

Statistics were done using an unpaired Student two-tailed ¢-
test. Error bars represent SD. p values less than 0.05 were
considered significant.
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Although Lloyd J. Old was involved in various studies of the
interactions between cancer and the immune system, it seems to
us that his ideas often originated from the studies of serological
identification of mouse lymphocyte antigens. The findings from
these studies allow us to distinguish cells of different lineages
and differentiation stages, and also to distinguish leukemia cells
from normal lymphocytes (1). It is amazing that essentially a
single serological technique, i.e., the Trypan blue exclusion test
(presumably introduced in Peter Gorer’s laboratory by Edward
A. Boyse), was used to define a series of these antigens. This
technique was used in conjunction with absorption analysis to
elucidate the specificity of antisera, based on a vast knowledge of
mouse immunogenetics. In the laboratory, Elisabeth Stockert
(who was a technical assistant at that time) was the great master
of these serological techniques, carrying out her own projects of
cell surface antigens, as will be described below, while managing
the day-to-day business of the laboratory. Similarly, Elizabeth A.
Carswell and Gayla Geering investigated tumor necrosis factor
(TNF) and retrovirus-associated intracellular antigens,
respectively, while working as technical assistants.

When Toshitada Takahashi left Nagoya, Japan, for New York in
1968, the TL and Lyt (Ly) series of antigens of thymocytes and
peripheral T cells had already been identified by Drs. Old,
Boyse, and Stockert (1-3), and congenic strains of mice for each
antigen system had been established. Contemporaneously,
Katsuaki Itakura was preparing to initiate genetic linkage studies
of these differentiation antigens. In the late 1960s, the concept of
T cells and B cells was becoming more and more widespread,
and after the First International Immunology Congress in
Washington, D.C., in 1971, this concept became widely accepted
all over the world. The Thy-1 (®, CD90) and Lyt series of
antigens are considered to be markers for thymocytes and
peripheral T cells, whereas TL is a marker for thymocytes. Thus,
Takahashi’s project was focused on B cells. When he started his
study on cell surface antigen analysis of plasma cell leukemias
(PCL), Yoshiyuki Hashimoto kindly taught him how to carry
out day-to-day experiments. At that time, Dr. Hashimoto was a
visiting investigator from the Biochemistry Institute in Tokyo,
Japan, working on cell-mediated immunity against TL-positive
leukemias. It is noteworthy that, as the founder of the Japanese
Association of Cancer Immunology, Dr. Hashimoto greatly
contributed to the progress in tumor immunology in Japan. Dr.
Takahashi defined a novel PC.1 alloantigen that is expressed on
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PCL cells and mature antibody-forming cells (IgG type
hemolytic plaque-forming cell, IgG-PFC), but not on peripheral
B cells (4). Furthermore, he demonstrated reciprocal expression
of surface immunoglobulin, which is expressed on peripheral B
cells, but on neither IgG-PFC nor PCL cells. We had to wait until
1973 to see the first report of a B cell alloantigen by Hidetoshi
Sato (5), although it is named Lyb-2 (CD72). This protein was
later shown to be a ligand for Lyt-1 (CD5) and appears to be
present on all B lymphocytes except for plasma cells.

