Chapter 4

Novel Immunotherapy Using Liver-Derived
Natural Killer Cells for Preventing
Hepatocellular Carcinoma Recurrence

in Liver Transplantation

Masahiro Ohira, Seigo Nishida, Andreas G. Tzakis, and Hideki Ohdan

Abstract Tumor recurrence is the main limitation of liver transplantation in
patients with hepatocellular carcinoma (HCC) and can be promoted by immunosup-
pressants. However, no prevention or treatment exists for HCC recurrence after liver
transplantation. Here, we describe an adoptive immunotherapy approach that uses
natural killer (NK) cells derived from both living and deceased donor liver graft
perfusates. Liver NK cells exhibited the vigorous cytotoxicity against hepatoma cell
line after IL-2 stimulation through the tumor necrosis factor (TNF)-related
apoptosis-inducing ligand (TRAIL)-TRAIL receptor pathway. In an in vivo mouse
model, adoptive transfer of TRAIL-expressing liver NK cells inhibited the growth
of liver tumors. Taken together, these findings suggest that we have established a
method of retrieving NK cells from donor liver graft perfusate under current good
manufacturing practice conditions for the treatment of liver transplant recipients
with HCC. Clinical trials of adoptive immunotherapy with liver NK cells have been
conducted in both living and deceased donor liver transplantations.
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4.1 Introduction

Hepatocellular carcinoma (HCC) is one of the most common reasons for liver
transplantation. However, HCC recurrence remains a serious issue after liver trans-
plantation. The use of postoperative immunosuppression in the transplant recipient
poses an additional risk for recurrence and hinders the use of cytotoxic chemother-
apy drugs [1-4]. The major problem for HCC recurrence after liver transplantation
is that no definitive treatment or prevention modalities exist [5, 6].

Natural killer (NK) cell is a major innate immune component and a first-line
defense against invading infectious microbes and neoplastic cells [7]. Functional
impairment and decreased number of NK cells have been observed in HCC and
cirrhotic patients [8—10]. These functional defects in NK cells might be responsible
for the failure of antitumor immune responses after liver transplantation in patients
with HCC. Since the immunosuppressive regimen that is currently used after liver
transplant reduces adaptive immune components but effectively maintains the
innate components of cellular immunity [11-13], augmentation of the NK cell
response may be a promising immunotherapeutic approach [14].

4.2 Immunotherapy Using NK Cells

4.2.1 Characteristics of NK Cells

NK cells can destroy many solid tissue-derived malignant cells through two major
mechanisms that induce target cell apoptosis, granule-dependent killing, and death
receptor stimulation [15]. Granule-dependent killing includes the release of perforin
and granzymes [16], while the death receptor pathway is mostly mediated by
apoptosis-inducing members of the TNF superfamily such as FasL, TNF-a, and
tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) [17, 15].
NK cells can also produce high levels of cytokines including IFN-y, which may play
a role in tumor growth regulation [18].

4.2.2 NK Immunotherapy for Cancers

Adoptive cancer immunotherapy was pioneered by Rosenberg and collaborators
using cytokine-induced killer (CIK) cells including many NK cell-containing popu-
lations [19], but subsequent studies showed that similar antitumor effects could be
achieved with high-dose IL-2 alone [20]. Because of the lack of significant clinical
effects after treatment with autologous NK cells [21, 20], the focus has more
recently shifted toward the potential of allogeneic NK cells in adoptive cell therapy
for cancer treatment [22]. Miller et al. reported successful adoptive immunotherapy
using short-term ex vivo activated haploidentical NK cells in patients with blood
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cancers [13]. In HCC patients, adoptive immunotherapy with cytokine-induced
killer (CIK) cells prolonged the overall survival and time to recurrence in some
clinical trials [23, 24]. There are few clinical trials that examine adoptive immuno-
therapy with liver NK cells for HCC because of the limited availability of sufficient
NK cells from the liver.

