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minutes. The cells were loaded on lymphocyte separation
medium (Ficoll-Conray, Immuno-Biologic Laboratories,
Gunma, Japan), and centrifuged at 2,000 rpm for 20
minutes. PBMC were collected from the intermediate
layer of Ficoll-Conray density gradient centrifugation
and washed twice with PBS. The plasma was subjected to
heat-inactivation and stored at -20°C until use. A cell
separator (COBE-Spectra, GANBRO, Stockholm,
Sweden) was used for leukapheresis. Any residual mono-
nuclear cells were collected from apheresis tubes and bags
by washing with PBS after cells were collected for clinical
transplantation, and separated by Ficoll-Conray density
gradient centrifugation. The apheresis plasma was also
collected from the collection bags.

Expansion of Va24" NKT Cells

In this manuscript, we use the term Va24* NKT
cells to refer to Vo24* CD3™ double-positive NKT cells
and confirmed the co-expression of V11 chain. Isolated
PBMC were cultured in 6-well culture plates (Costar,
Corning, NY) at 2.0 x 10%cells/mL (each well filled
with 4 mL media) in AIM-V media (Life Technologies,
Rockville, MD) containing 10% autologous plasma,
supplemented with 100ng/mL «a-galactosylceramide (a-
GalCer, supplied by Kirin Brewery Co., Tokyo, Japan)
and 100IU/mL recombinant human (rth) IL-2 (R&D
Systems, Minneapolis, MN) for 12 days. IL-2 was freshly
added every 3 days to maintain its biologic activity. In the
first experiment to define the efficacy for Vo24" NKT
cells expansion between before and after G-CSF mobili-
zation, we used steady-state autologous plasma before G-
CSF administration (pre-G-CSF), autologous plasma
derived from PB after G-CSF administration (post-G-
CSF PB) and autologous plasma obtained from apheresis
product after G-CSF administration (post-G-CSF apher-
esis). In other experiments, we uniformly used autologous
plasma obtained from apheresis product.

Monoclonal Antibodies

For flow cytometry analysis, anti-CD3-APC, anti-
CDI14-FITC, anti-CD16-PE, anti-CD56-FITC, anti-
CD161-PE, anti-CD20-FITC and anti-CD19-PE mono-
clonal antibodies (mAbs) were purchased from BD
Biosciences (Mountain View, CA). IgGl-FITC and
IgG1-PE (cocktail), anti-Va 24-FITC, anti-Vo24-PE,
anti-Vgl1-PE and anti-CD4~FITC and anti-CD8 ™ PE
(cocktail) mAbs were from Immunotech (Marseilles,
France). Anti-CD3-FITC mAb was from BD Pharmingen
(San Diego, CA). For cell separation, anti-CD34-FITC,
anti-CD56-FITC and anti-CD14-FITC mAbs were pur-
chased from BD Biosciences (Mountain View, CA).
Anti-Vo24-FITC mAb was from Immunotech (Marseilles,
France). Anti-CD3-FITC mAb was from BD Pharmingen
(San Diego, CA).

Cell Surface Antigen Analysis

For cell surface antigen staining, cells were incu-
bated with FITC-, PE- or APC- conjugated mouse anti-
human mAbs for 30 minutes on ice. After staining, cells
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FIGURE 1. Proportion and absolute number of Va24* NKT
cells on day 12 The proportion (A) and absolute number (B) of
Va24* NKT cells increased 18(SD +23)- and 182(+158)-fold
at the end of 12 days of culture for cells harvested before
G-CSF administration, whereas these values were 333(+347)-
and 669(+925)-fold in cells harvested after treatment with
G-CSF. The highest increase was observed with apheresis
product, which showed values of 1384(£1434)- to
7091(+2160)-fold respectively. The results were based on
data obtained from 20 healthy donors. The bar means
standard deviation. (*; P<0.05)

were washed twice and re-suspended in PBS. Staining
with propidium iodide (PI; Sigma-Aldrich, St. Louis,
MO) preceded all experiments to remove dead cells. Data
were acquired by flow cytometry (FACSCalibur; BD
Biosciences) and analyzed using CellQuest software (BD
Biosciences). In this manuscript, we considered “CD56 ™"
cells” as NK cells and use the phrase “CD56 " NK” cells.

Cell Separation and Coculture
PBSC Obtained from apheresis products were
stained with FITC-conjugated mAbs against CD34,
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Va24, CDI14, and CD56 for 20 minutes at 4°C and
washed once with 5mM EDTA-PBS. Anti-FITC-
microbeads (Miltenyl Biotec, Gladbach, Germany) were
then added to PBSC. After target cells were reacted with
anti-FITC-microbeads, they were sorted by a magnetic
cell separation system (Super MACS; Miltenyl Biotec),
according to the manufacturer’s protocol. The purity of
isolated cells in the positive fraction was monitored and
assured to be higher than 90% by flow cytometry, except
for Vo24 " NKT cells, which are difficult to obtain in high
purity because of their rarity in PB. Although V24
NKT cells had a low purity (20% at most) after isolation
by MACS, they were still considered enriched Vo24™
NKT cells. On the other hand, contamination by CD14™,
CD 56, CD34™, or Va24™ cells in their respective
negative fractions was less than 10%.

To evaluate the influence of each cell population on
Voa24* NKT cell expansion, we depleted and/or added
back CD34% cells, Vo24™ NKT cells, CD14" cells or
CD56" NK cells, and evaluated the results on days 3, 6,9
and 12. To evaluate the direct cell-cell interaction between
CD56" NK cells and others, we used a Cell Culture

Insert System with a 3 pm-pore membrane (Transwell,
Corning, NY), and placed the CD56 " NK fraction in the
upper chamber and the CD56" fraction in the lower
chamber. On day 12, the cells in the lower chamber were
analyzed.

Contribution of CD14* Cells to Va24" NKT Cell
Expansion

To evaluate the contribution of CD14" cells to
Vo24™ NKT cell expansion and to optimize the CD14™
cell conditions in our culture system, we depleted and
added back CD14™* cells to CD14 ™ cells on day 0, on day
3, on day 6 or on day 9. CD14" cell was depleted by
MACS (described above) and each added-back cells were
4.0 x 10° cells with optimized medium to maintain final
concentration of IL-2 and autologous plasma. We also
evaluated changes of concentration of CD14™ cells before
and after G-CSF administration and also evaluated the
effects of them between different CD14 ™ cell/CD14 ™ cell
ratio on Vo24™ NKT cell expansion using the following
culture conditions. The whole cell number was adjusted to
2.0 x 10%cells/ml in all wells, and the ratio of CD147
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cells: CD14 ™ cells was 0:5, 1:4, 2.3, 3:2, 4:1 or 5:0. The
purpose of these manipulation was to detect the
contribution of CDI14™ cells in the different timing of
culture process and by the different proportion.

Modification of IL-2 Supplementation Schedule
In our original protocol established by Mikami and
Harada, we added IL-2 to the cell culture medium every 3
days to maintain its biologic activity. However, in this
study, we modified the schedule of IL-2 administration to
determine the suitable culture conditions for Va24™ NKT
expansion as follows: addition of IL-2 i) only on day 0, ii)
days 0 and 3, iii) days 0, 3 & 6, and iv) days 0, 3, 6 & 9.
Each supplementation of IL-2 was oriented to 100 TU/mL
as a final concentration. The cell numbers and their
phenotypes were analyzed on day 12. a-GalCer was also
supplemented at final concentration 100 ng/mL.

Statistical Analysis

Student’s ¢ test was used to compare 2 groups and
P values of <0.05 were considered statistically signifi-
cant. Correlation was estimated by the ordinary least
squares method. Correlation coefficients are shown as
squared values (r%).

RESULTS

Efficient Expansion of Vu24" NKT Cells Derived
from G-CSF-Mobilized PBSCT of Normal
Healthy Donors

We compared the expansion-fold of V24" NKT
cells in PBSCT before and after G-CSF mobilization in 20
healthy donors. The expansion fold of percentage and
absolute number of Vo24 " NKT cells increased, respec-
tively, 18(SD =+ 23)- and 182( & 158)-fold in PBMC
before G-CSF mobilization, whereas these were
333( = 347)- and 669( & 925)-fold in G-CSF-mobilized
PBMC. Apheresis products from collection bags showed
more efficient expansion capacities, from 1384( + 1434)-
to 7091( &+ 2160)-fold (Figs. 1A, B). Thus, G-CSF
mobilization significantly increased the capacity for
Va24* NKT cell expansion.

Relationship Between the Concentration of
CD34", Va24" and CD14" Cells on V o 24* NKT
Expansion

 To analyze the contribution of CD34", Va24* and
CD14" cells on the proliferation of Va24™ NKT cells in
apheresis product, we compared the percentage of
CD34%, Va24™* and CD14% cells on day 0 and Vo24*
NKT expansion efficacy on day 12. The results suggested
only CD14™ cells showed the correlation with the
expansion of V24" NKT cells. (Fig. 2A).

