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Abstract

Project Code: RSA5280023

Project Title: The modulation of tumor-associated macrophage to enhance anti-tumor
cytolytic activity of the co-culturing cytokine-induced killer cell

Investigator: Adisak Wongkajornsilp, M.D., Ph.D.

E-mail Address:  adisak.won@mahidol.ac.th

Project Period: 3 years

Successful tumor immunotherapy requires not only potent anti-tumor cytotoxicity, but
also overcoming the local immunosuppression. The immunosuppression in the tumor micro-
environment has been attributed to either the tumor itself or the tumor-associated macrophages
(TAM). Cytokine-induced killer (CIK) cells have reached clinical trials for leukemia and solid
tumors. Their anti-tumor cytotoxicity had earlier been shown to be intensified after the co-
culture with dendritic cells (DCs). We observed markedly enhanced anti-tumor cytotoxicity
activity of CIK cells after the co-culture with sunitinib-pretreated DCs over that of untreated DCs.
This cytotoxicity was reliant upon DC modulation by sunitinib because the direct exposure of
CIK cells to sunitinib had no significant effect. Sunitinib promoted Th1-inducing and pro-
inflammatory phenotypes (IL-12, IFN-Y and IL-6) in DCs at the expense of Th2 inducing
phenotype (IL-13) and regulatory phenotype (PD-L1, IDO). Sunitinib-treated DCs subsequently
induced the upregulation of Th1 phenotypic markers (IFN-Y and T-bet) and the downregulation
of the Th2 signature (GATA-3) and the Th17 marker (RORC) on the CD3"CD56" subset of CIK
cells. It concluded that sunitinib-pretreated DCs drove the CD3'CD56" subset toward Th1

phenotype with increased anti-tumor cytotoxicity.

Keywords: CIK, dendritic cell, macrophage, anti-tumor cytotoxicity, sunitinib
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CHAPTER|
INTRODUCTION

Tumor-associated immunosuppression has been documented in several cancer
models(1). Immunological cells in tumor microenvironment have been proposed to promote
tumor growth and progression(2). Tumor-associated macrophages (TAM), a major leukocyte
population present in tumors, have been shown to take part in this pro-tumoral role(3). TAM
have poor antigen presenting capacity, suppress T cell activation and proliferation(4). Certain
cytokines and chemokines assist tumor evasion of immunological destruction. TAM s
associated with poor prognosis in many tumors(5). Yet TAM also have contradictory
polarization toward promoting tumor cytotoxicity(6) that demonstrated their plasticity.
Macrophages are categorized as M1 and M2 cells(6). Classically activated M1 macrophages
are inducible by IFN-Y, LPS, TNF-Ql and GM-CSF, but are suppressed by IL-4 and IL-13. The
alternatively activated M2 macrophages involved in tuning inflammatory responses and adaptive
immunity, scavenge debris, promote angiogenesis(4), tissue remodeling, and repair. M2
macrophages were further subdivided as M2a, M2b and M2c. M2a were generated after the
exposure to IL-4 or IL-13. M2b were generated after the exposure to immune complexes in
combination with IL-1B or LPS. M2c were generated after the exposure to IL-10, TGF-B or
glucocorticoids. M1 have an IL-12"9" |L-23"9" |L-10"°" phenotype and exhibit potent
microbicidal properties and promote strong IL-12-mediated Th1 responses (i.e., produce
reactive oxygen and nitrogen intermediates, IL-1B, TNF-Q,, IL-6). M2 have an IL-12°%, |L-23""
IL-10"" phenotype and support Th2-associated effector functions, resolution of inflammation
similar to the functions of TAM in terms of cytotoxicity and the expression of inflammatory
cytokines (e.g., poor producers of reactive oxygen intermediates (ROIs)(7), IL-12, IL-10, TNF-QL,
and IL-6(4)).

The M1/M2 paradigm is likely to be responsible for TAM-induced immunoregulation.
The tumor microenvironment polarized the recruited macrophage toward M2 protumoral
function(4) through the local cytokines including IL-10, and TGF-B secreted from both ovarian
cancer cells and TAM. IDO metabolites and prostaglandins, also have been proposed TAM-
derived suppressive mediators(8). IL-10 promotes the differentiation of monocytes to mature
macrophages, blocks their differentiation to dendritic cells (DC)(9), induces TAM-derived CCL18
that in turn attracts naive T cells and subsequently leads to anergy(10). The gradient of tumor-
derived IL-10 accounted for differentiation along the DC versus the macrophage pathway in

different microanatomical localizations in a tumor(11). TAM could not trigger Th1 immune



response due to the defective IL-12 production in response to IFN-Y and LPS(12), but instead
induce regulatory T (Treg) cells. The responsible intracellular signals in tumor-infiltrating
immune cells that inhibited the production of several proinflammatory cytokines and chemokines
but enhanced the release of factors that suppress DC maturation are the constitutively activated
Stat3(13) and IKKB(14, 15). The inhibition of Stat3 led to the trigger of intrinsic immune-
surveillance system that inhibits tumor growth and metastasis. TAM display defective NF-KB
activation in response to LPS, TNF-QL, IL-‘IB(‘IS), IRF-3/STAT-1, and galectin-1. The high level
of IRF-3/STAT-1 activation can promote TAM-mediated T cell deletion(16).

TAM were attracted to the tumor through tumor-derived chemotactic factor (TDCF)(17)
or CCL2/MCP-1(18), CCL7, CCL8, vascular endothelial growth factor (VEGF), macrophage
colony stimulating factor (M-CSF), and placenta-derived growth factor (PIGF)(19). CCL2 might
bias the immunity toward Th2 direction through the stimulation of IL-10 production from
TAM(20). The production of IL-10, TGF-B, and PGE, by cancer cells and TAM contributes to a
general suppression of antitumor activities(4). TAM promoted tumor cell proliferation,
dissolution of connective tissues, and tumor neovascularization through VEGF(4) and
angiogenic factor thymidine phosporylase (TP)(21), EGF, PDGF, TGF-B, VEGF, and
chemokines.  TAM accumulated in hypoxic regions of tumors and hypoxia triggers a
proangiogenic program in these cells.

In certain conditions, TAM can express antitumor reactivity. The re-education of TAM
from M2 to M1 is a novel strategy for the reversal of tumor-associated immunosuppression.
The functional targets for re-education include their activation, recruitment, angiogenic activity,
survival, matrix remodeling and immunosuppression. The signaling targets of TAM include the
restoration of the defective NF-KB activation. Prior strategies include the combination of CpG
plus an anti-IL-10 receptor antibody (22); suppression of signal transducer and activator of
transcription 6 (STAT6) (23) or STATS3; restoration of SHIP1 phosphatase(24); suppression of
both inducible nitric oxide synthase (NOS2) and arginase (Arg1)(25); suppression of MCP-
1/CCL2(26); suppression of CSF-1(27); suppression of HIF-1/CXCR4 pathway(28) that disrupts
HIF-1-inducible VEGF, suppression of matrix-metalloproteases (e.g., MMP2, MMP9) using the
biphosphonate zoledronic acid(29); suppression of NF-KB in cancer cells using IL-1 and TNF-
0L(30); suppression of toll-like receptors (TLR)(31); and suppression of galectin-1(32) that was
regulated by TGF-B1 and hypoxia. Other proposed models include the suppression of IL-13,
PGE2, CXCL12/SDF1or CCL12/MDC, IDO, VEGF, VEGF-R1/FLT1, c-kit and BTK.



The mechanisms of tumor immune evasion involve several biological molecules
including indoleamine 2, 3-dioxygenase (IDO), PD-L1, GATA and interferon (IFN). IDO, a
cytosolic protein that catalyzes the rate-limiting step of tryptophan (Trp) metabolism, stimulates
immune tolerance in human cancer(33). IDO generates immunosuppressive dendritic cells
(DCs)(34). Trp metabolites mediate cytotoxic effects on CD8" tumor-infiltrating lymphocytes
and CD4'Th1 cells(35-37). PD-L1 can have an inhibitory function that primarily acts to inhibit
the priming and activation of immune responses and T cell-mediated killing of cancer cells in
particular in the tumor beds (38). The zinc finger DNA binding GATA factors coordinate cellular
maturation with proliferation arrest and cell survival(39). Alteration of GATA factors was shown
to be causatively involved in various cancers in human patients(39). GATA-3 primarily induces
Th2 differentiation(40) and therefore causes Th2 immune deviation that leads to the expansion
of fibrocytes with immunosuppressive properties observed in patients with cancer(41). This
may be the mechanism that GATA-3 contributes to tumor progression via immune evasion.
The above data suggested the requirement of therapeutic overriding of tumor immune evasion
by boosting cytotoxic effects of responsible effector cells.

Cytokine-induced killer (CIK) cells have been deployed against a number of solid tumors
with in vitro and in vivo evidences. The major effector of CIK cells is the CD3'CD56"
subset(42, 43). The anti-tumor action of CIK cells could be augmented after being co-cultured
with dendritic cells (DCs)(44-47). The depletion of regulatory T cell (Treg) subset in CIK cells
after the co-culture with DCs was proposed as the responsible mechanism(45). We previously
observed similar enhancement of the anti-tumor action of the isolated CD3*CD56" subset
against cholangiocarcinoma(48) and osteosarcoma(49) after being co-cultured with DCs. This
observation implied that the activity of CD3"CD56" subset was not invariably naturally active,
but inducible. The ex vivo optimization for the anti-tumor activity of the CD3"CD56" subset as
well as the dissection for the involved signal transduction has posed as a challenge for CIK cell-
based immunotherapy. We approached this challenge through the treatment of CIK cells, co-
cultured DCs with a promising molecule, sunitinib.

Sunitinib, a protein kinase inhibitor (PKI), is conventionally intended for direct treatment
of lung cancer and renal cell carcinoma. It indirectly affects the tumors through the host
components of immune response(50). The pharmacological concentrations of sunitinib had no
effect toward PI3K and ERK phosphorylation in NK cells and did not exert any toxicity toward
peripheral blood mononuclear (PBMCs)(51). Not all tyrosine kinase inhibitors provide the
beneficial effects toward immune cells(50). Only sunitinib could enhance the maturation and

the expansion of DCs. Sorafenib, but not sunitinib, mediated its immunosuppressive effect at



pharmacological concentrations through the induction of human NK cell-derived cytotoxic
activity, IFN-Y release(51), and suppressed mouse DCs and antigen-specific T cells
functions(52).

Sunitinib might exert its immunostimulatory activity through the modulation of the ratio of
immunostimulatory versus immunoregulatory cells. Recently sunitinib was shown to reverse the
immune suppression of tumor microenvironment (TME) by suppressing the development of
regulatory T cells (Treg)(53). Both Treg and myeloid-derived suppressor cells (MDSC) are the
major immunosuppressive cellular components in TME(54, 55). The presence of Treg subset
compromised the overall anti-tumor activity of CIK cells(48, 49, 56). The fraction of peripheral
blood MDSC(57, 58) and Treg(57, 59, 60) were dramatically decreased in subjects treated with
sunitinib. In contrast, the fraction of DCs was significantly increased after sunitinib treatment
and this correlated with tumor regression in patients with renal cell carcinoma(58). The
combination of sunitinib treatment with DC vaccination acted synergistically in suppressing the
implanted melanoma in mice(61). The responders with tumor regression after sunitinib
treatment were associated with the reduction in MDSC and Treg in the TME in concomitant with
the rising of CD8" T cells. Sunitinib shifted tumor-infiltrating lymphocytes (TILs) in mice from
releasing Th2 cytokines (IL-10, TGF-B) to Th1 cytokines (IFN-Y). The expression of co-
inhibitory molecules (CTLA-4 and PD-1) and Foxp3 in these TILs was also suppressed. This
reversal of immunosuppression was proposed to be mediated through the inhibition of c-kit in
MDSCs(62). The MDSC suppressive activity of sunitinib might be counteracted by locally high
level of GM-CSF(63). The immunomodulation might be mediated through anti-VEGFR and NF-
KB-suppressive actions of sunitinib. The heightened proliferation and antigen-specific T-cell
activity of CD8" T cells was attributed to the suppression of STAT3(64). However, other
investigators reported the absence of favorable immunological action of sunitinib. Sunitinib was
unable to reverse VEGF / tumor supernatant-induced suppression of DC maturation(65). Some
renal cell carcinoma subjects treated with sunitinib for 4 weeks carried lower Th1/Th2 ratio in
peripheral blood(66), as opposed to those found in the earlier studies(59).

Improving the density as well as the activity of CD3"CD56" subset, while suppressing
those of Treg subset, would be desirable for CIK cell-based immunotherapy. We investigated
whether the introduction of sunitinib to the DC-CIK co-culture system could improve anti-tumor
effects. We examined the proportion of each subset in CIK cells that represented the
quantitative changes in the density of CIK cell subsets. For qualitative change, we measured

the alteration in the maturation status or immunological markers of both DCs and CIK cells. In

DCs, the markers studied included Th1 promoting genes (IL-12, IFN-Y); Th2 promoting gene
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(IL-13); Th17 promoting genes (IL-23, IL-6); and Treg promoting genes (PD-L1, IDO, IL-10). In
CIK cells, the markers assessed included Th1 genes (IFN-Y, T-bet); Th2 genes (IL-4, GATA-3);
Th17 genes (RORC, IL-17, STAT3); and Treg (IDO, IL-10).

There has not been any report on the interactions between CIK cells and TAM. Since
TAM have a niche in the tumor micro-environment that can impede the anti-tumor efficacy of
CIK cells. The actions of TAM to modulate the activities of CIK cells toward selected solid
tumors (e.g., osteosarcoma, glioma, lung cancer, and cholangiocarcinoma) will be studied.
Mechanisms that can provide immunosuppression will be explored (e.g, IDO, IL-10, Treg, etc)
using several methods including inhibitors, real-time RT-PCR, siRNA, and flow cytometry. An
emphasis will be put on the immunosuppressive enzyme IDO and the involvement of PD-1/PD-
L1 interactions. This study will provide a crucial background for the immunotherapy using CIK
cells that can home to the tumor tissue and unavoidably exposed to TAM’s and tumor’s micro-

environment.



CHAPTERI
MATERIALS AND METHODS

Generation of CIK cells and DCs from peripheral blood mononuclear cells

CIK cells and DCs were generated from PBMCs of 6 consented healthy volunteers as
described previously(48). PBMCs were isolated from whole blood by Ficoll gradient
centrifugation (IsoPrep, Robbins Scientific, Sunnyvale, CA). The cells were allowed to adhere
over the 6-well plate at a density of 1.2 x 10° cells/mL/well for 1 h at 37°C in RPMI 1640, 10%
FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin. The adherent cells (5.0 x 10*
cells/well) were used to generate DCs.

To generate CIK cells, non-adherent PBMCs were resuspended in RPMI 1640
(Invitrogen, Carlsbad, CA), 10% FBS, 25 mM Hepes, 100 U/mL penicillin and 100 pg/mL
streptomycin. Human interferon Y (IFN-Y, 1,000 U/mL (Amoytop Biotech, Xiamen, China) was
added and incubated at 37°C, 5% CO, for 24 h. After 24-h incubation, 50 ng/mL monoclonal
antibody against CD3 (eBioscience, San Diego, CA) and 300 IU/mL IL-2 (Amoytop Biotech)
were added. CIK cells were maintained at a density of < 6 x 10° cells/mL in RPMI 1640, 10%
FBS, 300 IU/mL IL-2, 25 mM Hepes, 2 mM L-glutamine, 100 U/mL penicillin, and 100 pyg/mL
streptomycin with medium replacement every 5 days. Cells were harvested on day 14 with
apparent viability above 90%.

To generate DCs, the adherent cells were maintained in 2 mL RPMI 1640, 10% FBS,
400 U/mL granulocyte-macrophage colony-stimulating factor (GM-CSF, Amoytop Biotech), 500
U/mL IL-4 (Amoytop Biotech) for 14 d. DC maturation could be achieved by adding 1,000 U/mL
tumor necrosis factor Ol (TNF-Ol; Amoytop Biotech) in the final 24 h. Some designated wells
were treated with 1 pM sunitinib (Sigma, St. Louis, MO) for 48 h. The viability of mature DCs
was above 95%.

Preparation of CD3°CD56" cells

An aliquot of CIK cells (1.0 x 10 cells) on day 14 was purified for CD3"CD56" subset
using CD3 Microbeads kit and CD56 Microbeads kit (Miltenyi Biotec, Germany) according to the
manufacturer instruction. This usually yielded 0.8 - 2.0 x 10" purified CD3"CD56" cells.
Co-culture of CIK cells and DCs

On day 14 after CIK and DCs generation, CIK cells or the purified CD3"CD56" cells
were seeded on DCs of different conditions at the stimulators (DCs) : responders (CIK cells)(S :

R) ratio of 1: 20. The co-cultured cells were maintained in RPMI 1640, 10% FBS, 25 mM
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Hepes, 2 mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin, 300 IU/mL IL-2 for
5 days prior to in vitro cytotoxicity assay.

Primary cultured cholangiocarcinoma cells isolated from sediments of biliary fluid

A human cholangiocarcinoma cell line prepared from intrahepatic biliary fluid,
HubCCA1(48), was propagated in growth medium (DMEM, 15% FBS, 1 mM sodium pyruvate, 1
mg/mL insulin, 0.66 mg/mL transferrin, 0.67 pug/mL sodium selenite, 0.1 mM non-essential
amino acid solution, 2 mM L-glutamine, 50 unit/mL penicillin, and 50 pyg/mL streptomycin) at
37°C with 5% CO,.