In 1973, Hiroshi Shiky, also from Nagoya, went to the Sloan-
Kettering Institute for Cancer Research (SKI) and started
working on cell-mediated immunity with Herbert E Oettgen
and Michael A. Bean. Although the chromium release assay had
already been established by Cerottini et al. and was widely used
to target suspension cells, this assay was not always suitable for
monolayer cell cultures derived from solid tumors. In order to
detect killing activity against attached target cells, Dr. Bean
developed a new microassay using [3H]proline for labeling,
instead of chromium 51; this assay was used by Dz. Shiku for his
phenotype analysis of T cell subpopulations. A very exciting
result was obtained in 1975, namely, that the killer T cell
population is relatively rich in Lyt-2/3 (CD8) surface antigens,
but relatively poor in Lyt-1 antigen, suggesting that T cells with
different functions could be distinguished on the basis of their
Lyt phenotypes (6). Subsequently, Eiichi Nakayama clearly
demonstrated selective blocking of cytotoxic cells by Lyt-2 and
Lyt-3 antisera in vitro in the absence of complement, suggesting
that Lyt-2/3 determinants on the surface of cytotoxic T cells
have a close spatial relationship to the T cell receptor (7, 8).
Furthermore, it was shown later by Drs. Nakayama and Akiko
Uenaka in Japan that in vivo administration of Lyt-2/3
antibodies is able to block the cytotoxicity of killer T cells
responsible for tumor rejection (9). Thus, Lyt-2/3 was
demonstrated to be not merely the marker of killer T cells, but a
molecule that is important to their key function. As for the
phenotype of effector cells (Th1) and regulatory T cells (Treg),
Shimon Sakaguchi and his colleagues demonstrated in 1982 that
both populations express Lyt-1, but not Lyt-2/3, i.e., the CD4
phenotype (10, 11); they accomplished this by analysis of an
organ-localized autoimmune disease model that develops in
mice thymectomized on day 3 after birth. It is now well known
that CD8 and CD4 molecules are involved, respectively, in the
interactions between T cell receptor and target antigen peptides
presented on major histocompatibility complex (MHC) class I
and class II molecules. This research laid the groundwork for
identifying the cell surface markers that allow cells to be
experimentally and diagnostically separated and distinguished,
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revolutionizing immunology and medicine as it is practiced
today.

Unlike the Lyt series of antigens, the TL antigen system has
unique characteristics, e.g., TL expression is restricted to
thymocytes in certain (TL”) strains of the mouse, indicating a
character of differentiation antigens, whereas TL appears in a
proportion of T cell leukemias (lymphomas) developed even in
TL  strains that normally never express TL during fetal or adult
life; these can be regarded as leukemia-specific antigens. Yuichi
Obata, who worked with Dr. Old for 12 years, succeeded in 1985
in cloning genomic TL genes as members of MHC genes of
chromosome 17 (12). These may be regarded as the first set of
cloned genes encoding tumor antigen; the P815 mast cell tumor
antigen gene, P1A, was reported by Boon’s group in 1991. In
1985, Dr. Obata then returned to Japan to be a staff member at
the Aichi Cancer Center Research Institute in Nagoya, where he
continued his TL project. One of the interesting findings
obtained thereafter is that when a chemical carcinogen (NBU)
was administered to C57BL/6 and C3H strains, T cell leukemia
development was slower than in T3B-TL gene-transduced
counterpart strains expressing TL ubiquitously as self antigens,
suggesting that anti-TL immunity may play a protective role in
immune surveillance (13). Another important finding is that
immunization with TL-positive skin from T3B-TL transgenic
mice produced cytotoxic T cells exhibiting TL- (but not H-2-)
restriction (14). This indicated that TL antigen is a
transplantation antigen, although in the 1970s it was considered
to be a serologically defined antigen.

In the late 1960s and early 1970s, cancer research focused on
viral carcinogenesis, since the Epstein-Barr virus (EBV) had
been discovered as a candidate for human tumor virus, while
retroviruses such as murine leukemia virus (MuLV) and murine
mammary tumor virus (MTV) had been shown to be associated
with development of murine leukemia and mammary tumor,
respectively. In Dr. Old’s laboratory, cell surface and intracellular
antigens of MuLV and MTV were extensively studied, and many
antigenic systems were defined. Particularly, detailed analyses of
the relationship between gp70 of MuLV classes and cell surface
antigens were conducted by Drs. Stockert and Obata (15-18).
Four antigens were defined as markers for each of the MuLV
classes: GIX and G(RADAI) distinguished two types of
ecotropic MuLV; G(ERLD) identified all xenotropic MuLV; and
G(AKSL2) served as a marker for dual-tropic viruses in high-
leukemia strains such as AKR mice. GIX antigen has
characteristics of a differentiation antigen and is expressed on
thymocytes in low-leukemia strains such as 129 mice; a linkage
study conducted by Hisami Ikeda demonstrated that the antigen
expression is controlled by linkage group 8 on chromosome 4
(19). During the course of these studies, Kouhei Kawashima
obtained an interesting finding: thymocytes exhibit amplified
expression of gp70-associated antigens during the late
preleukemic period in the AKR strain, which is accompanied by
the emergence of MuLVs with dual-tropic (but not ecotropic)
properties (20, 21), leading to the belief that dual-tropic MuLVs
are the proximal vectors of leukemogenesis in the AKR strain.