Contribution of CD14* Cells to the Ex Vivo
Expansion of Va24" NKT Cells
It has been reported that CD14" cells, dendritic

cells and monocytes play a critical role in the initiation of
proliferation of V24" NKT cells.’ In PB after G-CSF
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FIGURE 3. Effects of CD34*, Va24* NKT, CD14" and CD56*
NK celf depletion on the expansion of Va24* NKT cells
CD34*, Va24* NKT, CD14%, and CD56" NK cells were
depleted using a MACS sorting system. (A) When CD34"
cells were depleted, Va24* NKT celis proliferated the same as
in culture without CD34* cell-depletion. When (B) Va24*
NKT cells or (C) CD14* cells were depleted, Va24™ NKT cells
did not expand. (D) When CD56* NK cells were depleted,
the expansion efficiency of Va24" NKT cells improved. These
are each representative results from four experiments. The
control in this experiment means the result by using
apheresis product without target cell depletion.
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treatment, the absolute number of CD14™ cells signifi-
cantly increased (from 350 £ 81 to 2353 & 1220/uL),
although their percentage in PB did not change (from
7.24 £ 5.07 to 5.53 £2.10%) due to an overwhelming
increase in granulocytes. In apheresis products, the
proportion of CD14* cells in nuclear cells also increased
5.7- to 38-fold compared with before G-CSF mobiliza-
tion, because the apheresis products included low
granulocyte contaminations, less than 20%. We obtained
CD14™" cells using the MACS system with a purity of
> 95%, and made a CD14 7 cell gradation (0%, 20%,
40%, 60%, 80% and 100%) under a fixed total cell count
of 2.0 x 10° cells/mL/well. The efficacy of Va24" NKT
expansion was related to the initial proportion of CD14™
cells, and the percentage of Vo24 ™ NKT after expansion
was increased in CD14" cell dose dependent manner
(Fig. 2B).

Effect of Depletion of Cells, Including CD34,
Va24 NKT, CD14" and CD56" Cells, on Va24*
NKT Cell Expansion

To determine the origin of Va24* NKT cells and
the contribution of each cell population on Va24™ NKT
cell expansion, we tested the following cell culture
conditions with apheresis products: 1) CD34" cell-
depleted, 2) Va24" NKT cell-depleted, 3) CD14™ cell-
depleted, and 4) CD56" cell-depleted culture. When
CD34" cells were depleted, Vo24™ NKT cells prolifer-
ated the same as in non-depleted culture (Fig. 3A).

(A) x10%uL

However, the depletion of Vo24 " NKT cells completely
abrogated the expansion of V24" NKT cells (Fig. 3B).
Depletion of CD14" cells also abrogated V24" NKT
cell expansion to result in the complete disappearance of
Vo24' NKT cells on day 12 (Fig. 3C). Interestingly,
when CD56" NK cells were depleted, a remarkable
improvement in V 24" NKT cell proliferation was
observed (Fig. 3D). In experiments with CD56* NK cells
separated from CD56~ fraction using a 3.0 um-pore
membrane, the proliferation of Va24™ NKT cells was
maintained in CD56~ fractions. The mixed culture of
CD56™ NK cells with CD56~ fraction in the same wells
resulted in the suppressed proliferation of Va24* NKT
cells, even though there were 1.0 x 10° CD14* cells (data
not shown).

Add-Back of Cells, Including CD14" Cells, to
Va24* NKT Cell Cultures

The analysis of cell kinetics during culture suggested
that CD14" cells gradually decreased in the early phase
(days 0-3), whereas Va24 " NKT cells gradually increased
in the latter phase of culture (days 9-12). With regard to
CD56" NK cell kinetics, cell numbers continued to
increase during culture in good responders (Fig. 4A),
whereas they peaked on day 9 in poor responders (Fig.
4B). To evaluate the effects of CD14*% NK cells in the
early phase and late phase of Va24™ NKT cell expansion,
we depleted and added back CD14™ cells to the CD14~
cell population, which included Vo24™ NKT cells, on
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FIGURE 5. Effects of treatment with IL-2 on the expansion of Va24* NKT cells (A) We tested different schedules for the
administration of IL-2, as follows: on day 0 only, on days 0 and 3, on days 0, 3 and 6, and on days 0, 3, 6 and 9. We found that (B)
the expansion-fold of whole cells, and the expansion-fold of the proportion (C) and absolute number (D) of Va24* NKT cells were
higher when IL-2 was supplemented on day 0 only (representative results from four experiments). All of four experiments were
comparable and had a same tendency. In this experiments, «-GalCer was also supplemented at the concentration of 100 ng/mL

without non-a-GalCer supplemented control.

days 0, 3, 6 and 9, respectively (Fig. 4C). Figure 4D shows
that add-back of CDI14" cells on day 0 induced the
highest expansion of Va24™ NKT cells, whereas the
addition of CD14™ cells in the late phase did not show
any remarkable benefit.

Effect of IL-2 Supplementation on the
Expansion of CD56" NK Cells and Va24" NKT
Cells

We hypothesized that repeated IL-2 supplementa-
tion could result in the enhancement of CD56% NK
activity to suppress the proliferation of Va24* NKT
cells.'® In Figure 5, we tested four different schedules of
IL-2 administration: on day 0 only, on days 0 and 3, on
days 0, 3 and 6, and on days 0, 3, 6 and 9 (Fig. 5A). We
found that whole cells and V24" NKT cells expanded
most effectively when IL-2 was added on day O only
(Figs. 5B-D).

DISCUSSION

The methods that have been used for the ex vivo
expansion of human NKT cells can be divided into two

© 2006 Lippincott Williams & Wilkins

categories: simple culture of PBMC with o-GalCer,'"!?

and a two-step culture method that uses «-GalCer-pulsed
monocytes as feeder cells.'>!> A single culture system has
the benefit of simplicity and a low risk of contamination,
and a major obstacle in a two-step culture system is the
availability of a large number of feeder cells. Hence, in
this study of the former type, we intended to improve and
establish culture conditions for realistic clinical applica-
tion. Previously, we used a single stimulation of a-GalCer
on the initial day, and then administered IL-2 every 3
days to obtain satisfactory expansion of human Vo24™*
NKT cells.” We have also reported that the addition of
5% autologous plasma was also effective.® G-CSF
mobilization increased the efficacy of Vo24™ NKT cell
expansion, and our data suggested that this was due to a
change in cellular component including CD14" celis'®
and serous factors in the blood. In our present study, we
found that CD14% cells, which are effectively mobilized
together with CD34* cells by G-CSF,'¢ are one of the
candidates hat confribute to the effective ex vivo
expansion of Va24* NKT cells. Only the number of
pre-cultured CD14™" cells affected the magnitude of the
expansion of Va24* NKT cells, and this agreed with a

325

— 338 —



Imataki et al

J Immunother = Volume 29, Number 3, May/June 2006

previous report by van der Vliet et al that dendritic cells
(DC) derived from monocytes including CD14" cells
could efficiently mediate the expansion of Va24™ NKT
cells.''® Additionally, we showed that 1) depletion of
CD14" cells resulted in the loss of Va24™ NKT cell
expansion, and 2) the expansion efficacy of V24" NKT
cells depended on the ratio of CD14" cells at the
initiation of culture. Based on these observations, we
speculated that the initial presence of CD14™ cells plays
an imgortant role in the subsequent effective expansion of
Va24™ NKT cells. We observed that the intensity of
CD1d molecules on CD14% cells, which is critical for
interaction with a-GalCer for the expansion of Vo24™*
NKT cells,'® increased after G-CSF mobilization (data
not shown). Hence, it is reasonable to speculate that more
CD14" cells with a high intensity of CD1d molecules
plays a key role in NKT cell expansion. The higher
expansion efficiency in apheresis products compared with
G-CSF-mobilized PB may be secondary to a higher
concentration of CD14™ cells.

