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severely immunodeficient NOG mice enabled mouse liver to be
stably replaced with mature and functional human liver tissue in
the absence of ongoing drug treatment.

2. Materials and methods

2.1. Transgenic mice, human liver cell transplantation and drug
biotransformation analysis

The herpes simplex virus type 1 thymidine kinase (UL23 or
HSVtk) gene expression unit was constructed as in Fig. STA. A vec-
tor-free 4.4-kb HSVtk expression fragment was microinjected into
fertilized NOD/Shi strain mouse eggs using standard methods. For
further information about the creation and breeding of the TK-NOG
strain, human liver cell transplantation, and the drug biotransfor-
mation studies, see supplementary materials and methods. This
study was performed in accordance with institutional guidelines
and was approved by the Animal Experimentation Committee of
the Central Institute for Experimental Animals.

2.2. Histology and immunohistochemistry

Formalin-fixed and paraffin embedded (5 um) sections were
used for immunohistochemical staining with Cytokeratin (8/18)
(h-CK8/18), HLA class 1-A, B, C, asialoglycoprotein receptor 1
(ASGR1), albumin, glutamine synthetase (GS) antibodies. To esti-
mate the replacement index (RI), which is the percentage of donor
human liver cells in recipient livers, the ratio of the area occupied
by h-CK8/18-positive cells to the entire area examined in immuno-
histochemical sections of three to five lobes was measured.

2.3. Immunoblotting

Human albumin, complement C3 protein, transferrin, and ceru-
loplasmin secretion was analyzed by Immunoblotting with specific
primary antibodies and horseradish peroxidase-labeled secondary
antibodies. The general information about the antibodies used for
detection of the human protein are provided in the supplementary
materials and methods.

2.4. Oligonucleotide array hybridization

Global gene expression was analyzed using the HG-U133A Plus 2
GeneChiparray (Affymetrix Inc., Santa Clara, CA). Signal intensity for
each transcript (background subtracted and adjusted for noise) and
detection call (present, absent, or marginal) were determined using
Affymetrix Expression Console Software (Affymetrix Inc.). The sig-
nal was normalized by house keeping gene, the human 18S rRNA
gene (10098_M_at probe). The MIAME compliant microarray data
was deposited in the Center for Information Biology gene EXpres-
sion database (CIBEX) at DDB]J (Japan) (CIBEX Accession: CBX102).

2.5. Statistical analyses
Statistical analyses were performed with the Prism 5 software

(GraphPad Software, CA, USA) and SAS preclinical package soft-
ware ver. 5.0 (SAS Institute, Tokyo, Japan).

3. Results

3.1. A reconstituted ‘humanized liver’ in TK-NOG mice can be stably
maintained

Targeted HSVtk expression has previously been used to ablate
specific cell types in transgenic mice [12-14]. Therefore, we used

an albumin promoter to drive the liver-specific expression of a
HSVtk transgene in severely immunodeficient NOG mice [15] to
produce TK-NOG mice. Administration of GCV, a drug that is not
toxic to human or mouse tissues, induces tissue-specific ablation
of transgenic liver parenchymal cells. Since HSVtk catalyzes GCV
phosphorylation, which is the rate-limiting step that cannot be
performed in mammalian cells lacking this transgene, liver cells
expressing the transgene are selectively destroyed. The HSVtk
transgene construct, mouse breeding, protocol variables, and the
properties of TK-NOG mice are described in the supplementary
information and in Fig. S1. We developed an initial protocol that
enabled transplanted human liver cells to replace mouse liver. A
dose of GCV (0.5-5 mg/kg L.P) that is not toxic to human or mouse
tissues was administered on days seven and five prior to transplan-
tation, and 10° human liver cells were transplanted via intra-sple-
nic injection. Despite using a non-optimized protocol in the initial
pilot studies, a substantial amount of human albumin (hAlb) was
detected in the plasma obtained from all 123 TK-NOG recipients
after human liver cell transplantation, and the hAlb levels in-
creased steadily to a maximal plasma concentration of 5.9 mg/mL
(average 1.5 mg/mL; Table 1; Fig. S2A). The extent of human liver
replacement was highly correlated with the measured hAlb levels
(* =0.9471; Fig. S2B), and the engrafted human liver cells were
incorporated into the existing liver in recipient (‘humanized’ TK-
NOG) mice (Fig. 1A). After optimization of the variables (age of
mice at time of transplantation, dose/timing of GCV administra-
tion) as described in the supplementary information and Fig. S3,
the hAlb concentration (average 3.3 mg/mL) and level of human
engraftment (average 43%) in TK-NOG mice was substantially in-
creased (Table 1). It has recently been reported that transplanta-
tion of an increased number of human cells increases the level of
human liver chimerism in Fah™/~ model [4]. However, the average
level of human reconstitution (43%) in TK-NOG liver is already at
or above that obtained when this modification was used in the
Fah™'~ mouse. However, it is possible that increasing the number
of transplanted human cells could further increase liver chimerism
in TK-NOG mice.