In addition to the studies of leukemia, an attempt was also
made to detect individual antigens of chemically induced mouse
sarcomas by use of the complement-dependent cytotoxicity
microassay. The presence of such antigens was demonstrated in
the 1960s by in vivo transplantation experiments, but the nature
of the antigens was not well understood. In 1977, Albert B.
DeLeo produced antisera that detected antigens with an
exceedingly restricted distribution on two BALB/c
methylcholanthrene-induced sarcomas, Meth A and CMS4
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(22). During the course of these studies, he defined a
transformation-related intracellular antigen of sarcomas and
leukemias with a molecular weight of 53 kilodaltons (23); this
antigen is now known to be the product of the p53 tumor
suppressor gene. Two genes encoding for individual
transplantation antigens detected by cytotoxic T cells were
subsequently isolated in Japan from different tumors: RAMP
(exon extension mutation) from Meth A, by Dr. Nakayama in
2003 (24), and ERK2 (point mutation) from another sarcoma,
CMS5, by Hiroaki Ikeda et al. in 1997 (25). To date, the
relationship between these gene products and the serologically
defined antigens has not been elucidated.

Here, we have only introduced a part of the mouse cell surface
antigen studies initiated at SKI, and briefly discussed their
further development in Japan. It is noteworthy that not only
genes encoding these antigens, but also fertilized eggs of the
pertinent congenic and transgenic mouse strains are maintained
even now at the BioResource Center of Riken Tsukuba Institute
(director, Dr. Obata), and are available to researchers interested
in this field.
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Adoptive cell therapy with lymphocytes that have been genetically
engineered to express tumor-reactive T-cell receptors (TCR) is a
promising approach for cancer immunotherapy. We have been
exploring the development of TCR gene therapy targeting cancer/
testis antigens, including melanoma-associated antigen (MAGE)
family antigens, that are ideal targets for adoptive T-cell therapy.
The efficacy of TCR gene therapy targeting MAGE family antigens,
however, has not yet been evaluated in vivo. Here, we demon-
strate the in vivo antitumor activity in immunodeficient non-obese
diabetic/SCID/yc™" (NOG) mice of human lymphocytes genetically
engineered to express TCR specific for the MAGE-A4 antigen. Poly-
clonal T cells derived from human peripheral blood mononuclear
cells were transduced with the af TCR genes specific for MAGE-A4,
then adoptively transferred into NOG mice inoculated with MAGE-
A4 expressing human tumor cell lines. The transferred T cells main-
tained their effector function in vivo, infiltrated into tumors, and
inhibited tumor growth in an antigen-specific manner. The combi-
nation of adoptive cell therapy with antigen peptide vaccination
enhanced antitumor activity, with improved multifunctionality of
the transferred cells. These data suggest that TCR gene therapy
with MAGE-A4-specific TCR is a promising strategy to treat
patients with MAGE-A4-expressing tumors; in addition, the acqui-
sition of multifunctionality in vivo is an important factor to predict
the quality of the T-cell response during adoptive therapy with
human lymphocytes. (Cancer Sci 2012; 103: 17-25)

T -cell receptor (TCR) gene transfer using retroviral vectors
has been shown to be an attractive strategy to redirect the
antigen specificity of polyclonal T cells to create tumor- or path-
ogen-specific lymphocytes."~® This approach is a promising
method for the treatment of patients with malignancies that
might overcome the limitations of current adoptive T-cell thera-
pies that have been hampered by difficulties in the isolation and
expansion of pre-existing, antigen-specific lymphocytes in
patients.(7‘1°) For the treatment of metastatic melanoma, clinical
trials using autologous lymphocytes that have been retrovirally
transduced with melanoma/melanocyte antigen-specific TCR
have reported objective cancer regression.1'? These reports
suggest that adoptive cell therapy using TCR gene-modified
lymphocytes is a promising approach to immunotherapy in can-
cer patients; such reports have encouraged the development of
novel TCR gene therapy-based approaches.