The removal of Va24™ NKT cells before culture
resulted in the loss of Va24™ NKT cell proliferation, and
this supported previous reports that ex vivo-expanded
Voa24" NKT cells were neither committed nor supported
by CD34" cells, but were derived from peripheral
circulating V o 24% NKT cells.!” Whereas CD34%
cells do not appear to be directly involved in the
expansion of Vu24™ NKT cells, they might make the
circumstances suitable for Va24" NKT cell expansion,
through the secretion of unidentified soluble factors from
bone marrow-derived stromal cells, as suggested by
Johnston et al.2% Although the presence of Va24™ NKT
cells on day 0 is critical for the expansion of Va24* NKT
cells, no correlation was found between the proportion
of Va24™ cells before culture and the proportion of
Vo24™ NKT cells at the end of culture. This suggests
that some other factor(s) might regulate the expansion
kinetics of Va24* NKT cells. The inhibition of cell
expansion by CD56™ NK cells was restored when direct
cell-to-cell contact was interrupted, which suggests
that direct interaction between Va24™ NKT cell and
CD56" NK cells plays a role. This hypothesis was
indirectly supported by the phenomina that IL-2 supple-
mentation in every 3 days suppressed expansion of
V24 NKT cells. Indeed, NK cell-mediated interference
of NKT cells is well known to be a primary immune
regulatory mechanism.?! Another possibility is indirect
inhibition through the modulation of DC functions.
Tt has been reported that NK cells could yield cXtolytic
activity against DC during their expansion.”??* NKT
cells were also activated by DC, resulting in the
suppression and killing of DC?>>* in the same manner
as NK cells.

In conclusion, for the efficient ex vivo expansion of
Vo24* NKT cells, the presence of Va24* cells and
CDI14% cells at the initiation of culture is critical. NK
cells may interact with antigen presenting cells (APC) and
interfere with the expansion of NKT cells by hindering
the function of antigen presentation or providing direct
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cytotoxicity against APC. We believe that these findings
may be useful for the development of an eflicient system
for the expansion of NKT cells for future adaptive
immunotherapy.
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Allogeneic MHC Gene Transfer Enhances Antitumor Activity
of Allogeneic Hematopoietic Stem Cell Transplantation
without Exacerbating Graft-versus-Host Disease

Masaki Ohashi,"* Akihiko Kobayashi,? Hidehiko Hara,? Yoshiaki Miura, Kimiko Yoshida,' Miwa Kushida,?

Yoshinori Ikarashi,

Abstract

Masaki Mandai,® Masaki Kitajima,"' Teruhiko Yoshida," and Kazunoti Aoki?

Enhancement of the specific antitumor activity of allogeneic hematopoietic stem cell transplan-
tation (alloHSCT) against solid cancers is a major issue in the clinical oncology. In this study,
we examined whether intratumoral allogeneic MHC (alloMHC) gene transfer can enhance the
regognition of tumor-assaciated antigens by donor T cells and augment the antitumor activity
of alloHSCT. In minor histocompatibility antigen ~ mismatched alloHSCT (DBA/2—BALB/c:

H-2% recipients, alloMHC gene (H- .2K?) was transduced directly into a s.c. tumor of CT26 colon

.cancer cells. Because CT26 cells have an aggressive tumorigenicity in syngeneic BALB/c mice,

an H- 2K” gene transfer provides only a limited antitumor effect after syngeneic (BALB/
c—BALB/c) HSCT. By contrast, the H-2K® gene transfer caused significant tumor suppression
in the alloHSCT recipients, and this suppression was evident not only in the gene-transduced
tumars but also in simultaneously inoculated distant tumors without gene transduction. /n vitro
cytotoxicity assay showed spegific tumor cell lysis by donor T cells responding to the H- 2K°
gene transfer. Graft-versus-host disease was not exacerbated serologically or clinically in
the treated mice, demonstrating that alloMHC gene transfer enhances the antitumor effects

-of alloHSCT without exacerbating graft-versus-host disease. This combination strategy has

important implications for the development of therapies for human solid cancers.

Allogeneic hematopoietic stem cell transplantation (alloHSCT)
often leads to a significant graft-versus-tumor (GVT) effect, and
has proved to be an effective therapeutic approach for several
types of leukemia, particularly acute and chronic myelogenous
leukemia. Recently, alloHSCT has been applied not only for
hematologic malignancies but also for solid cancers, such as
renal and breast cancers (1-8). However, the benefit of the
GVT effect is often offset by the occurrence of graft-versus-host
disease (GVHD), a potentially fatal adverse effect primarily
mediated by donor T cells. It is commonly believed that in
MHC-matched alloHSCTs, the target antigens for a GVT effect
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include tumor-associated antigens (TAA) and ubiquitously or
tissue-specifically expressed minor histocompatibility antigens
(mHA), whereas the targets for GVHD are mHAs. Therefore,
efforts to selectively enhance a donor T-cell response to TAAs
may provide a means to augment antitumor activity without a
concomitant increase in toxicity.

Intratumoral transfer of an allogeneic MHC (alloMHC) gene
modifies tumor cells to express the alloMHC molecule, a highly
immunogenic antigen that causes an allogeneic rejection
response. In the process of this response, cytolytic T lympho-
cytes are generated not only against the modified tumor cells
but also against unmodified tumor cells (9). A putative
mechanism for the induction of specific tumor immunity is
that the allogeneic response increases local production of
cytokines, facilitates antigen presentation and T-cell accurnula-
tion, and consequently causes sensitization to previously
unrecognized TAAs. Clinical trials with direct intratumoral
injection of the human leukocyte antigen-B7 gene-expressing
plasmid DNA complexed with liposome revealed a higher
safety profile and systemic response in substantial populations
{10-15%) in patients with melanoma and head and neck cancer
(10-16). The treatment seemed to be promising but showed
a limited dlinical efficacy, for which the immune tolerance
established between tumor and host may be one of the
plausible explanations (17).

We expect that an alloMHC gene transfer could enhance the
GVT effect by promoting recognition of TAAs by the donor
immune system in alloHSCT recipients, and also that
alloHSCT, on the other hand, could augment the therapeutic
efficacy of an alloMHC gene transfer by providing a “fresh”
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immune system in which tolerance to tumor cells is not yet
induced. In this study, using an MHC{H-2%}~matched mouse
alloHSCT model, we found that an intratumoral alloMHC
(H~2I\”’) gene transfer significantly enhanced the antitumor
effects of alloHSCT against a murine colon cancer. Importantly,
GVHD was not exacerbated in any of the treated mice,
suggesting the augmentation of tumor-specific immunity of
donor T cells by the H-2K” gene transfer.

Materials and Methods

Animals and transplantation. Seven- to 9-week-old female BALB/c
(H-2%, Ly-1.2) and DBA/2 (H-24, Ly-1.1) mice were purchased from
Charles River Japan, Inc. (Kanagawa, Japan) and were housed under
sterilized conditions. Nine- to 10-week-old BALB/c mice received a
lethal dose (9 Gy) of total body irradiation on the day of
transplantation. The irradiated BALB/c mice were injected i.v. with
5 x 10° of T cell-depleted bone marrow cells and 2 x 10° splenic
T cells from donor DBA/2 or BALB/c mice in a total volume of 0.2 mL
Dulbecco’s PBS solution, and the transplanted mice were designated as
alloBMT or synBMT, respectively. Bone marrow cells were isolated from
donors by flushing each femur and tibia with RPMI 1640 supplemented
with 5% heat-inactivated fetal bovine serum (ICN Biomedicals, Inc.,
Irvine, CA), and splenic cells were prepared by macerating the spleens
with a pair of tweezers. After lysis of the erythrocytes, the bone marrow
and splenic cells were incubated with anti-Thy-1.2 immunomagnetic
beads (Miltenyi Biotec, Bergisch Gladbach, Germany) at 4°C for 15
minutes, followed by depletion and selection of T cells by AutoMACS
(Miltenyi Biotec), respectively. More than 90% of T cells were depleted
from the bone marrow cells.

Tumor cell lines. CT26 and Renca are weakly immunogenic BALB/
c-derived colon and renal cancer cell lines, respectively, and were
obtained from the American Type Culture Collection (Rockville, MD).
Both cell lines were confirmed to express MHC class 1 molecules
(H‘2Kd and H~2Dd) abundantly by flow cytometry (data not shown).
Cells were maintained in RPMI containing 10% fetal bovine serum,
2 mmol/L L-glutamine, and 0.15% sodium bicarbonate (complete
RPMI). A CT26 cell line that stably expresses the H-2K® gene was
generated by retrovirus vector-mediated transduction and designated
as CT26/H-2K°.

Fluorescence-activated cell sorting analysis. FITC-conjugated mono-
donal antibodies {mAb) to identify mouse H-2K®, CD4, CD8, and
phycoerythrin-conjugated mAb to CD3 were purchased from BD
PharMingen (San Diego, CA), and FITC-conjugated mAbs to Ly-1.1
and Ly-1.2 were purchased from Meiji Dairies Co. (Tokyo, Japan). Cells
were incubated with the relevant mAbs in a total volume of 100 pL PBS
with 5% fetal bovine serum for 30 minutes at 4°C. Cells were then
washed twice with PBS containing 5% fetal bovine serum, suspended in
PBS, and analyzed by FACSCalibur (BD Biosciences, San Jose, CA).
Irrelevant IgG mAbs were used as a negative control. Ten thousand live
events were acquired for analysis. Allogeneic donor (DBA/2) T-cell
engraftment was determined by the percentages of Ly-1.1* cells among
CD3" cells.