Fluorescence-activated cell sorting (FACS) analysis

Either DCs or CIK cells were washed twice in PBS containing 5% FBS (PBS/FBS) and
resuspended in 100 uL PBS/FBS. The cell pellet was incubated with 2 pL of the corresponding
primary monoclonal antibodies (1 mg/mL) for 30 min at 25°C, washed twice and resuspended in
200 pL of PBS/FBS. For the staining of intracellular immunogens, cells were fixed and
permeabilized prior to the intracellular staining in accordance with the manufacturers. Flow
cytometry analysis on 10,000 cells was performed using a FACSCalibur (Becton Dickinson, San
Jose, CA). The employed primary mouse monoclonal antibodies raised against human
immunogens included anti-FOXP3-Alexa Fluor 488, anti-CD4-PE-Cy5, anti-CD25-PE from
Biolegend, anti-IL-10-Alexa Fluor 647, anti-CD3-FITC, anti-CD56-PE, anti-CD80-FITC, anti-
CD83-PE, anti-CD86-PE-Cy5, anti-CD40-APC from eBiosceince, anti-RORC-PerCP, anti-IL-17-
APC from R&D Systems. Data were analyzed using FlowJo version 10.0.5.

Cytotoxic Assay

Propidium iodide (Pl)-based cytotoxic assay was used to estimate the anti-tumor
cytotoxic activity of CIK cells. The tumor cells (5%x10° cells/well) were seeded as target cells on
the 96-well plate for 24 h at 37°C, 5% CO,. The target cells were washed with serum-free
RPMI and co-cultured with the effector cells at the designated ratio in 80 uL RPMI/well for 4 h
at 37°C, 5% CO,. For IFN-Y neutralization, 0.02 pg/mL anti-IFN-Y (clone 25718, R&D
Systems) was added to the effector cells 2 h prior to the co-culture. Pl (20 yL of 10 pg/mL in
PBS) was added to and incubated with the cell mixture for additional 30 min. The mixture was
measured for fluorescence with an excitation wavelength of 482 nm and an emission
wavelength of 630 nm using the SpectraMax M5 microplate reader (Molecular Devices,
Sunnyvale, CA). The background wells were those with the corresponding numbers of effector

cells, but without target cells. The 100% lysis came from wells containing target in RPMI cells



plus 20 uL isopropanol. The 0% lysis came from wells containing only the target cells. The %
cytotoxicity was calculated using the following expression:

Fi - Fl,

Y cytotoxicity = 100

o0 g

Fl, represents the fluorescence of the well containing the target cells without the exposure to
any effector cells. Fl,y, represents the fluorescence of from the well containing the target cells
in RPMI plus 20% isopropanol. Fl, represents the fluorescence of the well containing the target
cells after the exposure to the indicated numbers of effector cells.

RNA preparation and quantitative real-time PCR analysis

Total RNA was extracted from different conditions of CD3"CD56" cells, macrophages,
iDCs and mDCs. Cells were homogenized in 350 puL of RA1 buffer and 3.5 pL of [3-
mercaptoethanol (illustra™ RNAspin Mini RNA Isolation Kit, GE Healthcare, UK) to isolate total
RNA. Reverse transcription was performed with 1 ug of total RNA. First-strand cDNA
synthesis was performed with the ImProm-Il Reverse Transcription System (Promega, Madison,
WI). The gene-specific primers pairs (Table 1) were designed using Primer Express 3.0 (ABI,
Foster City, CA) and ordered from 1st BASE (Singapore). They were amplified using FastStart
SYBR® Green Master (Roche Diagnostics, Mannheim, Germany) and StepOnePlus Real-Time
PCR system (ABI). Real-time PCR was performed using 1.5 pL of 200 ng/uL cDNA in 15 yL
reaction mixture with the following conditions: 95°C for 10 min, followed by 40 cycles of
amplification at 95°C for 15 sec, 60°C for 40 sec, and 72°C for 40 sec. The obtained Ct's were
subtracted with the Ct of GAPDH of the same condition to obtain ACt. The ACt's of the
treated cells were subtracted with ACt's of the untreated cells of the same period to obtain

AAcCts. The fold-changes could be obtained from the expression of 2724



Table 1 The primer pairs for real-time RT-PCR

Genes Oligonucleotides (5° —>3’) Size (bp) | Annealing (°C)

GAPDH Forward: GAAATCCCATCACCATCTTCC 124 60
Reverse: AAATGAGCCCCAGCCTTCTC

PD-L1 Forward: TCAATGCCCCATACAACAAA 120 60
Reverse: TGCTTGTCCAGATGACTTCG

IDO Forward: AGTCCGTGAGTTTGTCCTTTCAA 68 60
Reverse: TTTCACACAGGCGTCATAAGCT

GATA-3 Forward: ACTACGGAAACTCGGTCAGG 100 60
Reverse: CAGGGTAGGGATCCATGAAG

IFN-Y Forward: GTGTGGAGACCATCAAGGAAGAC 80 60
Reverse: CAGCTTTTCGAAGTCATCTCGTTT

IL-4 Forward: AACAGCCTCACAGAGCAGAAGAC 101 60
Reverse: GCCCTGCAGAAGGTTTCCTT

IL-6 Forward: GCTGCAGGCACAGAACCA 68 60
Reverse: ACTCCTTAAAGCTGCGCAGAA

IL-10 Forward: CTGGGTTGCCAAGCCTTGT 100 60
Reverse: AGTTCACATGCGCCTTGATG

IL-12 Forward: GCAAAACCCTGACCATCCAA 100 60
Reverse: TGAAGCAGCAGGAGCGAAT

IL-13 Forward: GAGTGTGTTTGTCACCGTTG 253 60
Reverse: TACTCGTTGGTCGAGAGCTG

IL-23 Forward: GCTTACAAACTCGGTGAACAACTG 80 60
Reverse: TCCACTTGCTTTGAGCCTGAT

RORC Forward: CCACAGAGACATCACCGAGCC 114 60
Reverse: GTGGATCCCAGATGACTTGTCC

STAT3 Forward: ACCAAGCGAGGACTGAGCAT 90 58
Reverse: TGTGATCTGACACCCTGAATAATTC

TGF-B Forward: GCGTGCTAATGGTGGAAACC 100 60
Reverse: GCTTCTCGGAGCTCTGATGTGT

T-bet Forward: AGGATTCCGGGAGAACTTTGA 123 60
Reverse: TACTGGTTGGGTAGGAGAGGAGAGTA




Statistical analysis

The results are shown as mean + standard error of the mean (SEM) of triplicate
determinants. Data were plotted using GraphPad Prism version 5.03. Two-way ANOVA was
used to determine the significance of difference between means of cytotoxic experiments.
Student’s f-test was used for real-time PCR analysis. A p value of less than 0.05 was

considered significant.
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CHAPTERIII
RESULTS

The cytotoxic activity of CIK cells after the priming with sunitinib-treated DCs toward
cholangiocarcinoma cell line

Among all investigated conditions of effector cells, the untreated CIK cells provided the
lowest cytotoxicity toward the HUbCCA-1 (Fig. 1A). The cytotoxicity was improved after the co-
culture with mDC. The highest anti-tumor cytotoxic activity came from CIK cells that had been
co-cultured with either sunitinib-treated iDCs or sunitinib-treated mDCs. This enhancement
could not be obtained from CIK cells co-cultured with sunitinib-treated macrophages. The direct
exposure of CIK cells to sunitinib could not confer any significant improvement in the anti-tumor
cytotoxicity over that of the untreated CIK cells until the E:T ratio reached 12:1, and therefore
demonstrated little enhancement. Isolated CD3"CD56" subset contained anti-tumor cytotoxic
activity (Fig. 1B). Likewise, the direct exposure of CD3"CD56" subset to sunitinib could not
confer further significant improvement. The co-culture of CD3"CD56" subset with sunitinib-
treated mDCs provided the optimal improvement.
The alteration in the polarization of macrophages, iDCs and mDCs after the exposure to
sunitinib

Macrophages, iDCs and mDCs were studied for their polarization using real-time RT-
PCR analysis for a number of markers (Table 1). The untreated macrophages contained lower
IL-12 expression (Fig. 2A) than those in iDCs and mDCs. After sunitinib treatment, the level of
IL-12 expression was enhanced in macrophages and mDCs, but not in iDCs. Both iDCs and
mDCs carried higher IFN-Y expression than did macrophages. Only in mDCs was the
expression of IFN-Y (Fig. 2B) significantly increased after sunitinib treatment. The expression
level of IL-6 (Fig. 2C) was rising in mDCs after sunitinib treatment, but was reciprocally
suppressed in macrophages. The expression of IL-13 in macrophages and iDCs, but not
mDCs, was undetectable. The IL-13 expression in mDCs was suppressed after sunitinib
treatment (Fig. 2D). The untreated macrophages and iDCs contained higher IL-10 expression
(Fig. 2E) than did mDCs. Upon sunitinib treatment, the expression of IL-10 was decreased in
macrophages, but not significantly altered in iDCs nor mDCs. Sunitinib treatment suppressed
the expression of PD-L1 (Fig. 2F) in mDCs. The IDO expression (Fig. 2G) was suppressed in
iDCs and mDCs after sunitinib treatment. Sunitinib enhanced the expression of IL-23 (Fig. 2H)

in macrophages and mDCs, but not in iDCs.
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Figure 1. The cytotoxic activity against HubCCA1 cell line after the priming with sunitinib-
pretreated DCs. The CIK cells (A) at 1.0x10° cells/well from each condition were
inoculated with the attached HubCCA1 cells (5,000 cells/well) for 4 h before the PI
assay. The CIK cell preparations comprised untreated condition, direct sunitinib
treatment, macrophage pre-inoculation, sunitinib-treated macrophage pre-inoculation,
iDC pre-inoculation, and sunitinib-treated iDC pre-inoculation, mDC pre-inoculation,
and sunitinib-treated mDC pre-inoculation. The isolated CD3*CD56" cells (B) were
studied in similar fashion. These included untreated CD3*CD56" cells, direct sunitinib
treatment, mDC pre-inoculation, and sunitinib-treated mDC pre-inoculation. * and **
designate data with significant different from those of the untreated CIK cells at the

same E:T ratio with p < 0.05 and <0.01 respectively.

12



Figure 2. The real-time RT-PCR analysis in macrophages (@), iDC and mDC after sunitinib
exposure. These cells were evaluated for the expression of IL-12 (A), IFN-Y (B), IL-
6 (C), IL-13 (D), IL-10 (E), PD-L1 (F), IDO (G), and IL-23 (H). The expression levels
of these genes were normalized with those of their respective untreated mDCs.

The alteration in the maturity of macrophages, iDCs, and mDCs after sunitinib treatment

The flow cytometry analysis of iDCs, and mDCs did not promote their maturation based

on the staining of CD80, CD83 and CD86 (Fig. 3A). In contrast, the sunitinib treatment to

macrophages resulted in not only less DC maturation markers (CD80, CD83, CD86 and CD40),

but also macrophage markers (CD14 and CD40, Fig. 3B). There was no alteration in IL-10,
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and IDO (Fig. 3C) in both iDCs and mDCs, but there was less IDO in macrophages after

sunitinib treatment.

Figure 3. The FACS analysis for the maturity of macrophages, iDCs, and mDCs after
sunitinib exposure. The markers for the maturity of DCs (A) are CD80, CD83 and
CD86. The macrophage markers (B) are CD14 and CD40. The selected

immunosuppressive molecules (C) are IDO and IL-10.

The examination for the alteration of the ratios of CD3'CD56", Treg, and Th17 subsets in
the whole CIK cell population after the priming with sunitinib-treated DCs

CIK that had been either directly treated with sunitinib, primed with mDCs or primed
with sunitinib-pretreated mDCs did not significantly alter the proportions of the CD3*CD56"
subset (Fig. 4A), the Th17 subset (Fig. 4B), nor the Treg (CD4"CD25 Foxp3*) subset (Fig. 4C).

Figure 4. The FACS analysis for the alteration in the proportion of subpopulations in CIK
cells. The studied subpopulations included CD3*CD56"(A), Th17 (RORC'IL-17", B)
and Treg (CD4"CD25Foxp3*, C) subsets. The corresponding dot plot analysis
demonstrated the gating of each subset. The CIK cells were either exposed to

sunitinib directly, primed with mDCs or primed with sunitinib-pretreated DCs.
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The analysis for the polarization of CD3'CD56" cells after the priming with either sunitinib-
treated mDCs or untreated mDCs

The co-culture of CD3"CD56" cells with untreated mDCs raised the expression of IDO,
and Th1 markers (IFN-Y and T-bet) (Fig. 5). In contrast, the expression of Th2 markers
(GATA-3) and Th17 (RORC, STAT3) markers was reduced. The co-culture of CD3"CD56" cells

with sunitinib-pretreated mDCs maintained the rising IDO, IFN-Y, T-bet; the lessening of GATA-
3 and RORC.

Figure 5. The real-time RT-PCR analysis for the polarization of CD3°'CD56" subset after different

treatments. The CD3'CD56" subset that had been directly exposed to sunitinib or co-cultured

with sunitinib-pretreated mDCs were analyzed for the expression of IFN-Y, T-bet, IL-4, GATA-3,
RORC, STATS3, and IDO.
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The cytotoxic activity of all treatment conditions of CD3'CD56" cells required IFN-Y
The CD3CD56" subset that had been exposed to mDC or sunitinib treated mDCs were
examined whether they mediated their anti-tumor cytotoxic action through IFN-Y. The isolated

CD3'CD56" subset from each condition was pretreated with the neutralizing monoclonal anti-
IFN-Y (QUFN-Y) prior to the exposure to the target HubCCA1 target cells. All studied conditions
of CD3'CD56" subset were susceptible to the suppressive effect of anti-IFN-Y (Fig. 6).

Figure 6. The cytotoxic activity of all conditions of CD3°CD56" cells could be neutralized
with OLIFN-Y treatment. The CD3"CD56" cells from each condition were inoculated
with the attached HUbCCA1 cells (5,000 cells/well) for 4 h before the Pl assay. These
conditions included the untreated CD3"CD56" cells, OLIFN-Y treatment to CD3"CD56"
cells, CD3"CD56" cells primed with mDC, OLFN-Y treatment to CD3"CD56" cells
primed with mDC, CD3*CD56" cells primed with sunitinib-pretreated mDC, and OLIFN-
Y treatment to CD3"CD56" cells primed with sunitinib-pretreated mDC. * designates

conditions that provided statistically difference after OLIFN-Y treatment at the same

E:T ratio with p < 0.05.
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CHAPTER IV
DISCUSSION AND CONCLUSION

+

To our knowledge, the present finding provided the first notion that the CD3'CD56
subset of CIK cells was not invariably naturally active. The CD3"CD56" subset could be
polarized toward either Th1 or Th2 phenotype that in turn shapes its anti-tumor activity. The
resting CD3'CD56" subset predominantly expressed Th2 phenotypes, but shifted to Th1
phenotypes upon the exposure to sunitinib-pretreated DCs. The induction of Th1 immune
response was first observed in T cells isolated from subjects administered with sunitinib(59).
We investigated further whether the Th1-promoting action of sunitinib was derived directly from
CIK cells or indirectly from mDCs. Our data revealed the sequential phenotypic changes in
DCs after exposure to sunitinib. Our observation confirmed and expanded the previous report
that CD3"CD56" cells could have their anti-tumor activity expanded after the exposure to
mDCs(48) and sunitinib-pretreated mDCs further enhanced this activity. This enhancement
could not be

simply introduced through the direct exposure of CD3"CD56" cells to sunitinib.

Modulation of DCs and macrophages by sunitinib

Since the improvement in anti-tumor cytotoxicity of CIK cells resulted mainly from the
exposure to sunitinib-pretreated mDCs, we hypothesized that the phenotypic alterations in DCs
from sunitinib might be one of the underlying mechanisms. It was possible that sunitinib could
induce DC maturation that led to the corresponding enhancement of the anti-tumor cytotoxicity
of CIK cells. Using the staining for the DC maturation markers (CD80, CD83 and CD86),
apparently there was no significant change in DC maturation in agreement with an earlier
study(65). The expression of Th1-polarizing cytokines (IL-12, IFN-Y and IL-6) was enhanced,
whereas the expression of Th2-polarizing cytokine (IL-13) and the regulatory phenotype (PD-L1,
IDO) were suppressed in sunitinib-treated mDCs. The increasing IL-23 expression in sunitinib-
treated mDCs should foster the conversion of the nearby Treg toward Th17 cells. The
sunitinib-treated monocyte-derived macrophages carried lessen DC maturation markers as well
as lessen M1 differentiation markers (CD14 and CD40). The M2 differentiation was also
suppressed as evidenced by the lowering IL-10 expression that might favor anti-tumor action.
Taken together, sunitinib shifted mDCs toward Th1-polarizing phenotype and away from both

Th2-polarizing and regulatory phenotypes.
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Sunitinib-pretreated DCs drove CD3'CD56" cells toward Th1 polarization

Following the phenotypic change in sunitinib-treated mDCs, we investigated whether
there were subsequent alterations in the proportion or the phenotypes of the co-culturing CIK
subsets. There was no significant alteration in the proportion of any subset with any treatment.
As opposed to the earlier study(45), we could not observe the lessening of Treg subset
following the co-culture with DCs. The quantitative change was evaluated through the alteration
in the proportion of CD3"CD56" subset within the whole CIK cell population. The CD3"CD56"
subset proportion was not significantly altered after the exposure to sunitinib-pre-treated mDCs.
The functional change was observed through the monitoring for alterations in Th1/Th2/Th17
phenotypes. The polarization toward Th1 differentiation of the CD3'CD56" subset was
evidenced by the heightening expression of IFN-Y and T-bet. The Th2 differentiation were
lessened as evidenced by decreasing GATA-3 expression. The alteration in Th1/Th2
phenotypes was in agreement with the observations in DCs. The Th17 differentiation in
CD3'CD56" subset disagreed with the observation in DCs since RORC expression was
decreased while STAT3 expression was not significantly altered. This observation was not
unexpected, since the Treg subset, not the CD3'CD56" subset, was envisaged to undergo
Th17 differentiation(67). The heightening antitumor activity in all conditions of CD3"CD56"
subset relied heavily on IFN-Y secretion as this anti-tumor action could be reverse with the
neutralizing anti-IFN-Y mAb.