On-target adverse events, however, have been reported for
TCR gene therapies targeting melanocyte differentiation anti-
gens, such as melanoma antigen recognized by T-cells (MART)-
1 or gpl00. Normal tissues in which melanocytic cells exist,
such as the skin, eyes, and inner ears, exhibited severe histologi-
cal destruction, especially when high-avidity TCR were used.
Gene-modified T cells targeting carcinoembryonic antigen also
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induced a severe transient inflammatory colitis that served as a
dose-limiting toxicity for all three patients enrolled.!® Case
reports exploring the severe adverse events seen in patients
receiving T cells transduced with chimeric antigen receptors
bearing the variable regions of human epidermal growth factor
receptor type 2 (HER2)/neu- or CD19-reactive antibodies have
suggested that these adverse events might be related to the
release of cytokines from transferred cells.!*!> These observa-
tions highlight the potential risk in the usage of receptor genes
that render T cells reactive to both tumor cells and a subset of
normal cells.

Cancer/testis antigens are particularly attractive targets for
immunotherapy, because of their unique expression profiles.
While these antigens are highly expressed on adult male germ
cells or placenta, they are typically completely absent from
other normal adult tissues, and demonstrate aberrant expression
in a variety of malignant neoplasms."'®!” As adult male germ
cells do not express MHC class I, CD8" effector cells theoreti-
cally ignore these cells."® MAGE-A, -B, and -C genes exhibit
such an expression pattern, and their immunogenicity as targets
for cancer immunotherapy has been well studied."*~" MAGE-
A4 expression was reported in 56.6% of serous carcinoma of
the ovary, 61.4% of melanoma, 28.4% of non-small cell lung
carcinoma, 20% of hepatocellular carcinoma, 22.3% of colorec-
tal carcinoma, 90.2% of esophageal squamous cell carcinoma,
and 6.7% of esophageal adenocarcinoma.®*® These results
suggest that TCR gene therapy targeting the MAGE family of
antigens, including MAGE-A4, represents a promising
treatment for malignancies that minimizes the risk of severe
on-target toxicity. The feasibility of TCR gene therapy target-
ing MAGE family antigens in vivo, however, has not previously
been evaluated.

In the present study, we isolated rearranged TCRof genes
from a human CD8" T-cell clone that recognizes a MAGE-
Ad-derived pezgtide, MAGE-A4443_151, in the context of
HLA-A*2402.%% Polyclonal human lymphocytes that were ret-
rovirally transduced with these TCR genes demonstrated stable
transgene expression and specific cytotoxicity against MAGE-
Ad-expressing tumor cells in vitro.®%*" These results prompted
us to confirm the efficacy of the TCR gene-modified T cells
in vivo prior to clinical evaluation.

In this study, we investigated if human lymphocytes geneti-
cally engineered to express this MAGE-A4-specific TCR could
inhibit the growth of MAGE-A4-expressing tumors when adop-
tively transferred into immunodeficient non-obese diabetic/
SCID/yc™! (NOG) mice. We evaluated the in vivo function
of the transferred cells, as well as their migration to the tumor
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site, and the resultant antitumor effect. We addressed if the
combination of adoptive cell therapy and vaccination with pep-
tide antigen could influence the antitumor activity of transferred
cells.

Materials and Methods

Peripheral blood mononuclear cells. Peripheral blood mono-
nuclear cells (PBMC) were isolated from healthy donors who
provided informed consent. Peripheral blood mononuclear
cells were cultured in GT-T503 media (Takara Bio, Otsu, Japan)
supplemented with 1% autologous plasma, 0.2% human serum
albumin (HSA; Sigma-Aldrich, St. Louis, MO, USA),
2.5 mg/mL fungizone (Bristol-Myers Squibb, New York, NY,
USA), and 600 TU/mL interleukin-2. This study was approved
by the ethics review committees of Mie University Graduate
School of Medicine (Tsu, Japan) and Takara Bio.

Mice. Studies were conducted using 8-week-old female NOG
mice (Central Institute for Experimental Animals, Kawasaki,
Japan) that had been established as described previously.®?
Mice were maintained at the Animal Center of Mie University
Graduate School of Medicine. All experimental protocols were
approved by the Ethics Review Committee for Animal Experi-
mentation (of Mie University Graduate School of Medicine).