Evaluation of GVHD. The degree of clinical GVHD in transplant
recipients was assessed weekly by a scoring system that sums changes in
five variables: weight loss, posture, activity, fur texture, and skin
integrity (maximum index, 10) as previously described (18). In some
recipients, selected serum chemistry was also examined for evaluation
of GVHD.

In vitro cell proliferation assay. CT26/H-2K and CT26 cells were
seeded at 2 x 10° per well in 96-well flat plates (Nunc A/S, Roskilde,
Denmark). Cell numbers were assessed by a colorimeiric cell viability
assay using a water-soluble tetrazolium salt (Tetracolor One; Seikagaku
Co., Tokyo, Japan) for 4 days after the seeding. The absorbance was
determined by spectrophotometry using a wavelength of 450 nm with
595 nm as a reference using ELISA Analyzer (Toyo Sokki, Tokyo, Japan).
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The assays (carried out in eight wells) were repeated a minimum of
twice and the means + SD were plotted.

In vivo tumor inoculation and alloMHC gene transfer. Tumor cells
were prepared in a total volume of 50 pL PBS and injected s.c. on the
right or left leg. A plasmid DNA expressing the H-2K" gene under
the control of the Rous sarcoma virus long terrninal repeat promotor
was used for intratumoral gene transfer. The same vector plasmid
DNA without a transgene was used as a negative control. Plasmid
DNA-liposome complex per mouse was prepared by addition of 10 ug
plasmid DNA into a total of 25 pL. PBS, followed by the addition of
25 pL of 0.15 mmol/l. DMRIE/DOPE [(+/-)-N-(2-hydroxyethyl)-
N,N-dimethyl-2,3-bis(tetradecyloxy)-1-propanaminium bromide/dio-
leoylphosphatidylethanolamine], which was provided from Vical,
Inc. (San Diego, CA). The mixture solution was incubated at room
temperature for 15 minutes, and then injected directly into the s.c.
tumor. In previous report, presensitization of mice with alloMHC
gene-expressing CT26 cells could maximize the therapeutic efficacy
of alloMHC gene transfer (9). In this study also, preimmunization
with CT26/H-2K" followed by the treatment with H-2K* DNA-
liposome complex was done in some of the transplanted mice as an
optimized therapeutic control. As a preimmunization treatment,
1 x 10° of 30 Gy-imadiated CT26/H-2K® cells were i.p. injected
twice (at 14 and 7 days) before tumor inoculation. The shortest (r)
and longest (1) tumor diameters were measured at indicated days and
the tumor volume was determined as r?/ / 2. Data are presented as
means + SD.

Cytotoxicity assays. Using 24-well plates (Nunc), responder
splenocytes (5 x 10°/mL) were cultured with 30 Gy-irradiated
CT26/H-2K" stimulators (3-4 x 10°/ml) in a complete RPMI
containing 50 pmol/L 2-mercaptoethanol for 5 days. The responder
cells were then collected and used as effector cells in a 4-hour
chromium release assay against indicated target cells. Concanavalin A
lymphoblasts were prepared by stimulating the splenocytes of naive
BALB/c mice for 3 days with 5 pg/mL concanavalin A at 2 x 10%/mL
in the complete RPMI containing 2-mercaptoethanol. Indicated target
cells were labeled by combining 5 X 10° cells with 50 uCi *'Cr
(Perkin-Elmer Japan Co., Kanagawa, Japan) in a total volume of
0.2 mL complete RPMI for 1 hour at 37°C, followed by washing
thrice with plain RPMI. For the chromium release assay, 5 X 10°
effector cells were mixed with 2 x 10* target cells (effector-to-target
ratio, 25) in a total volume of 0.2 mL complete RPMI in 96-well
round-bottom plates (BD Biosciences). To evaluate the relative
contributions of CD4* and CD8' T cells to tumor cell lysis, effector
cells were incubated with mAb to mouse CD4 (L3L4; PharMingen),
CD8 (Ly-2; PharMingen), or both for 30 minutes at 37°C before
mixture with target cells. Supernatants were harvested with the
Skatron harvesting system (Skatron, Sterling, VA) and counted in a
gamma counter (Packard Bioscience Company, Meriden, CT).
Percentage of cytotoxicity was calculated as [(experimental cpm —
spontaneous ¢pm) / (maximum cpm — spontaneous cpm)] X 100.
Spontaneous cpm was obtained from targets cultured in medium
alone, and maximum ¢pm was obtained from targets incubated in 1%
NP40. Each assay was done in triplicate.

In vivo depletion of T-cell function. To deplete specific immune
effector cell subsets before and during treatment with H-2K’ gene
transfer, the transplanted mice received i.p. injections of 0.3 mg
mAbs from the anti-CD4" hybridoma (clone GK1.5, rat IgG,;,) and/or
anti-CD8"* hybridoma (clone Lyt-2.1, mouse IgGoy; ref. 19). Injections
started 5 days before the inoculation with CI26 cells and the
treatment repeated every 5 to 6 days throughout the entire
experimental period to ensure depletion of the targeted cell type.
CD4* and CD8* T-cell depletion was confirmed by flow cytometry of
splenic suspensions at the time of tumor injection and weekly
afterward.

Statistical analysis. Comparative analyses of the data were done by
the Student's ¢ test using SPSS statistical software (SPSS Japan, Inc,
Tokyo, Japan). P < 0.05 was considered as a significant difference.
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Results

AlloHSCT causes GVHD and GVT effects. We first assessed
the posttransplant immune reconstitution of T cells and donor
chimerism of splenic CD3" T cells in alloBMT recipients (DBA/
2—BALB/c). To exclude biases related to transplant procedures,
including lethal irradiation, we conducted synBMT (BALB/
¢—BALB/c) as a control. The reconstitution of both CD4" and
CD8" T cells was delayed in alloBMT recipients compared
with that in synBMT recipients at 8 weeks posttransplantation
(Fig. 1A), which was consistent with other reports (20-22).
The early (<2 weeks) posttransplant mortality, most likely due
to acute GVHD or graft failure, was usually <15% in transplant
recipients. Analysis of donor engraftment showed 95.7 + 1.5%
donor type in alloBMT recipients (n = 3) at 8 weeks
posttransplantation.

We then examined whether our alloHSCT models generate
any GVHD and GVT effects. The clinical score of GVHD severity
at 8 weeks was ~ 4 in alloBMT recipients, whereas it was <1 in
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Fig.1. Clinical GVHD score and s.c. tumor growth in allBMT or synBMTrecipients.
A, T-cefl immune reconstitution in 2loBMT or synBMT mice. The absolute number of
splenicTcells was measured 8 weeks after the transplantation (n = 3 per group).

*, P < 0.05 compared with synBMT. B, clinical course of GVHD in the recipient mice.
Clinical GVHD scores were assessed weekly after the transplantation by a scoring
system that sums changes in five clinical variables as described in the text (maximum
index, 10; synBMT, n = 13; aloBMT, n = 11). C, growth curves of CT26 and

Renca s.c. tumors in the recipient mice. Eight weeks after the transplantation,

CT26 and Renca cells were inoculated s.c. and tumor sizes were measured on the
days indicated {n = 4-6 per group). Representative of at least three independent
experiments.
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out b{ FACSCalibur. 8, in vitro cell proliferation assay. Number of CT26 and CT26/
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in eight wells. OD4s50.5as, a8bsorbance at 450 to 595 nm. C, in vive rejection of
CT26/H-2K® tumors. CT26 and CT26/H-2KP cells were injected s.c. into the

legs of naive BALB/c mice and tumor sizes were measured on the days indicated

{n =5 per group).

synBMT recipients (Fig. 1B). Death from GVHD was rarely
observed during the first 3 months after the transplantation. For
evaluation of GVT effects, 1 x 10° CT26 or 2 X 10° Renca cells
were s.c. inoculated into the mice 8 to 9 weeks posttransplan-
tation. The growth of the tumors was substantially, although
not statistically significantly, suppressed in the alloBMT
recipients compared with that in the synBMT recipients
(Fig. 1C). Our alloHSCT model was shown to constantly cause
GVHD and a limited but detectable level of the GVT effect,
which is highly similar to a dinical setting after allogeneic
HSCT.