Of importance, the ‘humanized’ TK-NOG livers maintained their
synthetic function for a prolonged period. Humanized TK-NOG
mice maintained a very high plasma hAlb level over a 8-month
period of observation, and did not experience any loss of body
weight (Fig. 1B). The functioning human liver was maintained de-
spite the fact these mice did not receive any medication other than
the GCV, which was administered prior to transplantation. This
prolonged period of human liver survival has not been achieved

Table 1
Engraftment of human liver cells and repopulation rates in chimeric mice using a pilot
or optimized transplantation protocol.

Pilot Optimized
Mice (n) hAlb (mg/mL)  Mice (n) hAIb (mg/mL) Chimerism (%)
39 02 5 0.8 134
26 0.7 14 16 22.5
29 1.5 8 33 419
18 3.2 10 4.5 55.7
8 4.7 1 6.9 83.1
3 5.7 5 7.8 934

Total, 123 Average, 1.5 Total, 43 Average, 3.3""°  Average, 42.5

The amount of human albumin (hAlb) in plasma and extent of human liver
replacement was measured after TK-NOG mice were transplanted with human liver
cells using non-optimized pilot or optimized protocols. The extent of human liver
chimerism was estimated as a function of the hAlb concentration, which was shown
to correlate with the extent of human liver replacement. Protocol optimization (age
at time of transplantation and GCV regimen) significantly increased the extent of
humanization relative to that obtained in the pilot studies.

“** Mann-Whitney test, difference of P < 0.0001.
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Fig. 1. (A) Reconstituted ‘humanized liver’ in TK-NOG mouse. Immunohistochem-
ical staining of sections obtained from TK009-18 liver using h-CK8/18 antibody. The
RI (%) for each section is indicated. Scale bar: 1 mm. An enlarged view of the boxed
area is shown in the inset right. P, portal tract; C, central vein. (B) The human
albumin (hAlb) level in the plasma of four TK-NOG mice and their body weight
(BW) was measured over a 9-month period after GCV conditioning and human liver
cell transplantation. (C) Immunoblot analyses of sera from three humanized TK-
NOG mice with antibodies for specific for human albumin (hAlb), complement C3
proteins (hC3), transferrin (hTF), and for human and mouse ceruloplasmin {h/mCp).
The RI of these mice (TK12-14, 6-6-10, and 2-4-7) mice were approximately 10%,
30%, and 85%, respectively. (D) Comparison of total protein (TP), total cholesterol
(TCHO), albumin (ALB), ammonia (NHs3), and serum blood urea nitrogen (BUN)
levels between the control NOG and humanized TK-NOG mice. The hAlb level in all
of the humanized mice is >3 mg/mL. Open rhomboid, control NOG mice; filled
rhomboid, humanized TK-NOG mice. (E) H&E and PAS staining of kidney obtained
from a humanized TK-NOG mouse (hAlb > 5.0 mg/mL). Scale bars: 100 pm.

using uPA-dependent models. The Fah™~ model could provide a
more stable humanization model; Bissig et al. achieved a long-
term (34 weeks) reconstitution of Fah™~ mice as an experimental
model for hepatitis C virus treatment [4]. However, long-term
maintenance of these mice required repeated cycles of exposure
to a drug (NTBC; 2-(2-nitro-4-trifluoro-methylbenzoyl)-1,3-cyclo-

hexanedione) to prevent hepatocellular carcinomas, which will de-
velop from the remaining mouse hepatocytes [4].