Cell lines. The KE4 (MAGE-A4"HLA-A*2402" human eso-
phageal carcinoma), QG56 (MAGE-A4"HLA-A*2402" human
lung carcinoma), and T2-A*2402 ghuman T, B hybridoma trans-
fected with HLA-A*2402 cDNA)?® cell lines were maintained
in RPMI-1640 media (Sigma-Aldrich) supplemented with 10%
FCS, penicillin (100 U/mL), and streptomycin (100 mg/mL).

Retroviral transduction. A retroviral vector encoding MAGE-
Ad-specific TCRo (TRAVS-1) and TCRf (TRBV7-9) genes (MS-
bPa retroviral vector) was described previously.®” Peripheral
blood mononuclear cells were stimulated with 30 ng/mL OKT-
3 (Janssen Pharmaceutical, Titusville, NJ, USA) and 600 IU/mL
interleukin-2 prior to transduction with MS-bPa particles.
Briefly, retroviral solutions were preloaded onto RetroNectin-
coated plates and centrifuged at 2000g for 2 h, then rinsed with
PBS, according to the RetroNectin (Takara Bio)-bound virus
infection method. Cells were then applied onto preloaded plates;
PBMC transduced with the MS-bPa retroviral vector were
designated as gene-modified cells. Control PBMC were treated
similarly, except that MS-bPa was omitted from the cultures;
these specimens were designated as unmodified cells.

Tumor challenge. KE4 tumor cells (2.5 x 10° in 0.2 mL
PBS) were subcutaneously inoculated into the right flanks of
mice. In the indicated experiments, QG56 tumor cells (2.5 X 10
in 0.2 mL PBS) were subcutaneously inoculated in a similar
manner. Tumor size was determined by the product of perpen-
dicular diameters measured with calipers. The mice were killed
before the mean diameter of the tumor reached 20 mm, accord-
ing to institutional guidelines. The statistical significance of the
difference between groups in tumor growth was evaluated at
the last time point.

Adoptive cell transfer. After two washes in saline containing
1% human serum albumin (HSA), gene-modified or unmodified
cells (1 x 10%) were suspended in 0.3 mL saline and intrave-
nously injected into a lateral tail vein of the NOG mice. Prior to
injection, gene-modified cells were analyzed for staining with
MAGE-A443_15,/HLA-A*2402 tetramer and antihuman CDS8
mAb to calculate the proportion of tetramer*CD8" T cells
infused. When indicated, HLA-A*2402-positive PBMC were
pulsed with 1 uM MAGE-A4,4,_;55 peptide and co-adminis-
tered intravenously as a peptide vaccination.

In vitro stimulation and staining of cells. Cells were incubated
for 2 h at 37°C with irradiated (45 Gy) stimulator T2-A*2402
cells, which had been pulsed with 1 uM MAGE-A44,_y53 or
HER243 71 (an irrelevant peptide with HLA-A*2402 binding
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activity) peptide, at an effector/stimulator ratio of four in the
presence of 0.1 mg/mL  phycoerythrin (PE)-conjugated
anti-CD107a (BD Bioscience, San Diego, CA, USA). We then
incubated samples for an additional 6 h in 1 mL/mL GolgiStop
(BD Bioscience). The cells were then stained with FITC-conju-
gated anti-CD8 (BD Bioscience) mAb. After permeabilization
and fixation using a Cytofix/Cytoperm kit (BD Bioscience)
according to the manufacturer’s instructions, the cells were
stained intracellularly with allophycocyanin (APC)-conjugated
anti-y-interferon (IFN-y) (BD Bioscience) and PE-Cy7-conju-
gated antitumor necrosis factor (TNF) (BD Bioscience) mAb.

Flow cytometric analysis. PE-conjugated MAGE-A443_151/
HLA-A*2402 tetramer (provided by the Ludwig Institute for
Cancer Research, New York, NY, USA) and FITC-conjugated
antihuman CD4 (BD Bioscience), human CD8 (BD Bioscience),
and PerCP-CyS5.5-conjugated antihuman CD3 (BD Bioscience)
mAb were used to detect transduced TCR in specific cell popu-
lations. Poljichroxnatic analyses were performed as previously
described.®® Cell staining data were acquired using a FACS
Cantol flow cytometer (Becton Dickinson, Franklin Lakes, NJ,
USA), and analyzed using FACSDiva (Becton Dickinson) and
FlowJ (Tree Star, Ashland, OR, USA) software.