AlloMHC gene-transduced tumor cells cause an immune
response in vivo. To determine whether alloMHC gene-
transduced CT26 cells could induce an immune response in
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mice, the tumorigenicity of CI26/H-2K® cells was compared
with that of unmodified CT26 cells. Flow cytometric analysis
confirmed the expression of the H-2K® molecule in CT26/H-
2K® cells (Fig. 2A), and the in vitro proliferation of CT26/H-2K>
cells was compatible with that of unmodified CT26 cells
(Fig. 2B). However, when injected s.c. into naive BALB/c mice,
CT26/H-2K" cells did not form a tumor mass over 3 weeks
(n = 5), whereas unmodified CT26 cells developed a rapidly
growing tumor during the same period (n = 5; Fig. 2C),
suggesting that the alloMHC gene-transduced tumor cells are
highly antigenic and cause an immune response in vivo. No
apparent toxicity was observed in the CT26/H-2K® cell-
inoculated mice.

AlloMHC gene transfer induces synergistic antitumor effect
with alloHSCT. To examine whether alloMHC gene transfer
could enhance the antitumor effects of alloHSCT, the mice
were inoculated s.c. with 1 x 10° CT26 cells at 8 weeks
posttransplantation, and H-2K® gene-expressing plasmid
DNA complexed with liposome was injected into the tumor
thrice (at 5, 7, and 9 days) after the inoculation. The tumor

volumes at day 5 were —60 to 100 mm®. Preimmunization
with irradiated CT26/H-2K" cells was carried out in a group
of transplanted mice as a positive control to maximize
the effect of the H-2K? immune gene therapy {9). A single
injection of plasmid DNA-liposome complexes showed
~ 1% gene wransduction efficiency in vivo (data not shown).
The control empty vector was not immunogenic in vivo
because the tumor volume of the negative control group
without any intratumoral injections was similar to that of the
empty plasmid-injected group (Fig. 3A). In the CT26/H-2Kb-
preimmunized mice, H-2K" gene transfer caused significant
tumor suppression after either type of transplantation, synBMT
or alloBMT (Fig. 3A). In non-preimmunized mice, H-2K® gene
transfer showed only a limited suppressive effect in synBMT
recipients, which was probably due to the aggressive tumori-
genicity of CT26 cells in vivo, whereas significant suppression
of tumor growths was recognized in alloBMT recipients
(Fig. 3A). The results showed that alloMHC gene transfer can
augment the antitumor effects of donor immune cells in the
context of alloHSCT.
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Fig. 3. Synergistic antitumor effect of allo MHC gene transfer in alloBMTrecipients. A, growth of CT26 s.c. tumors injected with H-2K? vector in alloBMTor synBMTrecipients.
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L.p. injected twice before tumor inoculation to maximize the therapeutic efficacy of H-2K® gene transfer, —Control, injection of an empty vector without a transgene.

CT26/H-2K°—H-2KP, H-2K* gene transfer with preimmunization; —H-2KY, #-2K? gene transier without preimmunization. *, P < 0.05. NS, not significant. Representative of
at least thres independent experiments. 8 in vitro cytotoxicity assay of H-2K*-vector injected mice. Splenocytes were collected from alloBMT or synBMT mice (n = 3-4 per
group) 16 days after the completion of vector injection, and their cytotoxicity was evaluated in a standard 4-hour ¥'Cr release assay (effector/target ratio, 25) against
CT26/H-2KP, CT26 cells, and BALB/c-derived concanavalin A (ConA) lymphablasts after stimulation with irradiated CT26/H-2K" cells. *, P < 0.05 compared with synBMT.
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51Ct release assay (effector/target ratio, 25) against CT26/H-2K® or CT26 cells with anti-CD4 and/or anti-CD3 antibodies. *, P < 0.05. D antitumor effect of H-2K® gene
transfer in alloBMTrecipients after the in vivo depletion of CD4™ and CD8" Tcells. Groups of alloBMT mice were treated with anti-CD4 and/or anti-CD8 antibodies to deplete
these cell populations, and the CT26 s.c. tumor was injected with H-2K? vector thrice. Tumor volume was compared between the treatment groups at 11 days after the
completion of vector injection (n = 6-8). *, P € 0.05.
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In vitro cytotoxicity assay was done to assess antitumor cyto-
lytic T-lymphocyte responses induced by alloMHC gene transfer
in the non-preimmunized mice. The splenocytes derived from
mice bearing H-2K’-transduced tumors recognized and lysed
unmodified CT26 cells as well as CT26/H-2K® cells but not
concanavalin A blasts, and the cytotoxic activity was higher in
the alloBMT recipients than in the synBMT recipients (Fig. 3B).
Splenocytes showed higher cytolytic response to CT26/H-2K"
than to CT26 cells, indicating the donor T cells recognize the H-
2K® molecule as an allogeneic antigen.

Both CD4" and CD8" T cells contribute to the antitumor
immunity. Then, in the in vitro blocking assays of lymphocyte
cytotoxicity with antimurine CD4 and CD8 antibodies, CD8*
T cells were shown to be the dominant effector in synBMT
recipients, whereas both CD4* and CD8" T cells were apparently
contributive to tumor cell lysis in alloBMT recipients (Fig. 3C).

To further explore the role of CD4* and CD8* T cells in
antitumor immunity, the preimmunized alloBMT mice were
treated with anti-CD4 or anti-CD8 antibodies to deplete these
cell populations in vivo. The antitumor effect of H-2K® gene
transfer was completely cancelled in the transplanted mice with
depletion of both CD4" and CD8" T cells, whereas the animals
depleted of CD4" or CD8" T cells showed significant tumor
growth inhibition (Fig. 3D). This in vivo depletion study
indicated that the CD4"* and CD8" cytotoxic T cells play central
roles in the generation of antitumor immunity. Whereas CD8"*
T cells were more contributive to in vitro tumor cell lysis than
CD4" T cells in the in vitro cytotoxicity assay (Fig. 3C), CD4*
T cells might be more contributive to in vivo tumor inhibition
than CD8" T cells (Fig. 3D). One possible explanation is that
CD4* T cells play a variety of roles in vivo, which include
enhancement of cellular immunity by interacting with antigen-
presenting cells and maintenance of immune memory, as well
as direct cytotoxicity. The reason that tumor inhibition in mice
depleted of only CD8" T cells was compatible with that in mice
without any T-cell depletion might be that the antitumor effect
induced by the cooperative effect of CD4* and CD8* cytotoxic
T cells was already saturated in the CT26 xenograft model.
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AlloMIC gene transfer causes growth suppression of both local
and distant tumors in alloHSCT recipients. Next, to evaluate
the therapeutic efficacy of alloMHC gene transfer for tumors
at distant sites, transplant recipients were s.c. inoculated with
1 x 10° CT26 cells on the right leg and, 5 days later, inoculated
with 5 x 10° CT26 cells on the left leg. On the right leg, tumor
was then transduced with H-2K® gene thrice. In alloHSCT
recipients, significant tumor suppression of the treated tumor
on the right leg and the untreated tumor on the opposite leg
was observed (Fig. 4), which showed that alloMHC gene
transfer causes a systemic antitumor immunity in alloHSCT
recipients.

Presence of tumor cells at the time of transplantation does not
reduce therapeutic efficacy of alloMHC gene transfer. In these
experiments, the recipient immune system was reconstituted
in the absence of any tumor. To simulate a clinical situation
in which patients have residual tumors at the time of
alloHSCT, we injected 1 x 10° of 200 Gy-irradiated CT26
cells i.p. into alloBMT recipients at the time of transplantation
(day 0) and also at 7 and 14 days posttransplantation. The
mice were inoculated with 1 X 10° wild-type CI26 cells at
8 weeks after the transplantation and then injected with
H-2K* plasmid complexed with liposome. It was conceivable
that, in this condition, the donor-derived immune system
might acquire tolerance to TAAs during its reconstitution.
Nonetheless, H-2K® gene transfer, either with or without
exposure to wild-type CT26 cells, still led to significant tumor
suppression (Fig. 5), indicating that, at least in this HSCT
madel, the presence of tumor cells at the time of transplan-
tation does not induce immune tolerance to tumor cells and
thus does not reduce the efficacy of subsequent alloMHC gene
transfer.