Serum proteins were analyzed in detail in three humanized
TK-NOG mice by immunoblot analysis. Multiple different human
proteins (albumin, complement C3, transferrin, and ceruloplasmin)
were detected in their sera (Fig. 1C). The presence of the 105 kDa
human C3 o chain in serum was of interest, since it indicates that
the C3 precursor protein was processed by C3 convertase [16].
Although a high serum concentration of human C3 was thought
to contribute to the renal failure that develops in uPA transgenic
mice [5], humanized TK-NOG mice did not develop any biochemi-
cal or histologic evidence of kidney failure (Fig. 1D and E). Mea-
surement of the serum total protein (TP), total cholesterol
(TCHO), albumin (ALB), and ammonia (NH3) indicated that the
humanized liver had normal synthetic and metabolic function
(Fig. 1D).

We further examined the histology of the humanized TK-NOG
liver. In hematoxylin and eosin (H&E) stained sections, the human
hepatocytes (HLA, ASGR1 and human albumin-positive) could be
clearly distinguished by their size and pale cytoplasm from mouse
hepatocytes (Fig. 2A), which is consistent with previous descrip-
tions [11,17]. Periodic acid-Schiff (PAS) staining revealed that gly-
cogen accumulation was restricted to the cytoplasm of the human
hepatocytes. Most human hepatocytes (h-CK8/18-positive) were
present as small foci that appeared to grow by clonal expansion
within host parenchyma within 6 weeks after transplantation.
There is a possibility that the reconstituted liver could be derived
from a fusion between human and mouse hepatocytes [18]. How-
ever, double-immunofluorescent staining with antibodies specific
for human or mouse albumin as well as PCR analysis of genomic
segments within tissues isolated by laser-capture microdissection
indicated that there was no evidence for fusion events between
mouse and human cells (Fig. 54).

Control

Humanized TK-NOG mouse

Fig. 2. (A) Histology and immunohistochemistry of the liver of humanized TK-NOG
mice. Serial liver sections were stained for H&E, HLA, ASGR1, h-albumin, PAS, and h-
CK8/18. Scale bars: 100 pm. (B) The position-specific pattern of GS expression
within the liver lobule. H&E and immunohistochemical staining with anti-GS
antibody in liver sections obtained from humanized TK-NOG mice 14 weeks after
transplantation of human liver cells. The ‘Mouse’ and ‘Human’ hepatocyte boundary
is indicated by a dashed line in the images on the left. Liver sections from control
NOG or human liver sections that were stained with the anti-GS antibody are
shown on the right. Scale bars: 100 um. P, portal tract; C, central vein.
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3.2. The gene expression profile in reconstituted TK-NOG liver
resembles human liver

We also evaluated global gene expression patterns in human-
ized TK-NOG liver using microarrays. There was a very high level
of correlation between the gene expression profiles in TK-NOG
humanized liver tissue and that in the transplanted donor human
liver cells (% =0.7219; Fig. 3A). There was only a minimal level
(8%) of probes on the human gene expression array that cross-
hybridized with murine mRNA (Fig. S5A). Since these mice could
be used to evaluate drug metabolism, the level of expression of
26 drug metabolism-related mRNAs were also evaluated by quan-
titative PCR (qPCR) analyses, including: 12 CYP450 and two phase
Il enzymes, five SLC, and four ABC transporters, and three nuclear
hormone receptors. All of the mRNAs that were expressed in donor
liver cells were reproducibly expressed at comparable levels in the
livers obtained from four humanized TK-NOG mice (Fig. 3B). The
microarray and qPCR results were highly correlated (r* = 0.9784;
Fig. S5B). In addition, there was abundant expression of human
CYP3A4 in the liver of humanized TK-NOG mice (Fig. S6).

3.3. Functional analyses of the reconstituted ‘humanized liver’ in TK-
NOG mice

We also investigated whether the reconstituted ‘humanized li-
ver' had the three-dimensional architecture characteristic of ma-

ture human liver. Since glutamine synthetase (GS) is normally
expressed within a narrow zone around the central vein of the liver
lobule [19], its pattern of expression in control NOG and in human-
ized TK-NOG livers was examined. There was no evidence for zonal
GS expression within liver lobules containing human hepatocytes
6 weeks after transplantation, which suggested an immature lobu-
lar organization at this time (data not shown). In contrast, at
14 weeks after transplantation, GS had pericentral expression in
the human-derived regions of the reconstituted TK-NOG liver
(Fig. 2B). Thus, after 14 weeks, a mature hepatic architecture is
formed in the reconstituted humanized liver in TK-NOG mice,
which is in agreement with prior studies indicating that zonation
occurs 8 weeks after autologous liver cell transplantation [20].