Earlier sunitinib study involving mDCs reported the increasing frequency of mDCs in
subjects receiving systemic sunitinib treatment(58) with no deleterious effect toward their
immunostimulatory function. We have characterized the changes in sunitinib-pretreated mDCs
as well as the co-culturing CIK cells regarding to the Th1/Th2/Treg balance. Our ex vivo
observation implied the immunostimulatory action of sunitinib in addition to the elimination of
immunoregulatory cells as reported by others(50, 52, 53). Although our studied sunitinib
concentration (1 pM) was beyond pharmaceutical concentration, we did not observe any
deleterious effect toward mDCs in agreement with the earlier study(52). The employed
concentration was well above the recommended trough plasma concentration (Cmin) at 94
nM(68) and the observed maximal plasma concentration (Cmax) at 188 nM(69), signified the
application of ex vivo approach to circumvent systemic adverse reactions(70) in clinical trials.
The future direction for CIK cell-based immunotherapy may aim to raise the Th1 phenotype of
its effectors in addition to neutralizing the immunosuppressive activity in its Treg subset or in

TME.
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Chapter 7

Development of Inmortalized Hepatocyte-Like
Cells from hMSCs

Adisak Wongkajornsilp, Khanit Sa-ngiamsuntorn,
and Suradej Hongeng

Abstract

Clones of hepatocyte-like cells were reproducibly generated from human mesenchymal stem cells immortalized
with a combined transduction of both Bmi-1 and TERT genes. These hepatocyte-like cells contained
selective markers and several functional properties of hepatocytes, yet still carried proliferative potential.
These cells had cuboidal morphology and arranged themselves as cord-like structure in culture. The cloned
cells deposited glycogen and actively synthesized albumin. The basal expressions of CYP450 isozymes was
observed, albeit only 10-20% that of primary hepatocytes. These expressions were promptly increased
upon the addition of rifampicin, a known enzyme inducer. These hepatocyte-like cells may serve as a close
alternative to the use of primary hepatocytes for in vitro studies.

Key words: Hepatocyte-like cell, htMSC, Cell immortalization, Hepatocyte differentiation, CYP450,
Drug metabolism, Toxicology

1. Introduction

The procurement of human hepatocyte cell lines would benefit in
diverse applications, namely, allotransplant, xenobiotic biotransfor-
mation, and assessment of CYP450 activation profiles. The genera-
tion of primary hepatocyte is complicated with both ethical and
technical hitches. The activity of drug metabolizing enzymes and
many transporter functions were rapidly lost after being cultured
(1, 2). The primary human hepatocytes maintained their functions
for 3 days and barely survived up to 7 days except under special
condition (3-5). The primary human hepatocyte remains a gold
standard for in vitro study of drug metabolism and toxicology (4).
To date, there has been only a single continuous non-cancerous
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human hepatocyte cell line (Fa2N-4) with a maximal induction of
CYP450 transcripts was only ten times its low basal level (6, 7).
The expectation of hepatocyte cell line with functional integrity is,
therefore, currently not realistic and alternative cells carrying
hepatocyte-emulative functions should be acceptably substituted.
One of the closest examples of such cells is the hepatocyte-like cells
derived from human mesenchymal stem cells (hMSCs) (8).

hMSCs could give rise to diversely specific cell types such as
chondrocytes, osteocytes, adipocytes, and hepatocytes (9-12). The
potential of MSCs derived from bone marrow, adipose tissue, or
umbilical cord blood to differentiate into hepatocytes has long been
shown in humans (13-15), using specialized growth conditions
in vitro. The multipotent stem cell derived hepatocyte-like cells
could be applied for the study of hepatic biotransformation of xen-
obiotics and hepatotoxicity (16, 17). Since hMSCs have the ability
of self-renewal, the use of hMSC-derived hepatocytes would serve
as an unlimited substitution for functioning human hepatocytes.

The validity for using immortalized cell line for in vitro meta-
bolic study relies on the maintenance of hepatocyte phenotypes as
represented by a panel of specific markers. These hepatocyte-like
cells contain all known drug-metabolizing enzymes, including
CYP450 isozymes. The precursor hMSC had been immortalized
through the transduction with two entropic lentiviral plasmids
separately encoding human telomerase reverse transcriptase gene
(hTERT) and Bmi-1 (18). The resulting differentiated immortal-
ized cells contained not only hepatocyte phenotypes but also
proliferative activity.

2. Materials

2.1. Isolation
of Mesenchymal
Stem Cell

2.2. Gulture of hMSCs

1. IsoPrep® (Robbins Scientific, Canada).

2. Improved Neubauer hemocytometer.

1. Minimum Essential Medium-o (a-MEM, Gibco/BRL, Cat.
No. 12000-063) supplemented with 10% fetal bovine serum
(FBS, Biochrom AG Berlin, Germany).

2. Iscove’s Modified Dulbecco’s Medium (IMDM) (Gibco/
BRL, Cat. No. 12200-036).

3. Porcine trypsin, 0.25% w/v, 1 mM EDTA in PBS.

4. Phosphate-buffered saline (PBS) without calcium and
magnesium.

5. Plastic wares (polypropylene centrifuge tubes 15 and 50 mL,
plastic tissue culture Petri dishes 10-cm diameter, cell culture
flash T-25 and T-75 (Corning Incorporated, USA), 6-cm
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diameter collagen IV-coated culture dishes (Iwaki Glass Co.,
Tokyo, Japan).

. Penicillin G sodium (Sigma, MO, Cat. No. P7794).
. Streptomycin (Sigma, MO, Cat. No. S6501).
. Trypan Blue solution, 0.85% in saline (Trypan blue stain

(Sigma, MO).

. Trypsin 250 (Difco Laboratories, USA).

. Lentivirus plasmid vector 12245: pLOX-TERT-iresTK, plas-

mid 12240: pLOX-CWBmil, plasmid 12260: psPAX2 and
plasmid 12259: pMD2.G (Addgene, Inc., USA).

. Luria Broth (LB, 500 mL): 5 g tryptone, 2.5 g Yeast extract,

5 g NaCl and 500 mL H,O. Autoclave using liquid cycle and
store at 4°C.

. QIAGEN Plasmid Midi Kit (Qiagen, Germany, Cat. No.

12143).

4. Sterile syringe filter (0.45 puM Sartorius, Germany).
. Chloroquine diphosphate salt (Sigma, MO, Cat. No. C6628).
6. Hexadimethrine bromide or polybrene (Sigma, MO, No.

H9268).

. 293T human embryonic kidney cells (ATCC, Cat. No. CRL-

11268).

. 2x HEPES-buffered saline (HBS) solution (50 mM HEPES,

1.5 mM Na,HPO,, 280 mM NaCl, 10 mM KCl, 12 mM sucrose)
filter-sterilize or autoclave. Solution can be stored at —=20°C for at
least 1 year. HEPES (Sigma, MO, Cat. No. H4034).

. 2 M CaCl, stock solution: Dissolve 14.7 g of CaCl, and adjust

to 100 ml with H,O and filter-sterilize and store at -20°C, sta-
ble for at least 1 year. CaCl, (Sigma, MO, Cat. No. C-2536).

. Human recombinant epidermal growth factor (EGF, Chemicon

Millipore, CA, Cat. No. GF144).

. Human recombinant basic fibroblast growth factor (bFGE,

Chemicon Millipore, CA, Cat. No. GF003-AF).

. Human recombinant hepatocyte growth factor (HGE,

Chemicon Millipore, CA, Cat. No. GF116).

. Human recombinant oncostatin M (OSM, Chemicon

Millipore, CA, Cat. No. GF016).

. Nicotinamide (Sigma, MO, Cat. No. N06306).
6. Dexamethasone — water soluble (Sigma, MO, Cat. No. D2915).
. Insulin-Transferrin-Selenium-A  (ITS) Supplement (100x)

(Invitrogen, Cat. No. 51300-044).
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2.5. RNA Extraction
and Quantitative
Real-Time PCR

2.6. The Functional
Analysis of
Differentiated Cells

2.6.1. Urea Production
Assay

2.6.2. Glycogen Storage
(PAS Assay)

2.6.3. Albumin
Accumulation

2.6.4. Immunofluorescence

2.7. The Induction
of CYP450 Activities

1.

RNA extraction RNeasy Mini kit (Qiagen, Hiden, Germany,
Cat. No. 74104).

. ImProm-1II Reverse Transcription System (Madison, W1, Cat.

No. A3800).

. FastStart Universal SYBR Green Master (ROX) (Roche

Diagnostics, Germany, Cat. No. 04913949001).

. Primer sets for Bmi-1, hTERT, and hepatocyte-specific genes

(see Note 1).

QuantiChrom™ Urea Assay Kit (DIUR-500, Bioxys, Belgium).

Periodic Acid-Schiff (PAS) Kit (395B, Sigma, MO).

\S] B N

QN Ul R W N

. Human Serum Albumin antibody (ab2406, MA).
. FACS Perm (BD Bioscience, CA).
. Triton X-100 (Sigma, MO).

. Albumin from bovine serum (Sigma, MO).

. Goat anti-mouse IgG conjugated to FITC (Santa Cruz

Biotechnology, CA).

. Cytochrome P450 3A4 antibody (Abcam, MA).

. Rifampicin (Sigma, MO, Cat. No. R3501).

. Omeprazole (Sigma, MO, Cat. No. O104).

. Phenobarbital (Sigma, MO, Cat. No. P5178).

. Ethanol (Sigma, MO).

. DMSO (Sigma, MO).

. P450-glo Luminescent Cytochrome P450 Assay CYP1Al,

1A2, 2C9, and 3A4 (Madison, WI, Cat. No. V8751, V8771,
V8791, V9001).

3. Methods

3.1. The Isolation

of hMSCs from Bone

Marrow Aspirate
(Fig. 1)

. The bone marrow aspirate (5 mL) was transferred to 50-mL

centrifuge tube. The bone marrow aspirate was diluted with
PBS at a ratio of 1:3 to reconstitute the volume up to 20 mL.
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Fig. 1. The cellular morphology of hMSC and hepatocyte-like cell. The mononuclear cells from bone marrow aspirated were
isolated using Ficoll gradient centrifugation (a). After reaching the 20th passage, hMSCs were immortalized (BMI/hTERT-
hMSC, b). The glycogen deposit in hepatocyte-like cells in the fourth passage was demonstrated using PAS assay (c). The
hepatocyte-like cells had cuboidal shape with cord-like arrangement right after the induction (d) and after being cultured
in DMEM/F12 plus 10% FBS for another ten passages (e). The immortalized hepatocyte-like cell still contained proliferative
property (f) as demonstrated using population doubling level (PDL).

2.

To each of the two 15-mL polypropylene centrifuge tubes,
3 mL of Ficoll-Hypaque reagent (IsoPrep®) was added fol-
lowed by the gently overlay of the 10 mL of bone marrow
dilution over the Ficoll. The solvent phase junction between
the bone marrow layer and the Ficoll layer should not be
disrupted.

. The cell suspension was centrifuged at 1,000 x4 for 30 min at

20°C with the break off.

. After centrifugation, the mononuclear cell layer would appear

as a white ring just above the interface between the diluted
bone marrow layer and the Ficoll layer at the bottom. The ring
could be collected using sterile Pasteur pipette and transferred
to a new 50-mL centrifuge tube.

. The white pellet from step 4 would be washed thrice with

threefold volume of PBS and centrifuged at 1,500xy for
10 min at room temperature.

. The viability of the cells could be assessed with trypan blue

exclusion assay. The cell suspension (10 pL) was mixed with
10 pL trypan blue and laid over a hemocytometer. The cell
viability should be above 80%.

. The cell pellet was resuspended in 20 mL growth medium

(a-MEM supplemented with 10% FBS, penicillin and
streptomycin).
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3.2. The Maintenance

of hMSCs

3.3. Preparation
of Lentivirus Vectors
for Immortalization

8.

9.

The cell suspension was transferred to T-75 cell culture flasks in
a humidified incubator with 5% CO,. The medium will be
replaced first at day 4-5 followed by every 3—4 days thereafter.

After 7 days, the adherent cells could be assessed using an
inverted microscope. Fibroblast-like colony should be pre-
sented clearly on the culture surface. The possible contamina-
tion of the culture cell with some hematopoietic cells could be
eliminated through repeated passaging.

From 3.1, hMSCs would reach 70-80% confluence by day 10-14.
Upon reaching confluence, the hMSCs could be trypsinized and
seeded as monolayer as followed:

1.

The conditioned medium in T-75 culture flask will be aspi-
rated from the adherent cells and replaced with 4 mL of
trypsin/EDTA.

. The T-75 cell culture flask would be brought into a 37°C incu-

bator for 2-3 min, and inspected for the monolayer using an
inverted microscope with 10x objective lens. The adherent
cells should be detached from the culture surface. Additional
incubation at 37°C for 5 min might be necessary if adherent
cells did not detach well.

. To inactivate the trypsin activity, the cell suspension was recon-

stituted with 4 mL of culture medium with 10% FBS, transferred

to 50 mL conical centrifuge tube, and centrifuged for 10 min
at 1,000 x 4.

. The supernatant was removed from the cell pellet. The pellet

was resuspended and washed with 1-2 mL of pre-warmed
culture medium.

. A 10 pL aliquot of cell suspension was mixed with 10 pL of

trypan blue and count with a hemocytometer. Cell viability
should be at least 80%.

. Cell density per T-75 flask should stay between 2x10° and

5x10° cells and incubated in 5% CO, at 37°C.

. The culture medium should be replaced twice a week and

subculture once a week.

. Approximately 24 h before transfection, HEK293T cells

(4x10°cells) in 10 mL. DMEM, 10% EBS, penicillin and strep-
tomycin were seeded over a 10-cm culture dish. The dish
should be gently shaken side to side to evenly distribute the
cells. After adding cells, gently mix the dish up—down and left—
right. The adherent cells should reach 60-70% confluence at
the time of transfection.

. Lentiviruses plasmid DNA compose of psPAX2 (Addgene plas-

mid 12260) packaging vector and pMD2.G (Addgene plasmid
12259) vesicular stomatitis virus G envelope, and the plasmid
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encoding either h\TERT (pLOX-TERT-iresTK, Addgene plasmid
12245) or Bmi-1 (pLOX-CWBmil, Addgene plasmid 12240)
were obtained by Addgene.

. The lentivirus plasmid DNA was amplified using plasmid

miniprep or midiprep from an overnight transformed E. coli
culture grown in 10 mL LB medium. A 10 mL overnight LB
culture should yield 5-10 pg DNA.

. On the transfection date, culture medium would be gently

removed from the 10-cm culture dish and replaced with 10 mL
DMEM, 10% FBS, and 25 pM chloroquine.

. In a sterile 15-mL conical tube, 10 pg pLOX-TERT-iresTK or

10 pg pLOX-CWBmil would be mixed thoroughly with
6.5 ng psPAX2 packaging plasmid, 3.5 ug pMD2.G vesicular
stomatitis virus G envelope plasmid, 290 pL. 0.1x TE buffer,
160 pL sterile H,O, and 50 uL. 2M CaCl,. 2x HBS (500 uL)
would be added drop by drop while gently mixing. The mixture
was left for 5 min to allow fine precipitation.

. Each solution condition (1-mL) from step 5 would be layered

onto the 10-cm culture dish drop by drop using a micropipette
to cover all culture area.

. The culture dishes were incubated in 5% CO, at 37°C over-

night (16-18 h).

. The cells will be examined under a microscope. Cells should

appear healthy and be around 80-90% confluent. A fine
precipitate should be visible in culture medium. The incuba-
tion was stopped by replacing the medium with 10 mL fresh
DMEM, 10% EBS. The cell culture dishes were further incu-
bated with 5% CO, at 37°C for 48 h. Viral particles could be
harvested at 48-50 h after complete incubation period.

. After 48 h, the supernatant could be collected. The supernatants

were pooled into a 50-mL conical tube and filtered thought a
0.45-um sterile syringe filter to remove cell debris. Viral stock
could be concentrated by ultracentrifugation and kept frozen
at —=70°C until future use.

. hMSCs between the third and fifth passages were seeded at a

density of 2 x 10° cells/mIL a-MEM, 10% FBS, antibiotic onto
6-well plate.

. Before transduction, cells should reach 60-70% confluent. The

Bmi-1 and hTERT lentiviral stock (1:1, 1:2, 1:4) should be
diluted with culture medium to determine the suitable MOI
(multiplicity of infection, see Note 1) for MSCs. Our deter-
mined optimal ratio was 1:2. Both lentiviruses were mixed
together for 2-gene transduction.

. The lentiviral supernatant was mixed with o-MEM, 10% FBS

to reconstitute as the final transfection medium. The final
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3.5. Cloning of
Immortalized Human
Mesenchymal

Stem Cells

3.6. Quantitative
Real-Time PCR
Analysis for Cell-
Specific Markers

transfection medium was dispensed as 1 mL /well with 6 pg/mL
polybrene.

. The incubation proceeded overnight (16-18 h) in 5% CO, at

37°C and was stopped by replacing the transfection medium
with fresh culture medium. The infected MSCs were main-
tained for another 3 days to allow the expression of the trans-
duced genes.

. After transduction for 3—4 days, MSC should reach 80-90%

confluent. The cells could be trypsinized and checked whether
the viability were higher than 80%.

. The cells were resuspended initially as 1x10* cell/mL in

a-MEM medium, 10% FBS.