AlloMHC gene transfer does not exacerbate GVHD. Although
the in vitro cytotoxicity assay showed induction of a tumor-
specific cytolytic T-lymphocyte response by H-2K® gene transfer,
alloMHC expression in tumor cells could theoretically pro-
mote a donor T-cell response not only against TAAs but also
against mHAs shared by tumor and normal cells, which might
result in GVHD exacerbation. We thus examined serum chem-
istry and the clinical GVHD score in the transplanted mice
with the H-2K® gene transfer. Albumin, total bilirubin, aspartate
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Fig. 5. Preservation of antitumor activity of H-2K? gene transfer in alloBMT
recipients with tumor present during the immune reconstitution. lrradiated CT26
cells were i.p. injected at the time of transplantation, and 8 weeks after the
transplantation the CT26 s.c. tumor was injected with H-2K? vector thricein
alloBMTrecipients. Tumor volume was compared between the groups at 11days after
the completion of vector injection (n = 6-8). *, P <0.05.
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Table 1. Selected serum chemistry and clinical GVHD score
CT26/H-2K°—H-2K" —H-2K" —Control P Normal
AlloBMT
Serum
ALB (g/dL) 3.04+0.22 32+014 3.06+0.28 NS 2.85+0.23
TB (mg/dL) 0.052 + 0.03 0.036 + 0.009 0.05 + 0.014 NS 0.06 + 0.01
AST (U/L) 239+ 47 269+ 56 314 £ 83 NS 81 +1
ALT (1U/L) 163+ 33 177 £ 43 171 £ 52 NS 41 £14
ALP (IU/L) 428 +140 448 + 110 397 £ 93 NS 365 + 46
GVHD score 56+ 05 54+ 0.5 54+09 NS
SynBMT
Serum
ALB (g/dL) 3+0.32 3.02+0.25 2,92+ 0M NS
TB (mg/dL) 0.068 + 0.023 0.046 + 0.019 0.04 + 0.024 NS
AST (lU/L) 210+ 34 163 + 57 213+ 43 NS
ALT (1U/L) 88+ 32 94+ 44 110+ 38 NS
ALP (IU/L) 267+ 95 286+ 60 295 + 86 NS
GVHD score 22408 . 2+07 22+08 NS
NOTE: H-2K® -expressing or control vector was intratumorally injected thrice in alloBMT or synBMT recipients with or without preimmunization, and 15 days later
the serum chemistry and clinical GVHD score were evaluated (n = 5 per group). “CT26/H-2KP—H-2K™ and “—H-2K® indicate H-2K* gene transfer with and without
preimmunization, respectively.
Abbreviations: ALB, albumin; TB, total bilirubin; AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; NS, not significant.

aminotransferase, alanine aminotransferase, and alkaline
phosphatase are the potential indicators of GVHD-related
injury of the hepatobiliary system. GVHD was not serologically
nor dlinically exacerbated in the H-2K” gene—transduced mice
compared with the control vector-injected mice (Table 1).

Intratumoral alloMHC gene transfer might, to some extent,
cause the gene transduction into nomnal cells surrounding
the tumor cells. To assess its potential toxicity, 10 ug H-2K®°-
expressing plasmid DNA complexed with liposome was
injected thrice into the s.c. space of non-tumor-bearing
alloBMT recipients. Mice were then examined for serum
chemistry, clinical GVHD score, and histopathology of the
skin, liver, and gut 7 days after the vector injection. All of the
mice s.c. injected with H-2K® plasmid did not show any
significant exacerbation of GVHD (data not shown).

Tumor-specific immunity induced by alloMHC gene transfer is
long-lasting in vivo. The CT26 s.c. tumors disappeared in
~10% to 20% of alloBMT mice by alloMHC gene transfer. To
examine in vive longevity of the tumor-specific immunity, a total
of 11 alloBMT recipients who survived the initial CT26 challenge
with complete tumor remission by H-2K" gene transfer were
again inoculated with CT26 cells on the right leg and Renca cells
on the left leg. Of the 11 mice, eight had been i.p. injected with
irradiated CT26 cells at the time of transplantation and three
had not. Renca cells formed a tumor mass in all the mice,
whereas CT26 cells were rejected in 10 of 11 mice (919%; Table 2),
suggesting that TAAs and/or tissue-restricted mHAs are different
between CT26 and Renca cells and that the H-2K? gene transfer
to CT26 cells increases the recognition of CT26-specific antigens
by donor T cells. In vitro cytotoxicity assay also showed lysis
of CT26 but not Renca cells or concanavalin A lymphoblasts
(data not shown). The results showed that the tumor-specific
immunity induced by alloMHC gene transfer is potentially long
lasting in HSCT recipients.

www.aacrjournals.org
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Several experimental investigations have been made thus far
to separate a desirable GVT effect for hematologic or solid
malignancies from an undesirable GVHD in alloHSCT recipi-
ents. Delayed donor leukocyte infusions into the recipients
with mixed chimerism (23, 24), expansion and reinfusion of
GVT-specific donor T-cell clones {25, 26), posttransplant
immunization of the recipients with tumor cell vaccines
(27-29), and pretransplant tumor antigen-specific immuni-
zation of the donors (30) were reported to have the potential to
selectively enhance the GVT effect. On the other hand,
administration of interleukin-11 (31), infusion of CD4"CD25*
regulatory T cells (32, 33), blockade of the function of donor
antigen-presenting cells (34), and blockade of the GVHD-
specific cytotoxic pathway (Fas-Fas ligand or perforin-gran-
zyme; ref. 35) were shown to be capable of preventing GVHD

Exposure of Tumor fermation

CT26 cells CT26 (right leg) Renca (leftleg)
+ 1/8 8/8

- 0/3 3/3

Total 1/11 (9%) 11/11 (100%)

NOTE: Eleven alloBMTrecipients who survived the initial CT26 challenge with
complete tumor remission by H-2K? gene transfer were again inoculated
with CT26 cells and Renca cells. Of the 11 mice, eight had been i.p. injected
with irradiated CT26 celis at the time of transplantation and three had not.
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while maintaining a GVT effect. In the present study, we
showed that intratumoral alloMHC gene transfer could
enhance the GVT effect without exacerbating GVHD by
inducing systemic turmnor-specific immunity in MHC-matched
alloHSCT recipients. .

Although there have been several animal studies showing the
potential efficacy of a combination of alloHSCT and gene-based
immunotherapy, such as a tumor vaccine using granulocyte
macrophage colony-stimulating factor and interleukin 2/herpes
simplex thymidine kinase genes (27 - 29), the reports only showed
that the antitumor immune activity of tumor vaccines could
be reproduced in the context of allogeneic transplantation.
To our knowledge, ours is the first report that showed a
synergistic antitumor effect of immune gene therapy combined
with alloHSCT.

The mechanism for the synergism is yet unclear, but a mixed
allogeneic and rejection reactions induced by the combination
therapy may be of major importance in creating an environ-
ment strongly supporting the activation of an antitumor
response. Although the recognition of tumor antigens by donor
T cells was not strong enough to induce a significant antitumor
immune response in the mice treated with alloHSCT alone, the
combination with the alloMHC gene transfer may enhance (a)
trafficking of immune cells into the tumor, (b) local production
of various cytokines at the tumor site, and (c¢) presentation of
tumor antigenic peptides on antigen-presenting cells through
uptake of apoptotic tumor cell bodies induced by the alloMHC
gene expression. These effects may facilitate the increased
recognition of previously unrecognized or weakly recognized
tumor antigens by donor T cells, which leads to a significant
tumor specific immunity (36, 37). Furthermore, several murine
bone marrow transplantation models have shown that CD4*
and CD8" T cells both contributed to GVHD through their
cytolytic activity (31, 38, 39), and in this study also, although
the CD8"™ T cells seemed to be major effectors of antitumor
immunity by the H-2K” gene transfer in naive and synBMT
mice (Fig. 3C; ref. 9), the combination of alloHSCT and allo-
MHC gene transfer was able to induce effective cooperation of
CD4" and CD8" cytotoxic T cells in tumor cell killing (Fig. 3C
and D). The CD4* T cells may have an important role in the
antitumor immunity as well as GVHD in allogeneic HSCT.

In this study, the tumor cells were inoculated into the mice
8 weeks after the transplantation because the CT26 cell-
injected BALB/c mice could not survive >2 months due to the
aggressive tumorigenicity of the cell. On the other hand, we
need at least a 6-week interval between alloHSCT and the
immune therapy to allow a sufficient immune reconstitution
necessary for the evaluation of the immune therapy. This
experiment model does not exactly replicate the clinical
situations in which the recipients usually harbor the relapse
or residual cancer cells at the time of HSCT, and one could
argue that the immune reconstitution in the presence of tumor
cells might induce the acquisition of tolerance to tumor
antigens. Therefore, we injected the irradiated CT26 cells at
the initial phase after transplantation, and confirmed that the
H-2K® gene transfer elicited effective tumor suppression even in
the HSCT recipients exposed to tumor cells during immune
reconstitution, suggesting that the alloMHC gene transfer with
alloHSCT is a promising therapeutic strategy in clinical setting.
As a next step, a combination with other approaches, such as
donor lymphocyte infusion and preimmunization with an
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alloMHC gene -expressing plasmid, might be examined for
whether they can further enhance the antitumor effects of
alloMHC gene transfer with alloHSCT.