To determine whether human-specific drug metabolism could
occur in the humanized TK-NOG liver, we measured the metabo-
lism of debrisoquine (DEB), a prototypical CYP2D6 substrate that
is converted to its 4-OH metabolite (4-OH DEB) by CYP2D6. Since
mice are relatively deficient in this activity [21], an increase of 4-
OH DEB production indicates that human (CYP2D6-mediated) drug
metabolism is occurring in the humanized liver. A single oral dose
of DEB (2.0 mg/kg) was administered to control NOG and to
humanized TK-NOG mice (>4.5 mg/mL hAlb), and the amount of
DEB and 4-OH DEB in serum was measured as a function of time
after dosing (Fig. 3C). The area under the plasma concentration-
time curve (AUC) for DEB showed no significant difference be-
tween humanized TK-NOG (n=6) and NOG (n=9) mice
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Fig. 3. (A) Gene expression within the reconstituted *humanized liver’ of TK-NOG mice. Global gene expression profiles within a fully humanized TK-NOG liver (RI of >85%)
and donor human liver cells were compared by microarray analysis. The blue and black triangles indicate ‘absent or marginal’ and ‘present’ detection calls, respectively. The
red circles indicate the probe sets for mRNAs related to drug metabolism. (B) The relative expression of 26 human drug metabolism related mRNAs in four independent
‘humanized’ TK-NOG livers and in donor human liver cells (nHeps) was assessed by qPCR. Each bar represents the average of three independent determinations and the
standard error is shown. (C) Human (CYP2D6)-specific drug biotransformation in humanized TK-NOG mice. The serum concentration of DEB (left panel) and 4-OH DEB (right
panel) in control NOG (n = 9) and humanized TK-NOG (n = 6) mice were measured 0, 0.5, 1, 2, 4, and 7 h after administration of a single oral dose of DEB (2 mg/kg). Each data
point represents the average  SD of 6-9 independent mice tested. (D) Urine samples were collected between 0 and 7 h after DEB administration. The % ratio of 4-OH DEB/DEB
excreted into urine within 7 h was compared between control NOG (n = 9) and humanized TK-NOG mice (n=6). By all of these measures, humanized TK-NOG mice had
significantly increased amounts of 4-OH DEB in the plasma and higher 4-OH DEB excretion than control NOG mice.
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(3211 £524.1 and 3587 +854.0 nM:-h, respectively; p=0.7139).
However, humanized TK-NOG mice had significantly increased
amounts of 4-OH DEB in their sera, the AUC for 4-OH DEB was
2.2-fold higher in humanized TK-NOG mice than in NOG mice
(247.7£26.7 and 112.9+12.6 nM-h, respectively; p=0.0028).
Consistent with this difference, an increased amount of the 4-OH
DEB metabolite was excreted into the urine of humanized TK-
NOG mice (Fig. 3D). These results indicate that the humanized liver
can mediate a human CYP2D6-specific drug biotransformation.

4. Discussion

The molecular, histological and functional studies demonstrate
that the reconstituted ‘humanized liver’ in TK-NOG mice is a ma-
ture and functional “human organ”. Because of these unique prop-
erties, we believe that this model could become a preferred
platform for studying many aspects of human liver physiology. A
unique advantage is that the TK-NOG humanized liver and its syn-
thetic function could be stably maintained for a long period after
transplantation, without the use of exogenous drugs. The TK-
NOG mice did not develop systemic morbidity (liver disease, renal
disease, and bleeding diathesis), nor were drug treatments re-
quired to suppress the liver tumor development. This has not pre-
viously been achieved by any of the other (uPA and Fah™~) liver
reconstitution models. The longer survival and stable humaniza-
tion pattern in TK-NOG mice provides a wide time-window that
facilitates drug metabolism, toxicology or other longer-term stud-
ies. In fact, their prolonged survival has enabled us to ‘re-use’ mice
in different studies.