. Five sterile conical centrifuge tubes were brought for sequen-

tial dilution. Each tube was filled with 3 mL fresh growth
medium. Cell suspension (2 mL) from step 2 were transferred
to tube number 1 and mixed using pipette.

. A 2-mL aliquot of diluted cell suspension in tube number 1

was transferred to the tube number 2. Cell suspension was
diluted and transferred to the next tube in the same manner
until tube number 5. The diluted cell suspension in tube num-
ber 4 or 5 was suitable for single cell cloning.

. Cell suspension (0.5 mL) from step 4 was transferred to each

well of a sterile 24-well plate to achieve a single cell /well.

. The 24-well plate was incubated in 5% CO, at 37°C for 1 week.

The medium was replaced with fresh growth medium every
3—4 days. The culture was continued until the adherent cells
derived from a single cell reached 70-80 confluent.

. The expanded cloned cell from step 6 were trypsinized and

transferred to a T-25 tissue culture flask. At least 6-8 clones
were picked and screened for the highest expression of both
Bmi-1 and hTERT genes.

. The adherent cells were trypsinized and washed twice with

PBS by centrifugation at 1,000 x g for 5 min at 4°C. The super-
natant was removed while the cell pellet could be immediately
used for RNA extraction or stored for a long term at -70°C.
The RNA extraction was performed using RNeasy Minikit
(Qiagen) following the manufacturer instruction.

. The commercial ImProm-II™ Reverse Transcription system

was used to synthesize single-stranded cDNA according to
the manufacturer instruction. Briefly, 4 ul. RNA template
was mixed with 1 pL oligo (dT) in the first microcentrifuge
tube. The tube was heated to 70°C for 5 min and then placed
on ice for 5 min. A master mix containing 4.8 pLL of 25mM
MgCl,, 4 pL of 5x reaction buffer, 3.7 uL. RNase free water,
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1 pL reverse transcriptase, 1 pl. of 10 mM dNTPs, and
0.5 pLL DNase inhibitor was added. The temperature was
adjusted to 25°C for 5 min, 42°C for 1 h, 70°C for 15 min,
and 4°C for 5 min.

. The cDNA concentration was determined using the NanoDrop®

spectrophotometer and diluted with double-distilled water to
10-100 pg/mL for immediate use or long-term storage at
-70°C.

. For real-time PCR, each reaction would contain 10 pLL FastStart

SYBR Green Master or equivalent, 7.5 pl. double-distilled
water, specific primer pairs (see Note 2), and 0.1 pg of cDNA
from step 3. The temperature cycle in the real-time PCR
(StepOnePlus®) consisted of 95°C for 10 min, followed by 40
cycles of 95°C for 15 s, 60°C for 40 s, and 72°C for 40 s.

. For data analysis, the cycle threshold (Ct) numbers were com-

puted for each sample using the Sequence Detection Software
Version 2.01 (Applied Biosystems). To obtain accurate com-
parison, all hepatocyte-specific genes were normalized with the
endogenous housekeeping gene, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH).

. The unmanipulated hMSCs between the third and fifth pas-

sages or BMI/hTERT-transduced MSCs with a density of
1x10* cells/cm? were seeded for 2 days.

. For initiation step, the hMSCs were cultured in Iscove’s

Modified Dulbecco’s Medium (IMDM), 20 ng/mL epidermal
growth factor (EGF), and 10 ng/mL basic fibroblast growth
factor (bFGF) for 2 days.

. For differentiation step, hMSCs were maintained in IMDM,

20 ng/mL HGF, 10 ng/mL bFGF, and 0.61 g/L nicotin-
amide for 7 days.

. For maturation step, MSCs were maintained in IMDM,

20 ng/mL oncostatin M, 1 uM dexamethasone, and 1% (v/v)
ITS for 14 days, with routine medium change every 3 days.

. For CYP450 induction, a cocktail of prototypic CYPs inducers

(i.e., 40 pM ritampicin, 50 pM dexamethasone, 1 mM omepra-
zole, 50 pM phenobarbital, and 0.1% (v/v) DMSO with 2%
FBS) was added to the cells and incubated for 3 days with daily
medium change.

. The cultured cells (hMSCs, hepatocyte-like cells or HepG2) in

IMDM were incubated with 5 mM NH ,Cl for 48 h.

. Either the classical diacetyl monoxime test or the commercial

QuantiChrom Urea Assay Kit (DIUR-500) could be employed.
The conditioned medium (5 pl) from step 1 was collected
and transferred in duplicate onto each well of a clear bottom
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Fig. 2. The expression of hepatocyte-selective markers and functions. The hepatocyte-like cells were investigated in
comparison with HepG2 for albumin synthesis using FACS (a); and urea production using urea assay (b). The hepatocyte-
like cells were studied for the expression of hepatocyte-selective genes (¢) and CYP450 (d) at basal stage. After the induc-
tion with 40 uM rifampicin for 72 h, the functional activity of CYP3A4 (e) and CYP2A9 (f) was assayed.

96-well plate. The blank water or urea standard (50 mg/dL) was
transferred in the same fashion. The 200 pL. working reagent
was added to each well. The solution was mixed by tapping the
plate lightly. The incubation was carried out for 10-20 min at
room temperature.

3. The plate was read for absorbance at 470-550 nm in a spectro-
photometer. The peak absorbance is at 520 nm.
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4. Urea concentration of the sample could be calculated as:

. ODsampIe - ODblank
Ureaconcentration= xnx50(mg/dL)

standard blank

OoDb__ , OD and OD__ . are OD520 nm of sample
sample blank? standard . ; . >
water, and standard, respectively. # is the dilution factor. Urea

at 1 mg/dL is equal to 167 uM, 0.001%, or 10 ppm.

. The trypsinized cultured cells (hMSCs, hepatocyte-like cells or

HepG2) were transferred to collagen type I-coated coverslip.
The cells were allowed to grow until reaching 80-90%
confluent.

. The coverslip was fixed with 4% paraformaldehyde for 30 min,

permeabilized with 0.1% Triton X-100 for 10 min, incubated
with or without diastase for 1 h at 37°C, oxidized in 1% peri-
odic acid for 5 min, rinsed thrice with dH,O, treated with
PAS reagent for 15 min, and rinsed with water for
5-10 min.

. The attached cells were counterstained with Mayer’s hema-

toxylin for 1 min, rinsed with water, and assessed under light
microscope. The resulting density of oxidized glycogen
could be visualized as a color gradient starting from pink to
strong red.

. The cultured cells were trypsinized and washed with PBS

through centrifugation at 1,000 x4 for 5 min at 4°C.

. The washed cells were resuspended with 0.5 mL FACS buffer

depending on cell density.

. The cell suspension was transferred to BD FACS tube. The

primary antibody (0.5-1 pL anti-albumin, anti-CD105, or
anti-CDY90, etc.) was added and mixed. The stained cells were
incubated at 4°C for 3040 min, washed, and centrifuged
2-3 times.

. If any primary antibody does not conjugated with fluoro-

chrome, secondary antibody such as GAM-FITC, GAR-PE is
needed for FACS analysis.

. After the staining, centrifugation, and washing thrice, the cells

were suspended in 500 pLL FACS buffer in BD tube.

. The suspending cells were ready for analysis using flow cytom-

etry. Nonsingle cells and debris could be omitted based on
FSC and dead cell based on SSC. At least 10,000 cells were
analyzed per sample.

. The FACS data could be analyzed using Flow]Jo version 7.63

or WinMDI version 2.9.
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3.8.4. Immunofiluorescence
Microscopy

3.9. The Analysis
of CYP450 Activity

1.

The trypsinized hepatocyte-like cells were transferred to
collagen type I-coated coverslip. Cells were allowed to grow
until reaching 80-90% confluent.

. The adherent cells were washed briefly with PBS, Fix with 4%

paraformaldehyde at room temperature for 30 min, followed
by 100% ethanol for another 10 min.

. The cells were washed thrice with PBS, blocked with 5% normal

serum from the same species as the secondary antibody in 1%
BSA/0.2% Triton X-100/PBS for 1 h at room temperature.

. The cells were incubated with the primary antibody (anti-

CYP3A4, anti-CYP2C9, or anti-CYP1AIl, etc., Abcam,
Cambridge, MA) for 1 h at 37°C in moist chamber.

. After washing with PBS thrice, the cells were mounted with

antifade mounting medium in coverslip and examined under a
fluorescent microscope and photographed.

. The hepatocyte-like cell or HepG2 were incubated in growth

medium supplement with prototypic inducers such as 40 uM
rifampicin, 50 pM dexamethasone, 1 mM omeprazole, 50 pM
phenobarbital, 50 pM artesunate for 72 h with daily medium
change prior to the assay.

. After 3-days incubation period, the cells were incubated with

IMDM supplemented with 100 pM Luciferin-CEE (CYP1AL),
Luciferin-H (CYP1A2), or Luciferin-ME (CYP2C9) for 34 h
or 3 uM Luciferin-IPA (CYP3A4) for 30-60 min. A 50 pL
aliquot of the incubation medium was transferred to 96-well
opaque white luminometer plate. Luciferin detection reagent
was added into each well.

. The plate was incubated at room temperature for 20 min in

dark chamber.

. The luminescence was determined using a luminometer or an

attached CCD camera for the measurement of luminescence
unit.

. The relative luminescence unit (RLU) could be calculated as

follows:

RLU= LUtreated -
LU

LU blank
LU

untreated blank

4. Notes

. The ratio of lentiviral supernatant to culture medium was 1:2

or 1:4 for the immortalization of hMSCs. The quantitation of
living viral stocks was required to determine the exact multi-
plicity of infection (MOI). Freshly harvested viral stocks can be
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quantitated immediately, or frozen in aliquots at -80°C for
later measurement. Each freeze—thaw cycle could reduce the
functional titer of the viral stock up to two- to fourfolds. The
MOTI is heavily relied on the cell types and measuring methods.
The MOI could be determined with quantitative PCR or flow
cytometry (19).

2. Primer for real-time PCR analysis

Amplicon

Gene Forward primer Reverse primer (bp)

ALB TGAGAAAACG TGCGAAATCATC 265
CCAGTAAGTGAC CATAACAGC

AFP GCTTGGTGGT TCCTCTGTTATTT 157
GGATGAAACA GTGGCTTTTG

CK18 GAGATCGAGG CAAGCTGGCCT 357
CTCTCAAGGA TCAGATTTC

G6PD GCTGGAGTCCTG TAGAGCTGAGGC 349
TCAGGCATTGC GGAATGGGAG

HNF-40 GCCTACCTCAAA GACCCTCCCAG 256
GCCATCAT CAGCATCTC

TAT TGAGCAGTCTG ATGTGAATGAGG 338
TCCACTGCCT AGGATCTGAG

CYP2B6 ATGGGGCACTG AGAGGCGGGGA 283
AAAAAGACTGA CACTGAATGAC

CYP2Do6 CTAAGGGAACGA GTCACCAGGAA 289
CACTCATCAC AGCAAAGACAC

CYP2C9 CCTCTGGGGCA ATATTTGCACAGT 137
TTATCCATC GAAACATAGGA

CYP2C19  TTCATGCCTTT ACAGATAGTGA 277
CTCAGCAGG AATTTGGAC

CYP2C8 ACAACAAGCACCA GTCTGCCAATTACA 100
CTCTGAGATATG TGATCAATCTCT

CYP3A4 GCCTGGTGCTC GGCTGTTGACCA 187
CTCTATCTA TCATAAAAGC

CYP1A1 TCCAGAGACAA AGGAAGGGCAG 371
CAGGTAAAACA AGGAATGTGAT

CYP1A2 ACCCCAGCTGC GCGTTGTGTC 101
CCTACTTG CCTTGTTGTG

CYP2E1 ACCTGCCCCAT GAAACAACTCC 246
GAAGCAACC ATGCGAGCC

PXR GAAGTCGGAG CTCCTGAAAAA 100
GTCCCCAAA GCCCTTGCA

CAR TGATCAGCTGCA AGGCCTAGCA 102
AGAGGAGA ACTTCGCACA

(continued)
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Amplicon

Gene Forward primer Reverse primer (bp)

AhR ACATCACCTA TCTATGCCGCT 101
CGCCAGTCGC TGGAAGGAT

UGT1Al GGAGCAAAAGG GTCCCCTCTG 178
CGCCATGGC CTGCAGCTGC

LV-Bmi-1 GCTGAGGGCTA ACCCCAAATCCC 127
TTGAGGCGCA CAGGAGCTGT

hBmi-1 ACCTCCCAGCC AGACGCCGCTG 280
CCGCAGAAT TCAATGGGC

LV-hTERT CAACCCGGCAC GGGGTTCCGCT 268
TGCCCTCAG GCCTGCAAA

hTERT CGGAAGAGTGTC GAACAGTGCCT 258
TGGAGCAAGT TCACCCTCGA

PCR Polymerase chain reaction, ALB albumin, AFP a-fetoprotein, CK18 cytok-
eratinl8, G6PD glucose-6-phosphate dehydrogenase, HNF-4a hepatocyte nuclear
factor 4a,, TAT tyrosine aminotransferase, PXR pregnane X receptor, CAR con-
stitutive androstane receptor, A#R aryl hydrocarbon receptor, UGT1A1 uridine
diphosphate glucuronyltransferase, LV-Bmi-1 lentivirus vector BMI-1, hBmi-1
human Bmi-1, LV-#TERT lentivirus vector human telomerase reverse transcriptase,
HTERT human telomerase reverse transcriptase
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Abstract

substitute the primary hepatocytes for these studies.

classical HepG2 cells.

CYP450.

Background: The strenuous procurement of cultured human hepatocytes and their short lives have constrained
the cell culture model of cytochrome P450 (CYP450) induction, xenobiotic biotransformation, and hepatotoxicity.
The development of continuous non-tumorous cell line steadily containing hepatocyte phenotypes would

Results: The hepatocyte-like cells have been developed from hTERT plus Bmi-1-immortalized human mesenchymal
stem cells to substitute the primary hepatocytes. The hepatocyte-like cells had polygonal morphology and steadily
produced albumin, glycogen, urea and UGTTAT beyond 6 months while maintaining proliferative capacity.
Although these hepatocyte-like cells had low basal expression of CYP450 isotypes, their expressions could be
extensively up regulated to 80 folds upon the exposure to enzyme inducers. Their inducibility outperformed the

Conclusion: The hepatocyte-like cells contained the markers of hepatocytes including CYP450 isotypes. The high
inducibility of CYP450 transcripts could serve as a sensitive model for profiling xenobiotic-induced expression of

Keywords: hepatocyte-like cell, immortalization, CYP450, MSC

Background

Xenobiotic biotransformation has been classified into 2
phases. The majority of phase I biotransformation was
implemented by cytochrome P450 (CYP450) family with
8 major isotypes in human[1]. Each isotype has over-
lapped spectra of substrates and catalyzes multiple reac-
tions. Activations or suppressions of certain isotypes as
a result of precipitant drugs have been associated with
several clinically important drug interactions[1]. The
phase II biotransformation involved several conjugation
reactions (e.g., sulfonation, glucuronidation, acetylation,
methylation and glutathione conjugation). These
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conjugations attach new functional groups to the xeno-
biotic that had gone through phase I metabolism[2].
The CYP450 isotypes in rodents are often different in
gene regulation and enzymatic activity from those in
human and thus cannot reliably predict the toxicity or
metabolic profiles of xenobiotics in human[3].

The idealistic cell culture model to simulate in vivo
biotransformation of xenobiotics is the use of primary
human hepatocytes. However, the acquisition of normal
human hepatocytes is cumbersome with ethical as well
as biological considerations. The cultured cells are short
lived and have to be swiftly prepared from fresh tissues
[4] making them unfeasible for most studies. Alternative
sources of human cells have been developed to mimic
the phenotypes of hepatocytes. A viable source is the
mesenchymal stem cells (MSCs) derived from bone
marrow|[5].

© 2011 Sa-ngiamsuntorn et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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The very first effort to generate hepatocyte-like cells
was taken through the co-culture of MSCs with isolated
liver cells[6]. Subsequent efforts employed fetal liver-
conditioned medium([7], selective cytokines and coating
matrix[8]. Alternate cell sources such as adipose tissue
[9-11], amniotic fluid[12] and Wharton’s jelly[13-15]
were employed. The major proposed application of
these hepatocyte-like cells is to implement liver regen-
eration[13,16-19]. The xenogeneic transplants of human
hepatocyte-like cells into mice after CCL4-induced liver
injury have been attempted with moderate success
[5,20,21]. Several groups had characterized the pheno-
types (i.e., CYP450, morphology, glycogen/urea/albumin
production) in contemporary hepatocyte-like cells[22],
but none has made the long-term characterization to
demonstrate their stability. The long-term stability of
the cells is required for the application of xenobiotic
testing in new drug development.

The life span of hepatocyte-like cells from these
diverse sources after differentiation induction was gen-
erally limited. Immortalizing hepatocyte-like cells or
their precursors (i.e., MSCs) would be a more feasible
solution, resulting in a sustainable and consistent
source of hepatocytes. The polycomb group transcrip-
tion factor Bmi-1[23] that could drive cancer cell pro-
liferation[24] and normal stem cell self-renewal was
selected for immortalization. The validity for using
these immortalized cells for cell culture metabolic
study relies on the maintenance of hepatocyte pheno-
types as represented by a panel of specific markers.
Hepatocyte-like cells from various MSC sources exhib-
ited different intensities of hepatocyte specific markers
[9]. We immortalized the MSC as a precursor for
hepatocyte-like cells by using both human telomerase
reverse transcriptase gene (hTERT) and Bmi-1 through
lentiviral transduction[25], and examined whether the
resulting immortalized cells after differentiation induc-
tion could maintain hepatocyte phenotypes and meta-
bolic functions.