The expression of alloMHC in tumor cells could theoretically
promote a donor T-cell response not only for TAAs but also for
mHAs shared by tumor and normal host cells, which may cause
GVHD. However, in our study, the alloMHC gene transfer did
not exacerbate serum enzymes and clinical GVHD scores in
alloHSCT recipients. It is possible that much of the immune
response was directed against nonimmunodominant mHAs
with restricted tissue distribution or possibly even against TAAs,
not against immunodominant mHAs. Other reports have also
shown that immunization of alloHSCT recipients with a tumor
cell vaccine substantially increased GVT activity of donor
lymphocytes without exacerbating GVHD (27-30). Luznik
et al. hypothesized that the immunogeneic antigen-presenting
cells at the vaccine site capture both TAAs and mHAs from
tumor cells and promote tumor-specific immunity and GVHD,
whereas away from the vaccine site, resting host antigen-
presenting cells presenting mHAs induce tolerance in or
exhaust alloreactive donor T cells (29, 40). Alloreactive T cells
that have been activated at the vaccine site may subsequently
become unresponsive to the immunodominant mHAs follow-
ing an encounter with resting host antigen-presenting cells,
whereas tumor-specific T cells would be expected to persist in
activated or longlived memory states. Another possible
explanation for the GVT preference over GVHD might be that
a major part of potential immunogenic antigens on CT26
tumor cells is TAAs, and indeed it was reported that CT26 cells
express high levels of an H-21%restricted peptide {AH1) from
an endogenous retrovirus, and induce a robust AH-1-specific
T-cell response (29, 41). Although we have shown an advantage
and safety of the combination therapy in the preclinical study,
CT26 cells may not be representative of all clinical human
cancers and the occurrence or exacerbation of GVHD should
be evaluated carefully in the future stage of the therapeutic
development in a clinical study.

Because myeloablative conditioning is associated with a
considerable risk of morbidity and mortality and because solid
tumors, such as renal cancer, are typically refractory to
chemotherapy, the nonmyeloablative alloHSCT is dinically
applied against solid tumors (1, 2, 4). Nonmyeloablative
alloHSCT often results in a mixed T-cell chimerism, and a
donor leukocyte infusion is done for patients with mixed
chimerism to achieve exclusively donor-derived hematopoiesis
because the establishment of a complete donor chimerism is
considered to be crucial for drawing the optimal GVT effect
(42, 43). In this study, we used a myeloablative conditioning
model to constantly achieve the full donor chimerism, because
our primary purpose was to determine the effect of the immune
gene therapy on alloHSCT and the full-blown effect after
alloHSCT (i.e., complete chimerism). In the clinical setting,
the nonmyeloablative conditioning may be optimal to test the
potential of the combination therapy to reduce the regimen-
related toxicity.

We thank Dr. Gary J. Nabel (Vaccine Research Center, National Institutes of
Health, Bethesda, MD) for providing the H-2K® expression plasmid and for useful
discussions, Tomomi lkeda for technical support, and Vical Incorporated for provid-
ing the liposome DMRIE/DOPE.
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Abstract

Background: Transcriptome data from quantitative PCR (Q-PCR) and DNA microarrays are
typically obtained from a fixed amount of RNA collected per sample. Therefore, variations in tissue
cellularity and RNA yield across samples in an experimental series compromise accurate
determination of the absolute level of each mRNA species per cell in any sample. Since mRNAs are
copied from genomic DNA, the simplest way to express mRNA level would be as copy number
per template DNA, or more practically, as copy number per cell.

Results: Here we report a method (designated the "Percellome” method) for normalizing the
expression of mRNA values in biological samples. It provides a "per cell’ readout in mRNA copy
number and is applicable to both quantitative PCR (Q-PCR) and DNA microarray studies. The
genomic DNA content of each sample homogenate was measured from a small aliquot to derive
the number of cells in the sample. A cocktail of five external spike RNAs admixed in a dose-graded
manner (dose-graded spike cocktail; GSC) was prepared and added to each homogenate in
proportion to its DNA content. In this way, the spike mRNAs represented absolute copy numbers
per cell in the sample. The signals from the five spike mRNAs were used as a dose-response
standard curve for each sample, enabling us to convert all the signals measured to copy numbers
per cell in an expression profile-independent manner. A series of samples was measured by Q-PCR
and Affymetrix GeneChip microarrays using this Percellome method, and the results showed up to
90 % concordance.

Conclusion: Percellome data can be compared directly among samples and among different
studies, and between different platforms, without further normalization. Therefore, "percellome”
normalization can serve as a standard method for exchanging and comparing data across different
platforms and among different laboratories.
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samples generated in the same laboratory using a single
platform, and/or generated in different geographical
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Dose-response linearity check by LBM. Dose-response linearity of the Affymetrix GeneChip by the LBM (liver-brain mix)
sample set. Five samples, i.e. mixtures of mouse liver and brain at ratios of 100:0, 75:25, 50:50, 25:75 and 0:100, were spiked
with GSC and measured by Affymetrix GeneChips Mouse430-2. Signals were normalized by the Percellome method as
described in the text. Line graphs are in (a) copy numbers and (b) ratio to 50:50 sample for the top 1,000 probe sets with coef-
ficient of correlation (R?) closest to | among those having | copy or more per cell in the 50:50 sample (19,979 probe sets out
of 45,101). The number of probe sets with R? > 0.950 was 8,655, and R2> 0.900 was 11,719.

regions using multiple platforms, is central to the estab-
lishment of a reliable reference database for toxicogenom-
ics and pharmacogenomics. Transforming expression data
into a "per cell* database is an effective way of normaliz-
ing expression data across samples and platforms. How-
ever, transcriptome data from the quantitative PCR (Q-
PCR) and DNA microarray analyses currently deposited in
the database are related to a fixed amount of RNA col-
lected per sample. Variations in RNA yield across samples
in an experimental series compromise accurate determi-
nation of the absolute level of each mRNA species per cell
in any sample. Normalization against housekeeping
genes for PCRs, and global normalization of ratiometric
data for microarrays, is typically performed to account for
this informational loss. Additional methods, such as the
use of external mRNA spikes, reportedly improve the
quality of data from microarray systems. For example,
Holstege et al. [1] described a spike method against total
RNA, based on their finding that the yields of total RNA
from wild type and mutant cells were very similar. Hill et
al. [2] reported a spike method against total RNA for nor-
malizing hybridization data such that the sensitivities of
individual arrays could be compared. Lee et al. [3] demon-
strated that *housekeeping genes" cannot be used as a ref-

erence control, and van de Peppel et al. [4] described a
normalization method of mRNA against total RNA using
an external spike mixture. To achieve satisfactory perform-
ance they used multiple graded doses of external spikes,
covering a wide range of expression, in order to align the
ratiometric data by Lowess normalization [5]. Hekstra et
al. [6] presented a method for calculating the final cRNA
concentration in a hybridization solution. Sterrenburg et
al. [7] and Dudley et al. [8] reported the use of common
reference control samples for two-color microarray analy-
ses of the human and yeast genomes, respectively. These
are pools of antisense oligo sequences against all sense
oligos present on the microarray. Instead of antisense oli-
gos, Talaat et al. [9] used genomic DNA as a common ref-
erence control in studies of E. coli. Statistical approaches
have been proposed for ratiometric data to improve inter-
microarray variations, especially of non-linear relations
[10]. However, because control samples may differ among
studies, ratiometric data cannot easily be compared across
multiple studies unless a common reference, such as a
mixture of all antisense counterparts of spotted sense
sequences is used [7-9]. Nevertheless, as long as the nor-
malization is calibrated to total RNA, variations in total
RNA profile cannot be effectively cancelled out. Although
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Cross-hybridization of GSC. Cross-hybridization of the GSC spike mRNAs to Affymetrix GeneChip. (a) A scatter plot of a
blank sample with the GSC (horizontal axis) and a blank with the five spike RNAs at a high dosage (vertical axis) measured by
MG-U74v2A GeneChips (raw values generated by Affymetrix MAS 5.0 software). The five spikes are indicated by black dots
with arrows. Signals of the murine probe sets were below 20 on the horizontal axis, indicating negligible cross-hybridization of
GSC spike mRNAs to the murine probe sets. (b) A scatter plot of a liver sample with GSC {horizontal axis) and without GSC
(vertical axis) measured by MG-U74v2A GeneChips. The five spikes are again indicated by black dots with arrows. The dotted
line is the 1/25 fold (4%) line. Cross-hybridization of mouse liver mRNAs to the GSC signals was considered negligible (less

than 4%).

some of these reports share the idea that "absolute expres-
sion" and “transcripts per cell" should entail robust nor-
malization, further practical development to enable
universal application has been awaited.

Here, we report a method for normalizing expression data
across samples and methods to the cell number of each
sample, using the DNA content as indicator. This normal-
ization method is independent of the gene expression
profile of the sample, and may contribute to transcrip-
tome studies as a common standard for data comparison
and interchange.