Immunohistochemical analysis. Formalin-fixed and paraffin-
embedded specimens were used. After deparaffinization, tissue
sections were pretreated with antigen retrieval solution (DAKO
high pH solution, DAKO, Glostrum, Denmark) at 95°C for
20 min. As a primary antibody, antihuman CD8 (clone
C8/144B; DAKO) was used. Dextran polymer method with
EnVision plus (DAKO) was adopted for secondary detection.
3,3’-Diaminobenzidine was used as chromogen, and hematoxylin
counterstain was performed. Infiltrated CDS8-positive tumor
infiltrating lymphocytes (TIL) were counted in the selected 10
independent areas with most abundant TIL infiltration. Tumor-
infiltrated, CD8-positive cells per high power field (0.0625 mm?)
were counted using an ocular grid at x400 magnification. Three
independent counts were performed by a board-certified patholo-
gist (E.S) with no knowledge of the earlier results. The average
TIL counts of 10 fields was used for the statistical analyses.

Statistical analyses. Data were expressed as mean + SD.
Differences between groups were examined for statistical
significance using the Student’s t-test. A P-value less than 0.01
denoted a statistically-significant difference.

Results

Adoptive transfer of MAGE-A4-specific, TCR-transduced
lymphocytes inhibits tumor progression in a dose-dependent and
antigen-specific manner. We previously reported the successful
retroviral transduction of TCRuff genes recognizing the MAGE-
Ad 43151 peptide in an HLA-A*2402-restricted manner into
polyclonally-activated human CD8" T cells. The TCRaf-trans-
duced CD8" T cells exhibited IFN-y production and cytotoxic
activity against both peptide-loaded T2-A*2402 cells and human
tumor cell lines, such as KE4, that express both MAGE-A4 and
HLA-A*2402.%% To confirm the efficacy of these gene-modi-
fied T cells in vivo prior to clinical evaluation, we examined the
antitumor efficacy of adoptive cell therapy with MAGE-A4-
specific TCR gene-modified lymphocytes into NOG mice. We
anticipated that a clinical trial to evaluate this therapy would
involve the transduction of polyclonally-activated PBMC with
TCR genes, followed by the transfer of these cells into patients
without purification of the CD8" T-cell subset. To mimic these
conditions, the NOG mice received TCR gene-modified lympho-
cytes without further purification. The TCR gene-modified and
unmodified cells used for the transfer experiments were stained
with anti-CD8 mAb and a MAGE-A443_;5;/HLA-A*2402 tet-
ramer that specifically detected the transduced TCR (Fig. 1A).
As we reported previously, this TCR bound the tetramer in a
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CD8 molecule-dependent manner.®® These T cells were tested
for specific reactivity against antigen peptide presented on
HLA-A*2402 (Fig. 1B,C).

Before transfer, we stained the cells with the MAGE-
Ad 43 151/HLA-A*2402 tetramer to calculate the number of
tetramer " CDS8" cells. The growth of implanted MAGE-A4"HLA-
A*2402% KE4 tumor cells was significantly inhibited when
9 x 10° of tetramer*CD8* cells were intravenously injected
into NOG mice on day 0 (Fig. 2A). The inhibition of KE4
growth required specific recognition of the MAGE-A4141_153/
HLA-A*2402 complex by the TCR, because unmodified cells
derived from the same donor did not alter KE4 growth. In this
experiment, 1 x 10% gene-modified or unmodified lymphocytes
derived from the same donor were administered to mice.
Although the CD4/CD8 ratio of the in vifro expanded lympho-
cytes depends on the donor, gene-modified and unmodified
cells derived from the same donor demonstrated similar pheno-
types, determined by the expression of cell surface markers,
including CD3, CD4, CD8, CD45RA, CD45RO, CD62L,
CCR7, CD152, CD25, CD27, and CD28 (data not shown). The
growth of the QG56 tumors, which expressed MAGE-A4, but
lacked HLA-A*2402, was indistinguishable in mice receiving
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either gene-modified or unmodified cells (Fig. 2D). Only a
modest inhibition of KE4 growth was seen when mice received
only 3 x 10°% of tetramer*CD8" cells (Fig. 2B), while no effect
was seen upon administration of 1 x 10° of tetramer*CD8*
cells (Fig. 2C).