CYP3A4 is the most abundant CYP450 enzyme in human liver,
and it is able to metabolize nearly 50% of all marketed drugs
[22]. The metabolism of ~30% and ~10% of marketed drugs is med-
iated by CYP2D6 and CYP2C19, respectively [23]. We have demon-
strated that reconstituted TK~-NOG mice can carry out a human-
specific (CYP2D6-mediated) biotransformation of a test drug. Fur-
thermore, a large number of human phase I and Il enzymes, trans-
porters, and nuclear receptors also expressed in the humanized TK-
NOG liver. The murine organs mediate many important extra-he-
patic components of drug clearance (renal clearance, intestinal
absorption, and metabolism, etc.) in this model system. Neverthe-
less, this data indicates that the humanized liver in TK-NOG mice
holds great promise as a model system for studying the hepatic
component of human drug metabolism. The ability to maintain
these mice for prolonged time periods without requiring mainte-
nance drugs indicates that these mice could be especially valuable
for toxicological studies that require a prolonged period of drug
administration.

The TK-NOG model also has another unique advantage; addi-
tional GCV doses can be administered after human cells have re-
populated the liver. This enables a ‘mop up’ strategy to be devel-
oped to ablate residual mouse hepatic cells after human cell recon-
stitution, which could ensure that a very high level of human
replacement is reproducibly achieved.
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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 off 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-Ad-specific TCR is a promising strategy to treat
patients with MAGE-Ad-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 Sc¢i 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.” ' 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.'"'?) 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)-
I or gpl00. Normal tissues in which melanocytic cells exist,
such as the skin, eyes, and inner ears, exhibited severe histolo%i-
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-
Ad 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 TCRuaf genes
from a human CD8" T-cell clone that recognizes a MAGE-
Ad-derived pegtide, MAGE-A4,45_15;, 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 cgtotoxicity against MAGE-
Ad-expressing tumor cells in virro. %" 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/vc™! (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 Bxperi-
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—93) 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 2000q 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, QG356 tumor cells (2.5 x 108
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 1()8) 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_151/HLA-A*2402 tetramer and antihuman CD8
mAb to calculate the proportion of tetramer"CD8* T cells
infused. When indicated, HLA-A*2402-positive PBMC were
pulsed with 1 pM MAGE-A4,4;_;53 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 pM MAGE-A4,4,_,53 or
HER243 7, (an irrelevant peptide with HLLA-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_;5,/
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-Cy5.5-conjugated antihuman CD3 (BD Bioscience)
mAb were used to detect transduced TCR in specific cell popu-
lations. Polychromatic 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
Flow]J (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 CDS§ (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 CD8-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 r-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 TCRxf} genes recognizing the MAGE-
Ady45_15; peptide in an HLA-A*2402-restricted manner into
polyclonally-activated human CD8* T cells. The TCRof-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.°Y 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 7CR 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-
Ad43.151/HLA-A*2402 tetramer to calculate the number of
tetramer"CD8* 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 O (Fig. 2A). The inhibition of KE4
growth required specific recognition of the MAGE-A44;_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/CDS8 ratio of the in vitro 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

Shirakura et al.

cDs

either gene-modified or unmodified cells (Fig. 2D) Only a
modest mhlbmon of KE4 growth was seen when mice received
only 3 x 10° of tetramer"CD8" cells (Fig. ZB) while no effect
was seen upon administration of 1 x 10° of tetramer"CD8"
cells (Fig. 20).

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 IymPhocytes 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 (@) or unmodified (4) cells or PBS alone (control, O)
on day 0. Total of 9 x 10° (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 CD8"
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 % 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 10°
(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-A44,_;s3 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 (TCRo V8-1 or TCRB V7-9) are not available,
we stained tumor specimens with a mAb against human CDS.
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 QG56 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 m%%ratory 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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vy (NOG) mice. Non-obese, diabetic/SCID/yc™"
mice (n=4 per group) were subcutaneously
inoculated with 2.5 x 10° KE4 tumor cells, then
intravenously administered 1 x 108 (A,C) or 5 x 107
(B,D) gene-modified (@) or unmodified (O) cells on
day 0. Mononuclear cells were purified from
peripheral blood collected from mice on the
indicated days. We evaluated the proportion of
human CD3*CD8* (A,B) or CD3*CD4" (C,D) cells
among the mononuclear cell population. (E) We
also monitored the body weight of NOG mice
administered  1x 10® gene-modified (@) or
unmodified (O) cells or PBS (control, 4) over time.
Results are representative of three independent
experiments. PBMC, peripheral blood mononuclear
cells.