Results

The identification of MSCs

Cells isolated from bone marrow aspirate displayed a
spindle shape upon reaching confluence (Figure 1A).
The hTERT/Bmi-1-transduced MSC (BMI1/hTERT-
MSC) still maintained fibroblast-like, spindle morphol-
ogy at 40™ passage (Figure 1B) with an exponential
growth pattern (Figure 1C). The identity of the studied
MSCs was confirmed by the presence of mesenchymal
stem cell markers (CD90 and CD105, Figure 1D). MSCs
that had gone through immortalization still contained
similar levels of CD90 and CD105 (Figure 1E), but was
virtually devoid of hematopoietic markers (CD34, CD45,
Figure 1F) as determined by a flow cytometer.
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Proliferative activity of transformed MSCs

The growth rate of MSCs was slow at the first passage,
picked up and steadily increased in subsequent (2"4-7")
passages. In later (8™ - 10™") passages, growth rate was
again slowed down to a complete stop (Figure 1C). To
bypass the replication senescence, we transformed
MSCs with either hTERT plus Bmi-1 (BMI/hTERT-
MSC) or hTERT alone (WTERT-MSC) from 5 indepen-
dent donors. After 60 days or 20-25 population doubling
level (PDL), the proliferation rate of untreated MSCs
decreased to a final stop. The cellular morphology
switched to epithelial-like, indicating the reduction of
stem cell properties. In contrast, BMI/hTERT-MSC
grew steadily for more than 8 months (75-80 PDL) and
exhibited unaltered morphology (Figure 1C). In contrast,
hTERT-MSCs, similar to untreated MSCs, could not
bypass replication senescence. BMI/hTERT-MSC cells
have been maintained for over a year, confirming their
immortalization. To ensure that both Bmi-1 and hTERT
were expressed in these transformed MSCs, specific pri-
mers were designed to separately quantify endogenous
and exogenous expression of both Bmi-1 and hTERT
using quantitative RT-PCR. The endogenous expressions
of hTERT and hBmi-1 in untreated MSCs at the 4™
passage were lower than those in transformed MSCs at
the same passage. The ectopic expressions of both
hTERT and Bmi-1 were detected at a steadily high level
for over a year (120 PDL, Figure 1G). The morphology
was also stable throughout the study. Our success rate
for immortalization of MSC was 4 clones out of 10
clones from each donor.

The differentiation of MSCs to hepatocyte-like cells

After finishing hepatic induction, the hepatocyte-like
cells carried the expansion of several basic hepatocyte
genes (Figure 1H) with a corresponding polygonal mor-
phology (Figure 2A). Immortalized hepatocyte-like cells
at the first passage were loosely attached to adjacent
cells (Figure 2B). Up to 70-80% of the hepatocyte-like
cells deposited glycogen, especially in densely populated
area (PAS assay at passage 4, Figure 2C). After switching
to 10% FBS, DMEM/F12 the intercellular attachment
was denser with blurring of cell boundary (Figure 2D).
At confluence, duct-like structure was observed (Figure
2E). The cells could maintain cell division beyond 3
months (Figure 2F) with sustainable hepatocyte function
suitable for drug screening.

Expression levels of hepatocyte-specific markers

Up to 88% of hepatocyte-like cells (Figure 3A) and
immortalized hepatocyte-like cells (Figure 3B), as
opposed to 5% of MSCs, contained intracellular albu-
min. Almost 95% of HepG2 cells contained albumin
(Figure 3C). In subsequent passages, hepatocyte-like
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Figure 1 Characterization of immortalized MSC. MSCs and Bmi-1/hTERT-immortalized MSCs were visualized (A) after the 2" passage. The attached
cells appeared fibroblast-like, spindle morphology (B) at the 40t passage (12 months after isolation). The MSCs (hMSC) and the TERT-transduced MSCs
(hTERT-MSQ), or the double TERT/Bmi-1 transduced MSCs (BMI/hTERT-MSC) were studied for cumulative population doubling level (PDL) (C). Flow
cytometry analysis confirmed the presence of CD90/CD105 in primary MSCs after isolation (D) and in BMI/hTERT-MSCs (E). All cells were depleted of
CD35/CD45 hematopoietic stem cell markers (F). The endogenous and exogenous expression of Bmi-1, TERT in all cell types were studied using
quantitative real-time PCR (G). The expression of hepatocyte-selective genes (i.e, aloumin (ALB), a-fetoprotein (AFP), cytokeratin18 (CK18), glucose-6-
phosphate dehydrogenase (G6PD), hepatocyte nuclear factor (HNF-4au), and tyrosine aminotransferase (TAT)) of BMI/hTERT-MSC after hepatic
differentiation was presented as fold change over the untreated MSCs in comparison with HepG2 and the primary hepatocyte (H).

cells maintained at least 70% of albumin-containing cells
(Figure 3D). The functional activity of hepatocyte-like
cells at different passages was investigated using urea
assay (Figure 3E). The conditioned medium of

hepatocyte-like cells contained far higher level of urea
than that of MSCs, but was comparable to that of
HepG2. Using mRNA levels inherent to MSCs as a
reference, the relative expression levels of the
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Figure 2 Characterization of immortalized MSC-derived hepatocyte-like cells. The TERT/Bmi-1-transduced MSCs had been differentiated
into hepatocyte-like cells. The differentiated cell had polygonal shape, granulated cytoplasm and large nucleus (A). After the next passage, the
cytoplasmic/nucleolus ratio was further decreased with loose intercellular attachment (B). The glycogen storage activity was demonstrated using
Periodic Acid Schiff staining (PAS) with greater than 95% of the population were positive for glycogen (C). After the maintenance in DMEM/F12,
10% FBS in subsequent passages, cells were densely packed with closer intercellular attachment (D). After reaching confluence, cells formed
duct-like structure (E). The life span of the immortalized hepatocyte-like cells was beyond 3 months (F) with active division.
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Figure 3 Functional activities of hepatocyte-like cells. The presence of albumin was analyzed using flow cytometer in the immediately
differentiated cells (A), the immortalized hepatocyte-like cells (B), and in HepG2 (C). Greater than 80% of the population of hepatocyte-like cells
contained albumin (D) that could be maintained at 70% beyond 10 passages. Urea production as represented by diacetyl monoxime test was
demonstrated in MSCs, HepG2, and hepatocyte-like cells (E). IMDM medium supplemented with 5 mM NH4CI served as the control group.

corresponding genes in the hepatocyte-like cells, HepG2
cells and the primary human hepatocytes were deter-
mined using quantitative real-time PCR. The basal
expression patterns for hepatocyte-specific genes at pas-
sage 5-9 (e.g., ALB, AFP, CK18, G6PD, HNF-4a and
TAT) were varied, depending on the stage of hepatocyte
maturation. The AFP expression that is usually pre-
sented in hepatic progenitors was detected at higher
level than those of the primary human hepatocytes and
HepG2 cells (Figure 1H). The observation of cytokera-
tin18 expression confirmed the differentiation of MSCs
into endodermal tissue. Three major hepatocyte genes

were up-regulated in hepatocyte-like cells, namely glu-
cose-6-phosphate dehydrogenase (glucose metabolism),
HNF-4a (liver development and maturation) and tyro-
sine aminotransferase (amino acid metabolism). The
observation of all hepatocyte specific genes confirmed
that the transformed MSCs could actually differentiate
into functional hepatocyte-like cells.

The basal expression of phase | and phase Il enzymes in
hepatocyte-like cell

After maturation induction, hepatocyte-like cell culture
was continued in IMDM with 1% FBS, 2% DMSO for 2
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Figure 4 Basal CYP450 activity and its inducibility. The basal expression of CYP450 isotypes, CYP450 nuclear transcription factors, and
UGTTAT in MSCs, hepatocyte-like cells, HepG2 and the primary hepatocyte were analyzed using real-time gPCR (A). They were analyzed as fold-
changes over that of untreated MSCs. The induction of CYP1A1 (B), CYP1A2 (C), CYP3A4 (D) or CYP2C9 (E) activities after adding the
corresponding enzyme inducers for 72 h were analyzed using P450Glo™ assay kit (Promega) with different luciferin substrates. After 3-h
incubation with specific substrate, luciferase activities were measured. Results are expressed as luciferase activities in relative luminescence unit
(RLU) and mean + SD of 3 independent experiments.
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weeks at confluence [26]. Cells were harvested and
determined for phase I and phase II enzyme expressions
(Figure 4A). Specific transcription factors such as AHR,
PXR and CAR in hepatocyte-like cells were increased by
about 10 times those of MSCs. These genes are involved
in the transcription of CYP450 isotypes [27,28]. Genes
that were highly expressed in hepatocyte-like cells
included one phase II enzyme UGT1Al and 6 CYP450
isotypes (CYP2B6, CYP2D6, CYP2C9, CYP2Cl19,
CYP3A4, and CYP1A1). In particular, the expression
level of CYP2B6 in hepatocyte-like cells was even higher
than that of HepG2 while other isotypes achieved com-
parable expression levels to those of HepG2. However,
all CYP450 isotype expressions in hepatocyte-like cells
were only 10-20% that of normal hepatocytes. The
authenticity of the real-time RT-PCR products of hepa-
tocyte markers and CYP450 were confirmed through
the analysis for melting curve using Sequence Detection
Software version 2.01 (Applied Biosystems, CA).

Enhancing phase | enzyme expression using prototypic
inducers

The expressions of CYP1A1, CYP2B6, CYP2D6 and
CYP2C8 in hepatocyte-like cells were significantly
increased to 13, 30, 3, 12 folds respectively after the
induction with dexamethasone or rifampicin (Table 1).
CYP3A4 and CYP2C19 expressions were extensively up
regulated by 84 and 20 folds, respectively in hepatocyte-
like cells. In HepG2, the expressions of CYP2B6,
CYP2C8 and CYP3A4 were increased to 25, 9, 39 folds
using rifampicin. In the primary hepatocyte, the expres-
sion of CYP1A1, CYP1A2, CYP2B6 were raised to 19,
13, 41 folds that were comparable to those of the hepa-
tocyte-like cells. The induction of CYP3A4 expression in
the hepatocyte-like cells (84 folds) outpaced that of the
primary hepatocyte (72 folds). The expressions of most
CYP450 isotypes in undifferentiated MSCs were induced
by merely 2-4 folds.

Substantial induction of CYP1A1, CYP1A2, CYP2C9 and
CYP3A4 isotype activities in hepatocyte-like cells

Using luminescent CYP450-specific substrates, we
determined CYP1A1, CYP1A2, CYP2C9 and CYP3A4
isotype activities after the induction with either rifam-
picin or omeprazole in HepG2, MSC and hepatocyte-
like cell. We observed end-point catalytic activity after
incubating substrates to the cells using a luminometer.
In hepatocyte-like cell, the activity of CYP1Al,
CYP1A2 and CYP3A4 was increased to approximately
6-7 folds that of the untreated cell (Figure 4B, C, D).
A mild increase in CYP2C9 activity (2 folds) was
observed (Figure 4E). The activity of CYP1A2 and
CYP3A4 in hepatocyte-like cells was already higher
than those in HepG2. The primary hepatocyte
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provided the highest activities in all CYP450 isotypes.
A significant increase in rifampicin-induced CYP3A4
activity was confirmed by the accumulation of CYP450
in hepatocyte-like cell as demonstrated by immuno-
fluorescent staining (Figure 5A). The staining for AFP
and hepatocyte nuclear factor 4o confirmed the iden-
tity of the hepatocyte-like cell. The corresponding
staining to the primary hepatocyte served as the posi-
tive controls (Figure 5B). No significant induction was
detected in untreated MSCs, but untreated HepG2 and
untreated hepatocyte-like cell had low basal level of
CYP1A1, CYP1A2, CYP2C9 and CYP3A4 activities.

Discussion

The hepatocyte-like cells have been developed to replace
the primary hepatocytes for the studies of xenobiotic-
induced CYP450 isotype expression, hepatotoxicity, and
xenobiotic biotransformation. Taken together, the cell
morphology, cell-selective markers (i.e., gene expression
profiles, flow cytometry) as well as certain specific phe-
notypes (urea synthesis, glycogen deposit, and CYP450
expression profiles) indicated that the putative hepato-
cyte-like cells were correctly driven toward hepatocyte
differentiation. To our knowledge, there has not been
any attempt to bring hepatocyte-like cells derived from
MSC as a stable model for the study of CYP450 isotypes
or new drug development. Only certain isotypes
(CYP1A1, CYP1A2, CYP2B6, CYP7A1l and CYP2E1)
have been studied immediately after differentiation
[18,29,30]. The expression of various transcription fac-
tors that regulate CYP450 isotypes[31] including hepato-
cyte nuclear factor (HNF-4a) [32] during hepatogenic
differentiation has been reported. PXR, AHR and CAR
are considered to be the most important regulators of
xenobiotic-induced regulation of many CYP450 isotypes
[28]. We observed increasing expression of PXR, CAR
and HNF-4a in correlation with the degree of hepato-
cyte-like cell maturation.

Several investigators had developed hepatocyte-like
cells from different stem cell sources and various differ-
entiation protocols[33]. The MSC sources were bone
marrow, adipose tissue and Wharton’s jelly[10,29,34,35].
The differentiation phenotypes were generally lost after
a few days in all studies including one employing
embryonic stem cells as precursors[36]. The senescence
of the precursor MSCs led to decreasing both prolifera-
tion and plasticity [37-39]. Our MSCs also reached
senescence after 20-24 population doublings, similar to
others [40-42]. The generation of hepatocyte-like cells
from MSCs has been plagued by the lack of stable sup-
ply of the precursor MSCs and their differentiation
capacity. These obstacles would be obviated if immorta-
lized hepatocyte-like cells with intact phenotypes could
be generated.
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Table 1 Fold changes of CYP450 isotypes’ expression in three cell types after 72 h of induction with prototypic
CYP450 inducers (omeprazole, dexamethasone, rifampicin, artemisinine and ethanol) over the untreated control

mRNA fold change (mean + SD)

P450 isotypes/enzyme inducers concentration (puM)

HepG2 P-hepatocyte hMSC Hep-like cell
CYP1A1
omeprazole 50 405 + 038* 1113 + 0.34* 2.09 + 0.30 213 +£0.15
dexamethasone 25 111 £0.13 19.68 + 046* 3.10 + 0.33* 12.86 + 0.39*
CYP1A2
omeprazole 50 333+ 0.14* 644 + 0.80 167 +0.12 237 +£0.13
dexamethasone 25 1.17 £ 0.02 13.62 + 2.84* 3.82 £ 0.96* 563 £ 0.65*
CYP2B6
rifampicin 40 2582 + 1.30% 35.16 + 2.76** 146 = 0.10 30.70 + 5.36**
dexamethasone 25 258 +£0.72 4149 + 458** 398 + 0.71* 24.25 + 2.30*
CYP2D6
dexamethasone 25 126 £ 0.10 570+ 1.29 268 £ 043 290 + 0.73
CYP2C9
rifampicin 40 142 + 025 1525 + 2.51% 203 +£022 7.78 £ 1.82%
CYP2C19
rifampicin 40 1.87 £ 0.1 29.05 + 2.02** 242 + 061 19.01 £ 2.51*
CYP2C8
rifampicin 40 9.07 + 1.03* 2440 + 248* 3.03 + 0.62* 1228 + 0.81*
CYP3A4
rifampicin 40 3943 + 553** 69.50 + 6.84** 364 + 1.82* 4329 + 327**
dexamethasone 25 23.18 + 7.25** 72.27 + 564% 2.87 + 0.96 84.10 + 9.25**
artemisinine 50 48.18 + 6.80** 59.28 + 841** 0.89 = 0.07 53.54 + 1.37**
CYP2E1
ethanol 88 459 + 0.53* 2423 + 041% 146 + 0.19 10.74 £ 2.10*

hMSC, HepG2, primary hepatocyte and hepatocyte-like cell were induced with prototypic inducer drugs. The CYP450 mRNA level was detected by Real-time PCR.
The experiment was performed in triplicate for all compounds. Data was normalized by untreated (non-treated controls) and was analyzed by Non parametric
One-tailed Student t test (Mann-Whitney test) * p < 0.05, ** p < 0.01.

Figure 5 Immunofluorescent staining of hepatocyte-like cells and the primary hepatocyte. The immunofluorescent staining of CYP3A4, a.-
fetoprotein and HNF-4a in the cytoplasm of hepatocyte-like cells (A) and the primary hepatocyte (B) were demonstrated with the
corresponding phase-contrast pictures over the same fields (10x objective lens). Essentially all hepatocyte-like cells carried all 3 proteins but their
staining intensities reached only a half those of the primary hepatocytes.
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A classical gene employed for immortalization is the
telomerase reverse transcriptase (WTERT) that prevents
replicative senescence associated with decreasing telo-
mere length resulting from repeated cell division
[43,44]. Lesser known immortalization genes are SV-40
large T antigen (T-Ag) and Bmi-1[25]. Bmi-1 inhibit
senescence and extended the life span of normal human
cell by suppressing p16™*** that allows cell entry into
division[45]. Moreover, the overexpression of Bmi-1
could inhibit TGF-P signaling[46] that would otherwise
induce hepatocyte cell death[47].

MSC:s lost their originally high telomerase activity [48]
after being seeded as primary cultured cells [49] and
eventually lost their stem cell property [50]. We had
expected that the addition of a constitutively expressing
construct of hTERT (pLOX-TERT-iresTK) to MSCs
would solve the senescence [51,52], but a slight post-
ponement of senescence was observed. Only after Bmi-1
(pLOX-CWBmi1)[53] had been co-introduced were the
senescence phenotypes extensively delayed. The trans-
duced cells had increasing spindle morphology with at
least 80% of the whole population contained both CD90
and CD105. These cells could be maintained for over 1
year while still maintaining their growth in exponential
phase. The given constructs have an advantage of the
inclusion of loxP site that allows the removal from the
genomic insertion site.