Results

Dose-response linearity of the measurement system as a
basis for the Percellome method ’

The fidelity of transcript detection is the key to this “per
cell” based normalization method, which generates tran-
scriptome data in "mRNA copy numbers per cell*. The Q-
PCR system was tested by serially diluting samples to con-
firm the linear relationship between Ct values and the log

of sample mRNA concentration (data not shown). High
density oligonucleotide microarrays from Affymetrix [11]
were used in our experiments. We tested the linearity of
the Affymetrix GeneChips using a set of five samples made
of mixtures of liver and brain in ratios of 100:0, 75:25,
50:50, 25:75, and 0:100 (designated “LBM" for liver-brain
mix). The results showed a linear relationship (R2> 0.90)
between fluorescence intensity and input for a sufficient
proportion of probe sets, i.e. about 37% of the probe sets
in the older MG-U74v2 and 70% in the newest Mouse
Genome 430 2.0 GeneChip were above the detection level
(approximately one copy per cell) in the 50:50 sample
(Figure 1) [see Additional files 1 and 2].

Dose-response linearity alone is not sufficient to generate
true mRNA copy numbers. An important additional
requirement is that the ratio of signal intensity to mRNA
copy number should be equal among all GeneChip probe
sets of mRNAs and PCR primers. The Q-PCR primer sets
were designed to perform at similar amplification rates to
minimize differences between amplicons. The melting
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Yable I: The spike factors for various organs/tissues

http://www.biomedcentral.com/1471-2164/7/64

Species Organ/Tissue (adult, unless otherwise noted) Spike Factor total RNA/genomic DNA SD
Mouse Liver 02 211 46
Mouse Lung 0.02 22 4
Mouse Heart 0.05 - -
Mouse Thymus 0.01 8 2
Mouse Colon Epitherium 0.05 105 30
Mouse Kidney 0.1 - -
Mouse Brain 0.1 -
Mouse Suprachiasmatic nucleus (SCN) 0.1 - -
Mouse Hypothalamus 0.1 63 4
Mouse Pituitary 0.1 52 8
Mouse Ovary 0.02 35 4
Mouse Uterus 0.02 42 12
Mouse Vagina 0.02 81 38
Mouse Testis 0.15 56 7
Mouse Epididymis 0.07 53 16
Mouse Bone marrow 0.02 14 3
Mouse Spleen 0.02 - -
Mouse Whole Embryo 0.15 97 36
Mouse Fetal Telencephalon E{0.5-16.5 0.1 48 9
Mouse Neurosphere (E{ |.5-14.5) 0.03 42 10
Mouse ES.5 embryo heart 0.15 58 15
Mouse cell lines 0.2 - -
Rat Liver 0.2 - -
Rat Kidney 02 -
Rat Uterus 0.04 56 5
Rat Ovary 0.04 56 9
Human Cancer Cell Lines 0.2 116 26
Xenopus liver 0.03 - -
Kenopus embryo 0.15 - -

temperature was set between 60° and 65°C with a prod-
uct size of approximately 100 base pairs using an algo-
rithm (nearest neighbor method, TAKARA BIO Inc,
Japan), and the amplification co-efficiency (E) was set
within the range 0.9 + 0.1 (E = 24{-(1/slope)}-1 on a plot
of log2 (template) against Ct value). For the GeneChip
system, the signal/copy performance of each probe set
depended on the strategy of designing the probes to keep
the hybridization constant/melting temperature within a
narrow range, ensuring that the dose-response perform-
ances of the probe sets were similar (cf. http://
www.affymetrix.com/technology/design/index.affx). Fail-
ing this, any differences should at least be kept constant
within the same make/version of the GeneChip. Taking
into consideration the biases that lead to imperfections in
estimating absolute copy numbers in each gene/probe set,
we developed normalization methods to set up a com-
mon scale for Q-PCR and Affymetrix GeneChip systems.

The grade-dosed spike cocktail (GSC) and the “spike
factor” for the Percellome method

A set of external spike mRNAs was used to transfer the
measurement of cell number in the sample (as reflected
by its DNA content) to transcriptome analysis. For the

spikes, we utilized five Bacillus subtilis mRNAs that were
left open for users in the Affymetrix GeneChip series. The
extent to which the Bacillus RNAs cross-hybridized with
other probe sets was checked for the Affymetrix GeneChip
system. The GSC was applied to Murine Genome U74Av2
Array (MG-U74v2) GeneChips with or without a liver
sample. As shown in Figure 2, cross-hybridization
between Bacillus RNAs and the murine gene probe sets
was negligible [see Additional files 3 and 4]. Mouse
Genome 430 2.0 Array (Mouse430-2), Mouse Expression
Arrays 430A (MOE430A) and B (MOE430B), Rat Expres-
sion Array 230A (RAE230A), Xenopus laevis Genome Array
and Human Genome U95Av2 {(HG-U95Av2) and U133A
(HG-U133A) Arrays sharing the same probe sets for these
spike mRNAs showed no sign of cross-hybridization with
the Bacillus probes (data not shown).

We prepared a cocktail containing in vitro transcribed
Bacillus mRNAs in threefold concentration steps, i.e.
777.6 pM (for AFFX-ThrX-3_at), 259.4 pM (for AFFX-
LysX-3_at), 86.4 pM (for AFFX-PheX-3_at), 28.8 pM (for
AFFX-DapX-3_at) and 9.6 pM (for AFFX-TrpnX-3_at). By
referring to the amount of DNA in a diploid cell and
employing a “"spike factor* determined by the ratio of
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Figure 3

Positioning of GSC spike mRNMNAs in Affymetrix
GeneChip dose-response range. A frequency histogram
of the probe sets of Affymetrix GeneChip Mouse430-2 is
shown. The histogram for all probe sets (gray) shows near-
normal distribution. Blue columns are the "present” calls (P),
red columns "absent” calls (A) and green "marginal” calls. The
five yellow lines indicate the positions of the GSC spike
mRNAs that are chosen to cover the “present” call range by
a proper "spike factor",

total RNA to genomic DNA in a tissue type (Table 1), the
spike mRNAs were calculated to correspond to 468.1,
156.0, 52.0, 17.3 and 5.8 copies per cell (diploid), respec-
tively, for the mouse liver samples (spike factor = 0.2). The
ratio of mRNAs in the cocktail is empirically chosen
depending on the linear range of the measurement system
and the available number of spikes. Here, we set the ratio
to three to cover the “present” call probe sets of the
Affymetrix GeneChip system (Figure 3).

We tested this grade-dosed spike cocktail (GSC) by Q-PCR
and confirmed that the Ct values of the spike mRNAs were
linearly related to the log concentrations (cf. Figure 4a),
i.e. could be expressed as

Ct=alogC+p {1}

The GSC was also tested by the GeneChip system and it
was confirmed that the log of the spike mRNA signal
intensities was linearly related to the log of their concen-
trations (cf. Figure 4b),

hitp:/iwww.biomedcentral.com/1471-2164/7/64

logS=ylogC+38 {2}

The linear relationship between the Ct values (Ct) and the
log of RNA concentration (log C) was reasonable given
the definition of Ct values (derived from the number of
PCR cycles, i.e. doubling processes). The linear relation-
ship between the log of GeneChip signal intensity (log S)
and the log of RNA concentration (log C) was rationalized
by the near-normal distribution of log S over all tran-
scripts (cf. Figure 3).

Calculation of copy numbers of all genesl/probe sets per
cell

As described above, using a combination of DNA content
and the spike factor of the sample, the GSC spike mRNAs
become direct indicators of the copy numbers (C') per
cell. When the samples were measured by Q-PCR or Gene-
Chip analysis, the five GSC spike signals in each sample
should obey function {1} for Q-PCR and function {2} for
GeneChip with a good linearity. If the observed linearity
was poor, a series of quality controls was performed and
the measurement repeated. The coefficients of the func-
tions were determined for each sample by the least
squares method. Under the assumption that all genes/
probe sets share the same signal/copy relationship, signal
data for all genes/probe sets were fitted to the functions
{1'} or {2'}, which are the individualized functions of
{1} and {2} for each sample measurement (i).

Ct=ailog(C)+8i {1}

Log (S) = yilog(C) +8i {2'}

(i = sample measurement no.)

The Q-PCR Ct values (Ct) and microarray signal values (S)
of all mRNA species in the sample (i) are converted to
copy numbers per cell (C') by the inverses of functions
{1'} and {2'}, i.e. {3} and {4} below:

C = BA((Ce-Bi)/ai) {3}

for Q-PCR (Figure 4a).;

C' = BA((logSi)/3i) {4}

for GeneChips (Figure 4b),

where B is the logarithmic base used in {1} and {2} (see
Materials and Methods for details).

Real world performance of the Percellome method

The correspondence between Q-PCR and GeneChip was
tested using a sample set from 2,3,7,8-tetrachlorodiben-
zodioxin (TCDD)-treated mice. Sixty male C57BL/6 mice
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