Body weight {g)

can increase the antitumor efficacy of adoptive cell ther-
S (9.38) oo od Gf : atian
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-A443.151 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 QG56 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-o 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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selected these functional measures because multifunctionality
assessed by these factors defines a sensitive correlate of the
immunological control of tumors.®>3%

The mice received human lymphocytes with or without pep-

of the total CD8" cells, respectively, as early as day 2. There-
fore, multifunctional effector CD8" T cells appear earlier in
mice receiving combination therapy in comparison to those
receiving cell therapy alone. On day 7, trifunctional and bifunc-

tide vaccination; isolated peripheral blood specimens were
tested for their antigen-specific reactivity of component CD8* T
cells at the indicated time points. On day 2 or 7 after adoptive
transfer, we were barely able to detect cells with two or three
functions in mice receiving gene-modified cells without peptide
vaccination (Fig. 7); cells with three functions comprised 3.7%
of all CD8" T cells, while bifunctional cells comprised 2.4%
on day 14. In contrast, mice receiving combination therapy
with gene-modified cells and peptide vaccination exhibited a
population of cells with three and two functions of 1.4% and 2%

22

tional cells in mice receiving combination therapy comprised
1.7% and 4.8% of all cells, respectively. The cells with three or
two functions were retained as part of the peripheral mono-
nuclear cell population in these animals on day 14.

Discussion

Successful clinical responses using adoptive cell therapy with
tumor-reactive T cells in patients with advanced melanoma have
encouraged the development of genetic engineering approaches
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Fig. 6. Peptide vaccination enhanced the antitumor efficacy of adoptive therapy using T-cell receptor, gene-modified cells. Non-obese,
diabetic/SClD/yc"“” mice (n = 4 per group) were subcutaneously inoculated with 2.5 x 10° KE4 (A) or QG56 (B) tumor cells, and intravenously
administered 1 x 10° gene-modified (0) or unmodified (®) cells on day 0. Gene-modified population included 1 x 10° tetramer*CD8" cells. We
pulsed 4 x 107 peripheral blood mononuclear cells derived from the same donor (HLA-A*2402 positive) with 1 uM MAGE-Ad41_153 peptide, and
intravenously administered these cells into the animals on days 1 and 8 (@ and ®). Results are representative of three independent experiments.
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Fig. 7. Peptide vaccination increased the multifunctionality of
transferred gene-modified cells. Mice were subcutaneously inoculated
with 2.5 x 10° KE4 tumor cells, then intravenously administered
1 x 108 gene-modified or unmodified cells with or without peptide
vaccination. Two, 7, and 14 days after transfer, we collected
peripheral blood from mice. After purifying the mononuclear cells in
these samples, we evaluated their multifunctionality by measuring v-
interferon (IFN-y) and tumor necrosis factor-o (TNF-0) production and
CD107a mobilization. Data are summarized in the pie chart, where
each wedge represents the frequency of human CD8" cells expressing
all three functions (3), any two functions (2), a single function (1), or
no function (0). Results are representative of three independent
experiments.

using patient lymphocytes; these studies aim to extend the range
of tumor types that can be treated with this techni%ue and to
improve the quality of the lymphocytes employed.( 42 1n a
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recent clinical trial for metastatic synovial cell sarcoma and mel-
anoma, patients were administered autologous lymphocytes
genetically engineered to express a high-avidity TCR against
NY-ESO-1; objective clinical responses were observed in four
(60%) of six patients with synovial cell sarcoma, and five (45%)
of 11 patients with melanoma.“® In this trial, the transferred
TCR contained two amino-acid substitutions in the third com-
plementary determining region of the native TCRa chain that
conferred CD8" T cells with an enhanced avidity. No on-target
toxicities were seen in this trial, in contrast to previous obser-
vations of vigorous on-target toxicity in patients receiving lym-
phocytes engineered to express melanocyte differentiation
antigen-specific TCR. Genetic engineering also offers the means
to endow T cells with enhanced function, as well as resistance to
tumor-mediated immunosuppression through the addition of
genes encoding homeostatic or pro-inflammatory cytokines, **
chemokine receptors, anti-apoptotic molecules,“”  and
costimulatory molecules,***” as well as the silencing of
co-inhibitory molecules,®® although these modifications await
clinical evaluation. As increased effector function and/or
in vivo persistence of cells bearing these modifications might
increase on-target toxicity during therapy, the selection of
appropriate target antigens is critical to induce favorable anti-
tumor effects and avoid severe adverse events.