It is even more exciting when the precursor cells of
the hepatocyte-like cells were already immortalized. We
modified the hepatogenic differentiation protocol from
previous reports [54] by extending the last step of
maturation from 2 weeks to 4 weeks in culture medium
supplemented with 2% DMSO. Normally, we cannot
achieve a complete hepatocyte differentiation. However,
after using limiting dilution technique, a stable clone of
functional hepatocyte-like cell was established. Our
clone of differentiated immortalized cells could propa-
gate in standard culture condition for greater than 6
months with sustainable hepatocyte specific makers and
functions.

The confirmed hepatocyte phenotypes that included
the expression of albumin, a-fetoprotein cytokeratin 18,
HNF-40, and tyrosine aminotransferase were up-regu-
lated for 10 - 100 folds that of the undifferentiated
MSCs. However, the overall basal gene expressions were
10 - 40% those of the primary hepatocyte. The flow
cytometry analysis indicated that at least 80% of the
hepatocyte-like cells, in comparison with 90% of HepG2,
produced albumin. Likewise, the urea production of our
cells was comparable to that of HepG2. Greater propor-
tion of our hepatocyte-like cells (> 95%) carried glyco-
gen than did others[9,30,55,56]. The expression of
transcription factors for CYP450 (i.e., CAR, AHR, PXR)
as well as that of the phase II enzyme (i.e., UGT1A1l)
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was observed. The 10 - 50-fold induction of the expres-
sion of 8 major CYP450 isotypes (CYP1A1l CYP1A2,
CYP2B6, CYP2D6, CYP2C9, CYP2C19, CYP2CS,
CYP3A4 and CYP2EL1) in response to known enzyme
inducers (rifampicin, dexamethasone, omeprazole, phe-
nobarbital and artesunate) was confirmed, although
their basal levels were less than those of the primary
hepatocyte by 100-1000 folds. Unexpectedly, HepG2
achieved much weaker induction of CYP1A1, CYP2D6,
CYP2C9 and CYP2C19 in response to rifampicin, dexa-
methasone and omeprazole than did hepatocyte-like
cells. The immunofluorescent study of CYP3A4 in hepa-
tocyte-like cells after induction indicated that the up-
regulation of protein level was consistent with the
induction of mRNA expression.

Although CYP450 isotypes are presented in most cell
types, not all cell types are suitably employed to study
the CYP450’s response to xenobiotics. To elucidate the
suitability of the hepatocyte-like cells for the study of
CYP450 isotypes, we have extensively investigated the
expressions of all major isotypes plus the enzymatic
activity of selected isotypes in response to enzyme indu-
cers. We have demonstrated that the un-modified MSCs
contained low basal levels of CYP450 isotypes and eli-
cited only 2 - 5-fold induction to prototypic CYP450
isotype inducers (Table 1). Therefore, the use of MSCs
is not considered a viable alternative for CYP450 study.
We observed extensively high expressions of most
CYP450 isotypes in response to inducers in hepatocyte-
like cells than those in MSCs or HepG2, although the
basal levels of certain CYP450 isotypes were lower than
those of primary hepatocytes or HepG2. Changing the
precursors of hepatocyte-like cells from MSCs to
embryonic stem cells or induced pleuripotential stem
cells could not bring up the basal levels of all isotypes
[57]. An exception was found in CYP2B6, where the
hepatocyte-like cells had comparable expansion to that
of the HepG2. The low basal levels of these CYP450 iso-
types in hepatocyte-like cells might be attributed to their
completely lack of exposure to xenobiotics as opposed
to the primary hepatocytes or HepG2. Based on the
expansion of CYP450 isotypes’ expression in response to
inducers, hepatocyte-like cells are considered a more
sensitive and informative model.

Conclusion

The continuous hepatocyte-like cell lines have been gen-
erated from hTERT plus Bmi-1-immortalized human
MSCs. These continuous cell lines contained hepatocyte
markers (albumin, AFP, TAT, HNF-4a, G6PD) includ-
ing all major CYP450 isotypes (CYP1A1l, CYP1A2,
CYP2C8, CYP2B6, CYP2D6, CYP2C9, CYP2C19,
CYP3A4 and CYP2E1L). The basal mRNA expression of
CYP450 isotypes was low, but readily up-regulated up to
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80 folds upon the exposure to enzyme inducers. The
high inducibility of CYP450 transcripts would serve as a
sensitive model for profiling xenobiotic-induced expres-
sion of CYP450.

Methods

The characterization of human mesenchymal stem cells
Human mesenchymal cells (MSCs) were prepared from
aspirated bone marrow of consenting normal volunteers
(n = 5). This study received an approval from the Ethics
Committee on Research Involving Human Subjects at
Ramathibodi Hospital, Mahidol University. Written
inform consent was obtained from all participants
involved in this study. Bone marrow mononuclear cells
were separated by IsoPrep (Robbins Scientific, Canada)
density gradient centrifugation [58] and seeded at a den-
sity of 2 x 10° cells/mL in Minimum Essential Medium
(MEM) o Media (Gibco Invitrogen, NY), 10% fetal
bovine serum (FBS, Biochrom AG, Germany), 100 units/
mL penicillin, 100 pg/mL streptomycin at 37°C in 5%
CO,. The identification of MSCs was confirmed using
FACS analysis. Isolated cells were detached by trypsin,
stained for MSC markers (CD105 and CD90) or hema-
topoietic stem cell markers (CD34, CD45), and analyzed
by flow cytometry (FACSCalibur, Becton Dickinson).

Lentivirus production and transduction of target cells
Viral particles were produced using the transient trans-
fection protocol[25]. HEK 293T cells (Clontech, CA) at
a density of 2.8 x 10° cells/10-cm tissue culture dish
were co-transfected with psPAX2 packaging vector,
pMD2.G vesicular stomatitis virus G envelope, and the
plasmid encoding either hTERT (pLOX-TERT-iresTK,
Addgene plasmid 12245) or Bmi-1 (pLOX-CWBmil,
Addgene plasmid 12240)[53] using calcium phosphate
precipitation. The supernatant was harvested and fil-
tered through a 0.45 pm syringe filter. Viral stocks were
stored at -70°C. For immortalization, both hTERT and
Bmi-1 lentiviruses were diluted in MEM o medium,
10% EBS, 6 pg/mL polybrene at a multiplicity of infec-
tion (MOI) of 2, and directly added to the MSCs on six-
well plates (10* cells/well). The MSCs were incubated at
5% CO,, 37°C for 14 h. After the incubation, medium
containing viral particles was removed and replaced
with fresh medium.

Cloning of immortalized human mesenchymal stem cell

Three days after the infection, MSCs from 5 donors
were trypsinized and counted using a hemacytometer.
Single cell suspension was prepared by limiting dilution
and transferred onto 24-well culture plate to establish
clones from single cells. Each colony was monitored
every 2-3 d until confluence. The cells were then trypsi-
nized and seeded on T-25 tissue culture flask. To
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establish stable MSC lines, 10 clones per donor were
selected based on the fastest cellular proliferation and
confirmed for the expression of both hTERT and Bmi-1.
Total RNA of MSC was isolated from pooled cells of
passages 3-5, converted into cDNA and quantitated
using real-time PCR. hTERT and Bmi-1 double positive
cells were studied for population doubling level (PDL).
The population doubling level was determined using log
N/log2, where N is the number of the cells harvested at
confluence divided by the number of the initially seeded
cells [25].

The induction of MSC hepatogenesis

The MSCs at passages 3-5 or BMI/hTERT-MSCs at a
density of 1 x 10* cells/cm® from the fastest dividing
clone (n = 3) were taken for differentiation. The MSCs
were induced into hepatocyte-like cells using a modified
three-step protocol[9]. They were maintained on col-
lagen type IV coated container. The cells were main-
tained for 2 d in serum-free IMDM (Gibco Invitrogen,
NY), 20 ng/mL epidermal growth factor (EGF, Chemi-
con, CA),10 ng/mL basic fibroblast growth factor (bFGF,
Chemicon, CA). Cells were then maintained in IMDM
(20 ng/mL HGF, Chemicon, CA), 10 ng/mL bFGF, and
0.61 g/L nicotinamide (Sigma, MO) for 7 d. Cells were
further maintained in IMDM, 20 mg/mL oncostatin M
(OSM, Chemicon, CA), 1 pM dexamethasone (Sigma,
MO), and 50 mg/mL ITS" (Gibco Invitrogen, NY) for
14 d. The hepatogenesis was assessed by real-time PCR
for liver-associated genes. Both human hepatocellular
carcinoma cell line (HepG2) and the primary human
hepatocyte served as controls. HepG2 was maintained in
DMEM/F12 (Gibco Invitrogen, NY), 10% FBS, 100
units/mL penicillin (Sigma, MO), and 100 pg/mL strep-
tomycin (Sigma, MO) at 37°C in 5% CO,  The primary
human hepatocyte was maintained in Williams media E
(Gibco Invitrogen, NY), 10% FBS, 100 units/mL penicil-
lin (Sigma, MO), 100 pg/mL streptomycin (Sigma, MO),
4 pg/mL insulin and 1 uM dexamethasone (Sigma, MO)
at 37°C in 5% CO,,

Urea production assay

MSCs, hepatocyte-like cells at passages 0-10 and HepG2
(HB-8065, ATCC, USA) were stimulated with 5 mM
NH,CI (Sigma, MO) for 48 h. The culture medium was
collected and assayed for urea using diacetyl monoxime
test[59]. The resulting diazine was measured at 540 nm
with the SpectraMax M5 spectrofluorometer (Molecular
Devices, CA).

Glycogen Synthesis (Periodic Acid-Schiff, PAS) Assay

Immortalized hepatocyte-like cells at passage 4 were
cultured on a chambered slide (Lab-Tek, Nunc, Den-
mark) for 3d. The slides were fixed in 4% formaldehyde,
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permeabilized with 0.1% Triton X-100 for 10 min, incu-
bated with or without diastase for 1 h at 37°C, oxidized
in 1% periodic acid (Sigma, MO) for 5 min, rinsed thrice
with dH,O, treated with PAS reagent (Sigma, MO) for
15 min, and rinsed with water for 5 - 10 min. Samples
were counterstained with Mayer’s hematoxylin for 1
min, rinsed with water, and assessed under light micro-
scope. The resulting gradient of oxidized glycogen
would yield a gradient of color starting from pink to
strong red.

Analysis of cellular markers using flow cytometry

The cultured cells were stained with fluorochrome-con-
jugated to primary monoclonal antibodies raised against
MSC markers (CD90, CD105); hematopoietic markers
(CD34, CD45) (Biosource Invitrogen, CA). For intracel-
lular albumin accumulation, hepatocyte-like cells at pas-
sages 2-10 were incubated with FACS Perm (BD
Bioscience, CA) and stained with anti-human albumin
(Abcam, MA). The goat anti-mouse IgG conjugated to
FITC (Santa Cruz Biotechnology, CA) was used as the
secondary antibody as necessary. The labeled cells were
quantitated using a FACSCalibur flow cytometer (BD
Bioscience). The data were analyzed using WinMDI ver-
sion 2.9.

Immunofluorescence Microscopy

Hepatocyte-like cells and the primary hepatocytes on
chambered slide were washed twice with PBS, fixed with
4% paraformaldehyde for 30 min at room temperature
followed by 100% ethanol for 10 min. The fixed cells
were washed thrice with PBS, blocked with 5% normal
serum from the same species as the secondary antibody
in 1% BSA/0.2% Triton X-100/PBS for 1 h at room tem-
perature. The cells were incubated with the primary
antibody (anti-CYP3A4, anti-HNF4 or anti-o.1-fetopro-
tein; Abcam, MA) for 1 h at 37°C, washed thrice, incu-
bated with the secondary antibody for 1 h at 37°C,
washed thrice, mounted with anti-fade mounting med-
ium on coverslip, and examined under a fluorescent
microscope.

The induction of major CYP450 isotypes in hepatocyte-
like cells using selective enzyme inducers

The modulation of expression levels of CYP450 isotypes
was studied after the exposure to the classical inducers
[1,22,60,61]. HepG2, MSC or hepatocyte like-cell from
passages 3-7 at sub-confluent density were seeded on 6
well-plates for 48 h. These cells were treated for 72 h
with the following agents: 40 uM rifampicin, 25 pM
dexamethasone, 50 tM omeprazole, 1 mM phenobarbi-
tal, 50 uM artesunate, 88 uM ethanol or 0.1% (v/v)
DMSO. The cell pellets were washed with 2-3 mL PBS,
detached using 0.025% trypsin-EDTA, and neutralized
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with 10% FBS in IMDM. The cell pellets from passages
3-7 were pooled and stored at -80°C until analysis for
CYP450 gene expression.

Cell isolation, extraction of total mRNA and production of
cDNA from primary hepatocyte, hepatocyte-like cell,
MSCs and HepG2

The primary human hepatocytes were prepared from
discarded surgical specimens using the 2-step collage-
nase method. The isolated cells were seeded over the
collagen type IV-coated container and maintained in the
above growth medium for 3 days. Total RNA isolation
was performed using RNeasy Mini kit (Qiagen, Ger-
many) according to the manufacturer’s instruction. The
quality and quantity of the total RNA were determined
using a NanoVue Spectrophotometer (GE Healthcare,
Buckinghamshire, UK). For ¢cDNA synthesis, 2 pg of
total isolated RNA from primary hepatocyte, hepato-
cyte-like cell, HepG2 and hMSC were converted to
¢DNA using the ImProm-II reverse transcription system
(Promega, WI). Briefly, isolated RNA was incubated
with 0.5 pg oligo (dT),5 primer in a total volume of 5
pL at 70°C for 5 min and chilled on ice-water immedi-
ately for at least 5 min. The reverse transcription mix
(15 pL of 5X reaction buffer, 25 mM MgCl,, 2 mM
dNTP Mix, 40 U/puL RNasin ribonuclease inhibitor, and
200 U/uL Improm-II"" RT) was added to the RNA-pri-
mer mix to make a total volume of 20 pL. The mixture
was incubated at 25°C for 5 min, and 42°C for another 1
h. The RT reaction was terminated by heating at 70°C
for 15 min followed by chilling on ice. The cDNA sam-
ples were either used immediately or stored at -70°C.
The 1.2 kb kanamycin RNA (1 pg) and non-template
control served as positive and negative control system.

Quantitative real-time PCR analysis for cell-specific
markers

The employed hepatocyte markers included: ALB (albu-
min), AFP (a-fetoprotein), CK18 (cytokeratinl8), G6PD
(glucose-6-phosphate dehydrogenase), HNF-4a (hepato-
cyte nuclear factor 4a), and TAT (tyrosine amino trans-
ferase). The employed CYP450 markers included
CYP1A1, CYP1A2, CYP2C8, CYP2B6, CYP2DS6,
CYP2C9, CYP2C19, CYP3A4 and CYP2EL. The primers
for assessing P450s included those recognized aromatic
hydrocarbon receptor (AHR), pregnane x receptor
(PXR), constitutive aldosterone receptor (CAR). All gene
specific primers were designed using Vector NTI version
10 (Invitrogen, Table 2) and ordered from 1st BASE
(Singapore). They were amplified using FastStart SYBR®
Green Master (Roche diagnostic) and an ABI 7500
Sequence Detector (Applied Biosystems, CA) by follow-
ing checklist information of RT-qPCR experiment
(Additional file 1). Real-time PCR was performed using
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Table 2 Primer sets and conditions used in quantitative real-time PCR (qPCR)

Gene Genbank Sense primer Antisense primer Size Annealing Putative function
Accession 5'——— > 3" (Tm°Q) 3'——— > 5 (Tm°Q) amplicon temp. (°C)
(bp)
ALB NM_000477  TGAGAAAACGCCAGTAAGTGAC TGCGAAATCATCCATAACAGC 265 60 albumin
(60.8) (58.7)
AFP NM_001134 GCTTGGTGGTGGATGAAACA (604) TCCTCTGTTATTTGTGGC G 157 60 a-fetoprotein
(59.2)
CK18 X12881 GAGATCGAGGCTCTCAAGGA (624) CAAGCTGGCCTTCAGATTTC (60.4) 357 60 cytokeration 18
G6PD Uo1120 GCTGGAGTCCTGTCAGGCATTGC TAGAGCTGAGGCGGAATGGGAG 349 60 glucose-6-phosphate
(68.1) (66.4) dehydrogenase
HNF-400  AY680696  GCCTACCTCAAAGCCATCAT (604)  GACCCTCCCAGCAGCATCTC (66.5) 256 60 hepatocyte nuclear
factor 4o
TAT NM_000353 TGAGCAGTCTGTCCACTGCCT (64.5)  ATGTGAATGAGGAGGATCTGAG 338 60 tyrosine aminotransferase
(60.8)
CYP2B6 NM_000767  ATGGGGCACTGAAAAAGACTGA AGAGGCGGGGACACTGAATGAC 283 60 Cytochrome P450 2B6
(60.8) (664)
CYP2D6 NM_000106  CTAAGGGAACGACACTCATCAC GTCACCAGGAAAGCAAAGACAC 289 60 Cytochrome P450 2D6
(62.7) (62.7)
CYP2C9 NM_000771 CCTCTGGGGCATTATCCATC (624)  ATATTTGCACAGTGAAACATAGGA 137 60 Cytochrome P450 2C9
(57.7)
CYP2C19 NM_000769 TTCATGCC CTCAGCAGG (604)  ACAGATAGTGAAATTTGGAC (54.3) 277 60 Cytochrome P450 2C19
CYP2C8 NM_000770 ACAACAAGCACCACTCTGAGATATG GTCTGCCAATTACATGATCAATCTCT 100 60 Cytochrome P450 2C8
CYP3A4  AK298451 GCCTGGTGCTCCTCTATCTA (62.4) GGCTGTTGACCATCATAAAAGC 187 60 Cytochrome P450 3A4
(60.8)
CYP1A1 BC023019 TCCAGAGACAACAGGTAAAACA AGGAAGGGCAGAGGAATGTGAT 371 60 Cytochrome P450 1A1
(58.9) (62.7)
CYP1A2 AF182274  ACCCCAGCTGCCCTACTTG (64.5) GCGTTGTGTCCCTTGTTGT (62.4) 101 60 Cytochrome P450 1A2
CYP2E1 NM_000773 ACCTGCCCCATGAAGCAACC (64.5) GAAACAACTCCATGCGAGCC (624) 246 60 Cytochrome P450 2E1
PXR AB307701  GAAGTCGGAGGTCCCCAAA (62.3) CTCCTGAAAAAGCCCTTGCA (60.4) 100 60 pregnane X receptor
CAR AB307702  TGATCAGCTGCAAGAGGAGA (604) AGGCCTAGCAACTTCGCACA (62.4) 102 60 constitutive androstane
receptor
AhR BCO70080  ACATCACCTACGCCAGTCGC (64.5) TCTATGCCGCTTGGAAGGAT (60.4) 101 60 aryl hydrocarbon
receptor
UGT1A1 BC128414 GGAGCAAAAGGCGCCATGGC GTCCCCTCTGCTGCAGCTGC (64.5) 178 60 uridine diphosphate
(62.5) glucuronyltransferase
1A1
LV-BMI- NM_005180 GCTGAGGGCTATTGAGGCGCA ACCCCAAATCCCCAGGAGCTGT 127 60 lentivirus vector BMI-1
1 (65.5) (65.7)
hBMI-1 NM_005180 ACCTCCCAGCCCCGCAGAAT (65.9) AGACGCCGCTGTCAATGGGC (664) 280 60 human BMI-1
LV- AF018167  CAACCCGGCACTGCCCTCAG (66.9) GGGGTTCCGCTGCCTGCAAA (68.2) 268 60 lentivirus vector
hTERT telomerase reverse
transcriptase
hTERT  AF018167 CGGAAGAGTGTCTGGAGCAAGT GAACAGTGCCTTCACCCTCGA 258 60 human telomerase
(59.5) 61.1) reverse transcriptase

Sequence of the primers and the conditions used in quantitative real-time PCR (qPCR).