We addressed the effect of the adoptive transfer of the
gene-modified cells into the mice with established tumors. We
adoptively transferred TCR-engineered T cells into NOG mice
that were inoculated with KE4 tumor cells 3 days earlier.
On the day of adoptive T-cell transfer, we observed the estab-
lishment of a KE4 tumor mass in the mice. As shown in
Figure 2(E), the administration of gene-modified cells signifi-
cantly inhibited the growth of KE4 tumors, although the effect
was limited and appeared later compared to the treatment on
day 0. Taken together, the adoptive transfer of MAGE-A4-spe-
cific TCR gene-modified lymphocytes inhibited human tumor
growth in NOG mice in a dose-dependent and TCR-specific
manner.

Adoptively-transferred human lymphocytes persist in NOG
mice. We monitored the persistence of transferred human lym-
phocytes in peripheral blood by staining Ficoll-purified PBMC
from NOG mice with mAb specific for human CD8 and CD4.
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Fig. 2. Adoptive transfer of lymphocytes genetically engineered to express MAGE-A4-specific T-cell receptor inhibits human tumor progression
in non-obese diabetic/SCID/yc™" mice. Non-obese diabetic/SCID/vc™!" mice (n = 4 per group) were subcutaneously inoculated with 2.5 x 10°
KE4 (A-C) or QG56 (D) tumor cells, and intravenously administered ~1 x 10® gene-modified (M) or unmodified (4) cells or PBS alone (control, O)
on day 0. Total of 9 x 105 (A,D), 3 x 10° (B), or 1 x 10° (C) tetramer*CD8* cells were confirmed to be adoptively transferred; we subsequently
monitored tumor growth over time. (E) Non-obese, diabetic/SCID/yc™" mice (n =4 per group) received the treatment 3 days after the
subcutaneous inoculation of 2.5 x 10° KE4. Total of 9 x 10° tetramer*CD8" cells were transferred. Mean tumor size for each group is represented
as the average + SD of four mice. Results are representative of three independent experiments. Differences between groups were examined for

statistical significance using the Student’s t-test. *P < 0.01. Numerical value indicates the number of tetramer*CD8* cells administrated.

Human CD8" T cells persisted in NOG mice for more than
40 days after transfer (Fig. 3A). The transferred human CDS8*
cells comprised between 10% and 30% of the total peripheral
mononuclear cells in NOG mice at almost all time points
following transfer of 1 x 10% human lymphocytes. In these
experiments, approximately 9 x 10° of the transferred 1 x 10
gene-modified cells were tetramer*CD8*. The percentage of
specifically staining cells in the total peripheral mononuclear
cell population was significantly less when mice received
5 x 107 human lymphocytes (Fig. 3B). There was no significant
difference in transferred cell survival or percentages between
mice receiving gene-modified and unmodified cells (Fig. 3A,B).
Human CD4" cells comprised less than 10% of all lymphocytes
for the first 2 weeks following transfer, but a rapid increase in
this population was evident after day 21(Fig. 3C,D). This obser-
vation was consistent with reports suggesting that CD4™ T cells
play a dominant role in the induction of graft-versus-host
(GVH) reactions in hosts receiving transfusions.*>*® The NOG
mice receiving human lymphocyte transfers demonstrated
significant weight loss after day 21, a sign of GVH reactions
(Fig. 3E).

Transferred TCR gene-modified T cells retain their ability to
recognize specific antigens in NOG mice. Lymphocytes
harvested from the peripheral blood of NOG mice administered
TCR gene-modified lymphocytes were tested for their anti-
gen-specific reactivity by intracellular cytokine staining with
anti-IFN-y mAb after incubation with peptide-loaded T2-
A*2402 cells. Antigen-specific IFN-y secretion was detectable
by peripheral blood CD8* cells isolated from mice throughout
the 40-day period after adoptive transfer with either 1 x 108
(Fig. 4A) or 5 x 107 (Fig. 4B) gene-modified cells. No reactiv-
ity of these lymphocytes was seen against T2-A*2402 cells
without loaded peptide (data not shown). Cells from mice
that received unmodified lymphocytes did not demonstrate a
specific response (Fig. 4A,B). These results indicate that
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transferred TCR gene-modified cells remained functional
in vivo, recognizing the MAGE-A4,4,_53 peptide in the context
of HLA-A*2402. When 5 x 107 cells were transferred, these
cells expanded more rapidly in the early phase compared to the
group with 1 x 10® cells transferred. We speculate that the adop-
tive transfer of a lower number of antigen-specific T cells
might induce these cells to expand more rapidly in vivo in the
early expansion phase. At the later time points, more antigen-
specific cells persisted in mice receiving 1 x 10% cells.