The establishment of an animal model suitable for evaluating
the in vivo efficacy and safety of human adoptive cell therapy is
an important challenge to facilitate the development of these
therapies and prevent toxicity. Non-obese diabetic/SCID/
ve™immunodeficient mice that lack T, B, and natural killer
cells, and demonstrate impaired dendritic cell activity, are a
helpful animal model to evaluate the in vivo activity of human
hematopoietic cells.®® The NOG mouse model, however, still
has limitations, including a homeostatic expansion effect on
infused T cells, an allo-reactive response between infused effec-
tor cells and transplanted target cells, and potential GVH reac-
tions. In this study, mice receiving human lymphocytes
exhibited severe weight loss, consistent with GVH reaction,
which worsened after day 21. Therefore, antitumor efficacy in
this model is best evaluated before day 21. Future studies will
need to evaluate if the homeostatic proliferation of infused cells
and/or a suboptimal allo-reactivity influenced the treatment
effect seen in this model. The lack of an effect by unmodified
cells (Fig. 2) and the increased efficacy upon co-administration
of an antigen-peptide vaccine (Fig. 6), however, strongly sug-
gest that the observed antitumor effect was achieved in a
MAGE-A4-specific, TCR-mediated manner. The future devel-
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opment of improved humanized mice will help to better evaluate
the optimization of human immunotherapy.

Multifunctionality is the ability of T cells to exhibit multiple
functions, including the simultaneous secretion of multiple
cytokines, chemokines, or cytotoxic granules at the single-
cell level.®P The importance of T-cell multifunctionality
has been reported in multiple animal infection models®*>* and
in humans infected with HIV, cytomegalovirus, hepatitis B
virus, or tuberculosis.®>%” We reported the importance of
effector T-cell multifunctionality in antitumor immune response.
Specifically, the appearance of multifunctional CD8" effector
cytotoxic T cells in vivo is a critical determinant of effective
immunological control of tumors. Regulatory T cells were found
to play a role in the inhibition of transferred tumor antigen-

. . . . (33,39 .

specific T-cell multifunctionality. In the present study,
effector T-cell multifunctionality appeared to correlate with
the quality of T-cell responses in adoptive T-cell therapy utiliz-
ing genetically-engineered human lymphocytes (Figs 6,7).
The peptide vaccination did not significantly change the percent-
age of human CD3"CD8" cells in the PBMC of NOG mice
(data not shown). The TCR-transduction efficiency in this study
was not very high in general. We found that the combination
of vaccination with the adoptive transfer of antigen-specific T
cells increased effector T-cell multifunctionality and made the
antitumor effect visible, even with a low number of specific
TCR-transduced T cells transferred. The unmodified cells with
background reactivity were the IFN-y single producers. We
speculate that these cells are positive for IFN-y because of their
non-specific activation due to GVH reaction.
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To our knowledge, this study represents the first demon-
stration in vivo of an antitumor effect following the adoptive
transfer of human lymphocytes genetically engineered to
express a TCR specific for MAGE family antigen. The retroviral
vector used in this report is currently under evaluation in a phase
I clinical trial designed to treat patients with MAGE-A4-
expressing esophageal cancer.

In summary, our data suggest that adoptive cell therapy with
human lymphocytes engineered to express MAGE-A4-specific
TCR through retroviral transduction is a promising strategy to
treat patients with MAGE-A4-expressing tumors. Combination
therapy with gene-modified cell-adoptive transfer and in vivo
vaccination might improve antitumor efficacy, even with low
numbers of transferred tumor-reactive T cells. These data sup-
port the rationale to explore clinical trials utilizing gene-modi-
fied lymphocytes prepared using the vector described in this
report.
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