5 pL of 10 pg/mL cDNA diluted in a 25 pL reaction
mixture containing 0.4 uM for each primer and 12.5 pL
SybrGreen with the following conditions: 95°C for 10
min, followed by 40 cycles of amplification at 95°C for
15 sec, 60°C for 40 sec, and 72°C for 40 sec. The fluor-
escent products were measured at the last step of each
cycle. To determine the specificity of amplification,
melting curve analysis was applied to all final PCR pro-
ducts, after finishing the thermal cycling. The non-

template negative control (NTC) was performed with
each gene-specific primer pair. The number of cycles
required for the fluorescent signal to cross the threshold
(Ct’s) was determined from each primer pair. The
obtained Ct’s were subtracted with the Ct of the respec-
tive house-keeping gene (GAPDH) of the same cells to
obtain ACt. To enable suitable comparison, the ACt’s of
the treated cells were subtracted with ACt’s of the
untreated cells of the same period to obtain AACt’s.
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The relative fold change could be obtained from the
expression of 27 AACY,

The analysis of CYP450 activity

CYP1A1, CYP1A2, CYP2C9 and CYP3A4 enzyme activ-
ities were assayed directly in all cultured cells (immorta-
lized hepatocyte-like cell at passage 3-7, primary human
hepatocyte, HepG2 or MSC) attaching to the collagen
type IV-coated 6-well plate at a density of 10° cell/well.
All cultured cells were divided into three groups. Group
1: cells were cultured in IMDM supplemented with 40
UM rifampicin to induce CYP450 isotypes 3A4 and 2C9.
Group 2: cells were cultured in IMDM supplemented
with 50 uM omeprazole for inducing CYP1A1l and
CYP1A2. Group 3: cells were cultured in IMDM alone
as a control. All conditions were incubated for 72 h
with daily medium change. Metabolism was assessed
based on luciferase activity using the P450-glo 1A1,
1A2, 2C9 and 3A4 assay (V8751, V8771, V8791, V9001;
Promega, WI). After 3-d incubation period, cells were
incubated with IMDM supplemented with 100 uM Luci-
ferin-CEE, Luciferin-H, Luciferin-ME for 3-4 h or 3 uM
Luciferin-IPA for 30-60 min. An aliquot (50 pL) of the
medium was transferred to 96-well opaque white lumin-
ometer plate (Nunc, Denmark) and luciferin detection
reagent was added to each well. After sitting at room
temperature for 20 min, luminescence was measured
with a SpectraMax M5 spectrofluorometer.

Statistical analysis

Each experiment was performed in triplicate. Data were
expressed as mean + SD. Data from quantitative RT-
qPCR and enzyme activity were evaluated for statistical
significance using the Student’s unpaired ¢ test (p <
0.05). At least 3-fold induction in mRNA with statisti-
cally significant difference was judged as relevant.

Additional material

Additional file 1: Details of quantitative RT-PCR conditions. This file
contains the tabulated specific information for gRT-PCR section.
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Abstract

Cytokine-induced killer (CIK) cells have reached clinical trials for leukemia and solid
tumors. Their anti-tumor cytotoxicity had earlier been shown to be intensified after the
co-culture with dendritic cells (DCs). We observed markedly enhanced anti-tumor
cytotoxicity activity of CIK cells after the co-culture with sunitinib-pretreated DCs over
that of untreated DCs. This cytotoxicity was reliant upon DC modulation by sunitinib
because the direct exposure of CIK cells to sunitinib had no significant effect. Sunitinib
promoted Th1-inducing and pro-inflammatory phenotypes (IL-12, IFN-y and IL-6) in
DCs at the expense of Th2 inducing phenotype (IL-13) and regulatory phenotype (PD-
L1, IDO). Sunitinib-treated DCs subsequently induced the upregulation of Th1
phenotypic markers (IFN-y and T-bet) and the downregulation of the Th2 signature
(GATA-3) and the Th17 marker (RORC) on the CD3*CD56" subset of CIK cells. It
concluded that sunitinib-pretreated DCs drove the CD3*CD56" subset toward Th1
phenotype with increased anti-tumor cytotoxicity.
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Introduction

The mechanisms of tumor immune evasion involve several biological molecules
including indoleamine 2, 3-dioxygenase (IDO), PD-L1, GATA and interferon (IFN).
IDO, a cytosolic protein that catalyzes the rate-limiting step of tryptophan (Trp)
metabolism, stimulates immune tolerance in human cancer[1]. [IDO generates
immunosuppressive dendritic cells (DCs)[2]. Trp metabolites mediate cytotoxic effects
on CD8* tumor-infiltrating lymphocytes and CD4*Th1 cells[3-5]. PD-L1 can have an
inhibitory function that primarily acts to inhibit the priming and activation of immune
responses and T cell-mediated killing of cancer cells in particular in the tumor beds
[6]. The zinc finger DNA binding GATA factors coordinate cellular maturation with
proliferation arrest and cell survival[7]. Alteration of GATA factors was shown to be
causatively involved in various cancers in human patients[7]. GATA-3 primarily
induces Th2 differentiation[8] and therefore causes Th2 immune deviation that leads
to the expansion of fibrocytes with immunosuppressive properties observed in patients
with cancer[9]. This may be the mechanism that GATA-3 contributes to tumor
progression via immune evasion. The above data suggested the requirement of
therapeutic overriding of tumor immune evasion by boosting cytotoxic effects of
responsible effector cells.

Cytokine-induced killer (CIK) cells have been deployed against a number of solid
tumors with in vitro and in vivo evidences. The major effector of CIK cells is the
CD3*CD56" subset[10,11]. The anti-tumor action of CIK cells could be augmented
after being co-cultured with dendritic cells (DCs)[12-15]. The depletion of regulatory
T cell (Treg) subset in CIK cells after the co-culture with DCs was proposed as the
responsible mechanism[13]. We previously observed similar enhancement of the anti-
tumor action of the isolated CD3*CD56* subset against cholangiocarcinoma[16] and
osteosarcoma[17] after being co-cultured with DCs. This observation implied that the
activity of CD3*CD56" subset was not invariably naturally active, but inducible. The
ex vivo optimization for the anti-tumor activity of the CD3*CD56" subset as well as the
dissection for the involved signal transduction has posed as a challenge for CIK cell-
based immunotherapy. We approached this challenge through the treatment of CIK
cells, co-cultured DCs with a promising molecule, sunitinib.

Sunitinib, a protein kinase inhibitor (PKI), is conventionally intended for direct
treatment of lung cancer and renal cell carcinoma. It indirectly affects the tumors
through the host components of immune response[18]. The pharmacological
concentrations of sunitinib had no effect toward PI3K and ERK phosphorylation in NK
cells and did not exert any toxicity toward peripheral blood mononuclear (PBMCs)[19].
Not all tyrosine kinase inhibitors provide the beneficial effects toward immune cells[18].
Only sunitinib could enhance the maturation and the expansion of DCs. Sorafenib,
but not sunitinib, mediated its immunosuppressive effect at pharmacological
concentrations through the induction of human NK cell-derived cytotoxic activity, IFN-
y release[19], and suppressed mouse DCs and antigen-specific T cells functions[20].



Sunitinib might exert its immunostimulatory activity through the modulation of the ratio
of immunostimulatory versus immunoregulatory cells. Recently sunitinib was shown
to reverse the immune suppression of tumor microenvironment (TME) by suppressing
the development of regulatory T cells (Treg)[21]. Both Treg and myeloid-derived
suppressor cells (MDSC) are the major immunosuppressive cellular components in
TME[22,23]. The presence of Treg subset compromised the overall anti-tumor activity
of CIK cells[16,17,24]. The fraction of peripheral blood MDSC[25,26] and
Treg[25,27,28] were dramatically decreased in subjects treated with sunitinib. In
contrast, the fraction of DCs was significantly increased after sunitinib treatment and
this correlated with tumor regression in patients with renal cell carcinoma[26]. The
combination of sunitinib treatment with DC vaccination acted synergistically in
suppressing the implanted melanoma in mice[29]. The responders with tumor
regression after sunitinib treatment were associated with the reduction in MDSC and
Treg in the TME in concomitant with the rising of CD8* T cells. Sunitinib shifted tumor-
infiltrating lymphocytes (TILs) in mice from releasing Th2 cytokines (IL-10, TGF-B) to
Th1 cytokines (IFN-y). The expression of co-inhibitory molecules (CTLA-4 and PD-1)
and Foxp3 in these TILs was also suppressed. This reversal of immunosuppression
was proposed to be mediated through the inhibition of c-kit in MDSCs[30]. The MDSC
suppressive activity of sunitinib might be counteracted by locally high level of GM-
CSF[31]. The immunomodulation might be mediated through anti-VEGFR and NF-
KB-suppressive actions of sunitinib. The heightened proliferation and antigen-specific
T-cell activity of CD8* T cells was attributed to the suppression of STAT3[32].
However, other investigators reported the absence of favorable immunological action
of sunitinib. Sunitinib was unable to reverse VEGF / tumor supernatant-induced
suppression of DC maturation[33]. Some renal cell carcinoma subjects treated with
sunitinib for 4 weeks carried lower Th1/Th2 ratio in peripheral blood[34], as opposed
to those found in the earlier studies[27].

Improving the density as well as the activity of CD3*CD56* subset, while suppressing
those of Treg subset, would be desirable for CIK cell-based immunotherapy. We
investigated whether the introduction of sunitinib to the DC-CIK co-culture system
could improve anti-tumor effects. We examined the proportion of each subset in CIK
cells that represented the quantitative changes in the density of CIK cell subsets. For
qualitative change, we measured the alteration in the maturation status or
immunological markers of both DCs and CIK cells. In DCs, the markers studied
included Th1 promoting genes (IL-12, IFN-y); Th2 promoting gene (IL-13); Th17
promoting genes (IL-23, IL-6); and Treg promoting genes (PD-L1, IDO, IL-10). In CIK
cells, the markers assessed included Th1 genes (IFN-y, T-bet); Th2 genes (IL-4,
GATA-3); Th17 genes (RORC, IL-17, STAT3); and Treg (IDO, IL-10).

Materials and Methods

Ethic Statement



All subjects understood and signed the informed consent form before the participation.
The study protocol with the accompanying informed consent form conforms to the
ethical guidelines of the 1975 Declaration of Helsinki and was approved by the
Institutional Review Board of the Faculty of Medicine Siriraj Hospital, Mahidol
University.

Generation of CIK cells and DCs from peripheral blood mononuclear cells

CIK cells and DCs were generated from PBMCs of 6 consented healthy volunteers.
PBMCs were isolated from whole blood by Ficoll gradient centrifugation (IsoPrep,
Robbins Scientific, Sunnyvale, CA). The cells were allowed to adhere over the 6-well
plate at a density of 1.2 x 10° cells/mL/well for 1 h at 37°C in RPMI 1640, 10% FBS,
100 U/mL penicillin, and 100 pg/mL streptomycin. The adherent cells (5.0 x 10*
cells/well) were used to generate DCs.

To generate CIK cells, non-adherent PBMCs were resuspended in RPMI 1640
(Invitrogen, Carlsbad, CA), 10% FBS, 25 mM Hepes, 100 U/mL penicillin and 100
pMg/mL streptomycin.  Human interferon y (IFN-y, 1,000 U/mL (Amoytop Biotech,
Xiamen, China) was added and incubated at 37°C, 5% CO:2 for 24 h. After 24-h
incubation, 50 ng/mL monoclonal antibody against CD3 (eBioscience, San Diego, CA),
and 300 IU/mL IL-2 (Amoytop Biotech) were added. CIK cells were maintained at a
density of <6 x 108 cells/mL in RPMI 1640, 10% FBS, 300 IU/mL IL-2, 25 mM Hepes,
2 mM L-glutamine, 100 U/mL penicillin, and 100 ug/mL streptomycin with medium
replacement every 5 days. Cells were harvested on day 14 with apparent viability
above 90%.

To generate DCs, the adherent cells were maintained in 2 mL RPMI 1640, 10% FBS,
400 U/mL granulocyte-macrophage colony-stimulating factor (GM-CSF, Amoytop
Biotech), 500 U/mL IL-4 (Amoytop Biotech) for 14 d. DC maturation could be achieved
by adding 1,000 U/mL tumor necrosis factor a (TNF-a; Amoytop Biotech) in the final
24 h. Some designated wells were treated with 1 uM sunitinib (Sigma, St. Louis, MO)
for 48 h. The viability of mature DCs was above 95%.

Preparation of CD3*CD56* cells

An aliquot of CIK cells (1.0 x 108 cells) on day 14 was purified for CD3*CD56* subset
using CD3 Microbeads kit and CD56 Microbeads kit (Miltenyi Biotec, Germany)

according to the manufacturer instruction. This usually yielded 0.8 - 2.0 x 107 purified
CD3*CD56* cells.

Co-culture of CIK cells and DCs

On day 14 after CIK and DCs generation, CIK cells or the purified CD3*CD56* cells
were seeded on DCs of different conditions at the stimulators (DCs) : responders (CIK
cells)(S : R) ratio of 1: 20. The co-cultured cells were maintained in RPMI 1640, 10%
FBS, 25 mM Hepes, 2 mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin, 300 IU/mL IL-2 for 5 days prior to in vitro cytotoxicity assay.


http://pharmaceuticals.indiabizclub.com/profile/1921020~amoytop_biotech_co.,_ltd~xiamen

Primary cultured cholangiocarcinoma cells isolated from sediments of biliary
fluid

A human cholangiocarcinoma cell line prepared from intrahepatic biliary fluid,
HubCCA1[16], was propagated in growth medium (DMEM, 15% FBS, 1 mM sodium
pyruvate, 1 mg/mL insulin, 0.66 mg/mL transferrin, 0.67 ug/mL sodium selenite, 0.1
mM non-essential amino acid solution, 2 mM L-glutamine, 50 unit/mL penicillin, and
50 ug/mL streptomycin) at 37°C with 5% COa.

Fluorescence-activated cell sorting (FACS) analysis

Either DCs or CIK cells were washed twice in PBS containing 5% FBS (PBS/FBS) and
resuspended in 100 uL PBS/FBS. The cell pellet was incubated with 2 uL of the
corresponding primary monoclonal antibodies (1 mg/mL) for 30 min at 25°C, washed
twice and resuspended in 200 yL of PBS/FBS. For the staining of intracellular
immunogens, cells were fixed and permeabilized prior to the intracellular staining in
accordance with the manufacturers. Flow cytometry analysis on 10,000 cells was
performed using a FACSCalibur (Becton Dickinson, San Jose, CA). The employed
primary mouse monoclonal antibodies raised against human immunogens included
anti-FOXP3-Alexa Fluor 488, anti-CD4-PE-Cy5, anti-CD25-PE from Biolegend, anti-
IL-10-Alexa Fluor 647, anti-CD3-FITC, anti-CD56-PE, anti-CD80-FITC, anti-CD83-PE,
anti-CD86-PE-Cy5, anti-CD40-APC from eBiosceince, anti-RORC-PerCP, anti-IL-17-
APC from R&D Systems. Data were analyzed using FlowdJo version 10.0.5.