Intratumor infiltration of transferred human CD8* T cells. To
confirm the infiltration of transferred cells into tumor tissue, we
examined implanted KE4 and QG56 tumors by immunohisto-
chemical analysis. As antibodies specifically recognizing the
transferred TCR (TCRa V8-1 or TCRP V7-9) are not available,
we stained tumor specimens with a mAb against human CD8.
Significant infiltration of human CD8" cells was detectable in
KE4 tumors harvested from mice as early as 2 weeks after the
transfer of gene-modified cells (Fig. 5A,B). CD8" cell infiltra-
tion in KE4 tumor specimens in the mice that received gene-
modified cells was slightly better than in the mice that received
unmodified lymphocytes. However, the difference was not sta-
tistically significant (Fig. 5A,B). A similar degree of infiltration
was also observed in QGS56 tumors. These data were consistent
with previous reports analyzing the migration of tumor-specific
T cells by two-photon laser microscopy that indicated
tumor-specific T cells accumulate in both antigen-positive
and -negative tumor tissues to comparable extents, but at differ-
ent migratory velocities, according to tumor antigen expres-
sion.®” The KE4 tumors in mice that did not receive human
lymphocytes lacked any positive staining (Fig. 5B).

Combination of TCR gene therapy and peptide vaccine
enhances antitumor efficacy. In animal models of adoptive
cell therapy examining the effects against murine tumors with
tumor-specific CD8* T cells, in vivo vaccinations using
agents, such as antigen-peptide or antigen-encoding viruses,
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Fig. 3. Persistence of adoptively transferred
human lymphocytes in non-obese, diabetic/SCID/
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can increase the antitumor efficacy of adoptive cell ther-
apy.®>® Therefore, we explored if a peptide vaccination in
conjunction with TCR gene-modified cell transfer could
increase the inhibition of tumor growth seen in this model.
As the administration of 1 x 10° tetramer"CD8" cells alone
was incapable of inducing tumor growth inhibition in this
model (Fig. 2C), we examined if the combination of an in
vivo peptide vaccination with cell transfer under these condi-
tions could enhance tumor inhibition. As NOG mice do not
possess endogenous antigen-presenting cells capable of pre-
senting peptide in an HLA-A*2402-restricted manner, we
used HLA-A*2402-positive human PBMC pulsed with the
MAGE-A4,43 151 peptide. Tumor-inoculated NOG mice
receiving gene-modified cells were also administered peptide-
loaded HLA-A*2402-positive PBMC derived from the same
donor on days 2 and 8 of the tumor challenge. KE4 tumor
growth was significantly inhibited in the mice receiving a
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combination of cell therapy and peptide vaccination in com-
parison to mice treated by cell therapy alone (Fig. 6A). The
peptide vaccination did not alter KE4 growth when combined
with the transfer of unmodified cells. The growth of the
HLA-A*2402-negative QGS56 tumor was identical in both
groups (Fig. 6B).

Increased multifunctionality in adoptively-transferred cells
when inoculated with peptide vaccine. We previously reported
that the multifunctionality of effector cytotoxic T cells (CTL) is
a critical determinant of the quality of the T-cell response and
the resultant immunological control of tumor.®>*% We therefore
compared the multifunctionality of transferred cells from NOG
mice treated with TCR gene-modified cells and peptide vaccina-
tion with that from mice treated by TCR gene cell therapy alone.
We assessed IFN-y and TNF-a production and CD107a mobili-
zation by CD8" T cells at the single-cell level in specimens
harvested from mice on days 2, 7, and 14 after transfer. We
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