Cytotoxic Assay

Propidium iodide (Pl)-based cytotoxic assay was used to estimate the anti-tumor
cytotoxic activity of CIK cells. The tumor cells (5%103 cells/well) were seeded as target
cells on the 96-well plate for 24 h at 37°C, 5% COz2. The target cells were washed with
serum-free RPMI and co-cultured with the effector cells at the designated ratio in 80
uL RPMI/well for 4 h at 37°C, 5% COz2. For IFN-y neutralization, 0.02 pyg/mL anti-IFN-
y (clone 25718, R&D Systems) was added to the effector cells 2 h prior to the co-
culture. PI (20 pyL of 10 pg/mL in PBS) was added to and incubated with the cell
mixture for additional 30 min. The mixture was measured for fluorescence with an
excitation wavelength of 482 nm and an emission wavelength of 630 nm using the
SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA). The
background wells were those with the corresponding numbers of effector cells, but
without target cells. The 100% lysis came from wells containing target in RPMI cells
plus 20 uL isopropanol. The 0% lysis came from wells containing only the target cells.
The % cytotoxicity was calculated using the following expression:

% cytotoxicity = FL=Flb 100

I100 - Io



Flo represents the fluorescence of the well containing the target cells without the
exposure to any effector cells. Flioo represents the fluorescence of from the well
containing the target cells in RPMI plus 20% isopropanol. Flx represents the
fluorescence of the well containing the target cells after the exposure to the indicated
numbers of effector cells.

RNA preparation and quantitative real-time PCR analysis

Total RNA was extracted from different conditions of CD3*CD56™ cells, macrophages,
iDCs and mDCs. Cells were homogenized in 350 yL of RA1 buffer and 3.5 pL of B-
mercaptoethanol (illustra™ RNAspin Mini RNA Isolation Kit, GE Healthcare, UK) to
isolate total RNA. Reverse transcription was performed with 1 ug of total RNA. First-
strand cDNA synthesis was performed with the ImProm-Il Reverse Transcription
System (Promega, Madison, WI). The gene-specific primers pairs (Table 1) were
designed using Primer Express 3.0 (ABI, Foster City, CA) and ordered from 1st BASE
(Singapore). They were amplified using FastStart SYBR® Green Master (Roche
Diagnostics, Mannheim, Germany) and StepOnePlus Real-Time PCR system (ABI).
Real-time PCR was performed using 1.5 pL of 200 ng/uL cDNA in 15 pL reaction
mixture with the following conditions: 95°C for 10 min, followed by 40 cycles of
amplification at 95°C for 15 sec, 60°C for 40 sec, and 72°C for 40 sec. The obtained
Ct's were subtracted with the Ct of GAPDH of the same condition to obtain ACt. The
ACt’s of the treated cells were subtracted with ACt’s of the untreated cells of the same

period to obtain AACt’'s. The fold-changes could be obtained from the expression of
2-AACt_

Statistical analysis

The results are shown as mean * standard error of the mean (SEM) of triplicate
determinants. Data were plotted using GraphPad Prism version 5.03. Two-way
ANOVA was used to determine the significance of difference between means of
cytotoxic experiments. Student’s t-test was used for real-time PCR analysis. A p
value of less than 0.05 was considered significant.

Results

The cytotoxic activity of CIK cells after the priming with sunitinib-treated DCs

toward cholangiocarcinoma cell line

Among all investigated conditions of effector cells, the untreated CIK cells provided
the lowest cytotoxicity toward the HUbCCA-1 (Fig. 1A). The cytotoxicity was improved
after the co-culture with mDC. The highest anti-tumor cytotoxic activity came from CIK
cells that had been co-cultured with either sunitinib-treated iDCs or sunitinib-treated
mDCs. This enhancement could not be obtained from CIK cells co-cultured with
sunitinib-treated macrophages. The direct exposure of CIK cells to sunitinib could not



confer any significant improvement in the anti-tumor cytotoxicity over that of the
untreated CIK cells until the E:T ratio reached 12:1, and therefore demonstrated little
enhancement. Isolated CD3*CD56* subset contained anti-tumor cytotoxic activity
(Fig. 1B). Likewise, the direct exposure of CD3*CD56" subset to sunitinib could not
confer further significant improvement. The co-culture of CD3*CD56" subset with
sunitinib-treated mDCs provided the optimal improvement.

The alteration in the polarization of macrophages, iDCs and mDCs after the

exposure to sunitinib

Macrophages, iDCs and mDCs were studied for their polarization using real-time RT-
PCR analysis for a number of markers (Table 1). The untreated macrophages
contained lower IL-12 expression (Fig. 2A) than those in iDCs and mDCs. After
sunitinib treatment, the level of IL-12 expression was enhanced in macrophages and
mDCs, but not in iDCs. Both iDCs and mDCs carried higher IFN-y expression than
did macrophages. Only in mDCs was the expression of IFN-y (Fig. 2B) significantly
increased after sunitinib treatment. The expression level of IL-6 (Fig. 2C) was rising
in mDCs after sunitinib treatment, but was reciprocally suppressed in macrophages.
The expression of IL-13 in macrophages and iDCs, but not mDCs, was undetectable.
The IL-13 expression in mDCs was suppressed after sunitinib treatment (Fig. 2D).
The untreated macrophages and iDCs contained higher IL-10 expression (Fig. 2E)
than did mDCs. Upon sunitinib treatment, the expression of IL-10 was decreased in
macrophages, but not significantly altered in iDCs nor mDCs. Sunitinib treatment
suppressed the expression of PD-L1 (Fig. 2F) in mDCs. The IDO expression (Fig.
2G) was suppressed in iDCs and mDCs after sunitinib treatment. Sunitinib enhanced
the expression of IL-23 (Fig. 2H) in macrophages and mDCs, but not in iDCs.

The alteration in the maturity of macrophages, iDCs, and mDCs after sunitinib

treatment

The flow cytometry analysis of iDCs, and mDCs did not promote their maturation
based on the staining of CD80, CD83 and CD86 (Fig. 3A). In contrast, the sunitinib
treatment to macrophages resulted in not only less DC maturation markers (CD80,
CD83, CD86 and CD40), but also macrophage markers (CD14 and CD40, Fig. 3B).
There was no alteration in IL-10, and IDO (Fig. 3C) in both iDCs and mDCs, but there
was less IDO in macrophages after sunitinib treatment.

The examination for the alteration of the ratios of CD3*CD56*, Treg, and Th17
subsets in the whole CIK cell population after the priming with sunitinib-
treated DCs

CIK that had been either directly treated with sunitinib, primed with mDCs or primed
with sunitinib-pretreated mDCs did not significantly alter the proportions of the



CD3*CD56" subset (Fig. 4A), the Th17 subset (Fig. 4B), nor the Treg
(CD4*CD25*Foxp3*) subset (Fig. 4C).

The analysis for the polarization of CD3*CD56" cells after the priming with

either sunitinib-treated mDCs or untreated mDCs

The co-culture of CD3*CD56" cells with untreated mDCs raised the expression of
IDO, and Th1 markers (IFN-y and T-bet) (Fig. 5). In contrast, the expression of Th2
markers (GATA-3) and Th17 (RORC, STAT3) markers was reduced. The co-culture
of CD3*CD56" cells with sunitinib-pretreated mDCs maintained the rising IDO, IFN-y,
T-bet; the lessening of GATA-3 and RORC.

The cytotoxic activity of all treatment conditions of CD3*CD56" cells required
IFN-y

The CD3*CD56* subset that had been exposed to mDC or sunitinib treated mDCs
were examined whether they mediated their anti-tumor cytotoxic action through IFN-
y. The isolated CD3*CD56"* subset from each condition was pretreated with the
neutralizing monoclonal anti-IFN-y (alFN-y) prior to the exposure to the target
HubCCA1 target cells. All studied conditions of CD3*CD56" subset were susceptible
to the suppressive effect of anti-IFN-y (Fig. 6).

Discussion

To our knowledge, the present finding provided the first notion that the CD3*CD56"*
subset of CIK cells was not invariably naturally active. The CD3*CD56* subset could
be polarized toward either Th1 or Th2 phenotype that in turn shapes its anti-tumor
activity. The resting CD3*CD56* subset predominantly expressed Th2 phenotypes,
but shifted to Th1 phenotypes upon the exposure to sunitinib-pretreated DCs. The
induction of Th1 immune response was first observed in T cells isolated from subjects
administered with sunitinib[27]. We investigated further whether the Th1-promoting
action of sunitinib was derived directly from CIK cells or indirectly from mDCs. Our
data revealed the sequential phenotypic changes in DCs after exposure to sunitinib.
Our observation confirmed and expanded the previous report that CD3*CD56* cells
could have their anti-tumor activity expanded after the exposure to mDCs[16] and
sunitinib-pretreated mDCs further enhanced this activity. This enhancement could not
be simply introduced through the direct exposure of CD3*CD56™ cells to sunitinib.

Modulation of DCs and macrophages by sunitinib

Since the improvement in anti-tumor cytotoxicity of CIK cells resulted mainly from the
exposure to sunitinib-pretreated mDCs, we hypothesized that the phenotypic
alterations in DCs from sunitinib might be one of the underlying mechanisms. It was
possible that sunitinib could induce DC maturation that led to the corresponding
enhancement of the anti-tumor cytotoxicity of CIK cells. Using the staining for the DC
maturation markers (CD80, CD83 and CD86), apparently there was no significant
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change in DC maturation in agreement with an earlier study[33]. The expression of
Th1-polarizing cytokines (IL-12, IFN-y and IL-6) was enhanced, whereas the
expression of Th2-polarizing cytokine (IL-13) and the regulatory phenotype (PD-L1,
IDO) were suppressed in sunitinib-treated mDCs. The increasing IL-23 expression in
sunitinib-treated mDCs should foster the conversion of the nearby Treg toward Th17
cells. The sunitinib-treated monocyte-derived macrophages carried lessen DC
maturation markers as well as lessen M1 differentiation markers (CD14 and CD40).
The M2 differentiation was also suppressed as evidenced by the lowering IL-10
expression that might favor anti-tumor action. Taken together, sunitinib shifted mDCs
toward Th1-polarizing phenotype and away from both Th2-polarizing and regulatory
phenotypes.

Sunitinib-pretreated DCs drove CD3*CD56* cells toward Th1 polarization

Following the phenotypic change in sunitinib-treated mDCs, we investigated whether
there were subsequent alterations in the proportion or the phenotypes of the co-
culturing CIK subsets. There was no significant alteration in the proportion of any
subset with any treatment. As opposed to the earlier study[13], we could not observe
the lessening of Treg subset following the co-culture with DCs. The quantitative
change was evaluated through the alteration in the proportion of CD3*CD56* subset
within the whole CIK cell population. The CD3*CD56* subset proportion was not
significantly altered after the exposure to sunitinib-pre-treated mDCs. The functional
change was observed through the monitoring for alterations in Th1/Th2/Th17
phenotypes. The polarization toward Th1 differentiation of the CD3*CD56* subset
was evidenced by the heightening expression of IFN-y and T-bet. The Th2
differentiation were lessened as evidenced by decreasing GATA3 expression. The
alteration in Th1/Th2 phenotypes was in agreement with the observations in DCs. The
Th17 differentiation in CD3*CD56" subset disagreed with the observation in DCs since
RORC expression was decreased while STAT3 expression was not significantly
altered. This observation was not unexpected, since the Treg subset, not the
CD3*CD56* subset, was envisaged to undergo Th17 differentiation[35]. The
heightening antitumor activity in all conditions of CD3*CD56* subset relied heavily on
IFN-y secretion as this anti-tumor action could be reverse with the neutralizing anti-
IFN-y mAb.

Earlier sunitinib study involving mDCs reported the increasing frequency of mDCs in
subjects receiving systemic sunitinib treatment[26] with no deleterious effect toward
their immunostimulatory function. We have characterized the changes in sunitinib-
pretreated mDCs as well as the co-culturing CIK cells regarding to the Th1/Th2/Treg
balance. Our ex vivo observation implied the immunostimulatory action of sunitinib in
addition to the elimination of immunoregulatory cells as reported by others[18,20,21].
Although our studied sunitinib concentration (1 uM) was beyond pharmaceutical
concentration, we did not observe any deleterious effect toward mDCs in agreement
with the earlier study[20]. The employed concentration was well above the
recommended trough plasma concentration (Cmin) at 94 nM[36] and the observed
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maximal plasma concentration (Cmax) at 188 nM[37], signified the application of ex
vivo approach to circumvent systemic adverse reactions[38] in clinical trials. The
future direction for CIK cell-based immunotherapy may aim to raise the Th1 phenotype
of its effectors in addition to neutralizing the immunosuppressive activity in its Treg
subset or in TME.
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Figure 1.

The cytotoxic activity against HubCCA1 cell line after the priming
with sunitinib-pretreated DCs. The CIK cells (A) at 1.0x10° cells/well
from each condition were inoculated with the attached HubCCA1 cells
(5,000 cells/well) for 4 h before the Pl assay. The CIK cell preparations
comprised untreated condition, direct sunitinib treatment, macrophage
pre-inoculation, sunitinib-treated macrophage pre-inoculation, iDC pre-
inoculation, and sunitinib-treated iDC pre-inoculation, mDC pre-
inoculation, and sunitinib-treated mDC pre-inoculation. The isolated
CD3*CD56" cells (B) were studied in similar fashion. These included
untreated CD3*CD56* cells, direct sunitinib treatment, mDC pre-
inoculation, and sunitinib-treated mDC pre-inoculation. * and **
designate data with significant different from those of the untreated CIK
cells at the same E:T ratio with p < 0.05 and <0.01 respectively.

14



Figure 2.

The real-time RT-PCR analysis in macrophages (®), iDC and mDC
after sunitinib exposure. These cells were evaluated for the
expression of IL-12 (A), IFN-y (B), IL-6 (C), IL-13 (D), IL-10 (E), PD-L1
(F), IDO (G), and IL-23 (H). The expression levels of these genes were
normalized with those of their respective untreated mDCs.
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Figure 3.

The FACS analysis for the maturity of macrophages, iDCs, and
mDCs after sunitinib exposure. The markers for the maturity of DCs
(A) are CD80, CD83 and CD86. The macrophage markers (B) are CD14

and CD40. The selected immunosuppressive molecules (C) are IDO
and IL-10.
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Figure 4.

The FACS analysis for the alteration in the proportion of
subpopulations in CIK cells. The studied subpopulations included
CD3*CD56*(A), Th17 (RORC*IL-17*, B) and Treg (CD4*CD25"Foxp3™,
C) subsets. The corresponding dot plot analysis demonstrated the
gating of each subset. The CIK cells were either exposed to sunitinib
directly, primed with mDCs or primed with sunitinib-pretreated DCs.
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Figure 5.

The real-time RT-PCR analysis for the polarization of CD3*CD56"
subset after different treatments. The CD3*CD56* subset that had
been directly exposed to sunitinib or co-cultured with sunitinib-
pretreated mDCs were analyzed for the expression of IFN-y, T-bet, IL-
4, GATA-3, RORC, STATS3, and IDO.
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Figure 6.

The cytotoxic activity of all conditions of CD3*CD56* cells could be
neutralized with alFN-y treatment. The CD3*CD56" cells from each
condition were inoculated with the attached HubCCA1 cells (5,000
cells/well) for 4 h before the Pl assay. These conditions included the
untreated CD3*CD56* cells, alFN-y treatment to CD3*CD56* cells,
CD3*CD56* cells primed with mDC, alFN-y treatment to CD3*CD56*
cells primed with mDC, CD3*CD56* cells primed with sunitinib-
pretreated mDC, and alFN-y treatment to CD3*CD56* cells primed with
sunitinib-pretreated mDC. * designates conditions that provided
statistically difference after alFN-y treatment at the same E:T ratio with
p < 0.05.
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Table 1

The primer pairs for real-time RT-PCR

Genes Oligonucleotides (5* —3’) Size (bp) | Annealing (°C)

GAPDH | Forward: GAAATCCCATCACCATCTTCC 124 60
Reverse: AAATGAGCCCCAGCCTTCTC

PD-L1 Forward: TCAATGCCCCATACAACAAA 120 60
Reverse: TGCTTGTCCAGATGACTTCG

IDO Forward: AGTCCGTGAGTTTGTCCTTTCAA 68 60
Reverse: TTTCACACAGGCGTCATAAGCT

GATA-3 | Forward: ACTACGGAAACTCGGTCAGG 100 60
Reverse: CAGGGTAGGGATCCATGAAG

IFNy Forward: GTGTGGAGACCATCAAGGAAGAC 80 60
Reverse: CAGCTTTTCGAAGTCATCTCGTTT

IL-4 Forward: AACAGCCTCACAGAGCAGAAGAC 101 60
Reverse: GCCCTGCAGAAGGTTTCCTT

IL-6 Forward: GCTGCAGGCACAGAACCA 68 60
Reverse: ACTCCTTAAAGCTGCGCAGAA

IL-10 Forward: CTGGGTTGCCAAGCCTTGT 100 60
Reverse: AGTTCACATGCGCCTTGATG

IL-12 Forward: GCAAAACCCTGACCATCCAA 100 60
Reverse: TGAAGCAGCAGGAGCGAAT

IL-13 Forward: GAGTGTGTTTGTCACCGTTG 253 60
Reverse: TACTCGTTGGTCGAGAGCTG

IL-23 Forward: GCTTACAAACTCGGTGAACAACTG 80 60
Reverse: TCCACTTGCTTTGAGCCTGAT

RORC Forward: CCACAGAGACATCACCGAGCC 114 60
Reverse: GTGGATCCCAGATGACTTGTCC

STAT3 Forward: ACCAAGCGAGGACTGAGCAT 90 58
Reverse: TGTGATCTGACACCCTGAATAATTC

TGF-p Forward: GCGTGCTAATGGTGGAAACC 100 60
Reverse: GCTTCTCGGAGCTCTGATGTGT

T-bet Forward: AGGATTCCGGGAGAACTTTGA 123 60
Reverse: TACTGGTTGGGTAGGAGAGGAGAGTA
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