4.3 Cytotoxic Potential of Liver-Derived NK Cells

4.3.1 Liver-Derived NK Cells in Mice

NK cells are quite abundant in the liver of mice, in contrast to the relatively small
percentage in peripheral lymphatics [25, 26]. In addition, liver NK cells have been
shown to mediate higher cytotoxic activity against tumor cells than those derived
from the spleen or peripheral blood in rodents [26, 27]. The antitumor activity of
liver NK cells was shown to decrease after partial hepatectomy, suggesting that
immunosuppressed patients are susceptible to HCC recurrence after partial hepatec-
tomy or liver transplantation [28-30]. We recently tested this hypothesis using a
mouse model [14]. CD69 and TRAIL expression levels on liver NK cells were tem-
porarily downregulated after extended partial hepatectomy (Fig. 4.1). The adoptive
transfer of NK cells, including those expressing TRAIL, extracted from the liver
perfusate of poly I:C-stimulated C57BL/6 (B6) mice inhibited the growth of liver
metastasis in B6 or BoxBALB/c F1 (B6CF1) mice that had undergone hepatectomy
and received intraportal Hepa 1-6 injection (Fig. 4.2). These findings suggest that
adoptive immunotherapy using activated NK cells extracted from normal liver
perfusate may be a novel technique for reconstituting the livers of living donor liver
transplant recipients with HCC that are immunosuppressed.
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Fig. 4.1 The kinetics of TRAIL expression on liver NK cells after hepatectomy. (a) The numbers
presented are means+SEM of the TRAIL-positive cell population in NK cell subsets. *p<0.01 for day
3, day 7, and day 14 compared to the control. (b) The numbers indicate the mean fluorescence intensity
of cells that stained positive for TRAIL. *p<0.01 for day 1 and day 3 compared to the control
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Fig. 4.2 The adoptive transfer of activated liver NK cells inhibited the growth of liver metastasis
induced by a portal venous injection of hepatoma cells in extensively hepatectomized mice.
(a) Representative histopathological findings of the liver specimen. Specimens from the untreated
(left), partially hepatectomized (PHx; middle), and NK cell-receiving groups that were inoculated
after partial hepatectomy (right). The adoptive transfer of activated B6 liver NK cells inhibited the
growth of liver metastasis induced by a portal venous injection of hepatoma cells (Hepa 1-6;
5% 10° cells) in extensively hepatectomized B6 mice (b) and B6CF1 mice (c)

4.3.2 Liver NK Cells in Human

Differences between liver and peripheral blood NK cells have not been extensively
investigated in human because of the limited availability of appropriate human
samples. We have recently determined the phenotypic and functional properties of
NK cells extracted from donor and recipient liver perfusate in clinical living donor
liver transplantation [10]. Donor liver NK cells exhibited the most vigorous cyto-
toxicity against a hepatocellular carcinoma cell line after in vitro IL-2 stimulation,
compared to the activities of donor and recipient peripheral blood NK cells and
recipient liver NK cells (Fig. 4.3). IL-2 stimulation increased TRAIL expression,
which has been shown to be critical for NK cell-mediated antitumor cell killing
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Fig. 4.3 1L-2-stimulated donor liver NK cells show vigorous cytotoxicity against HepG?2 cells.
NK cytotoxic activities of indicated effectors against indicated target cells were analyzed by *'Cr
release assay. (a) NK cytotoxic activities of IL-2-stimulated liver mononuclear cell (LMNC) and
peripheral blood mononuclear cell (PBMC) populations that were cultivated for 4 days in the
presence of IL-2 before the cytotoxic assay. Percentages of CD3-CD56* NK cells in LMNC or
PBMC fractions obtained from 4 adult healthy donors and 4 corresponding recipients with cirrho-
sis are shown in the upper right corner (means+SEM). (b) NK cytotoxic activities of NK and
non-NK cells isolated from IL-2-stimulated donor LMNC and PBMC populations against HepG2
target cells

without affecting normal cells, on liver NK cells (Fig. 4.4) [31, 32]. In addition, we
have confirmed that death-inducing TRAIL receptors, TRAIL-R1/death receptor
(DR) 4, and TRAIL-R2/DRS5, which contain cytoplasmic death domains and signal
apoptosis, are expressed in HCC [33, 34]. These findings suggest a novel concept to
prevent recurrence of HCC after liver transplantation, the adoptive transfer of IL-2-
stimulated NK cells extracted from donor liver graft into recipients.
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Fig. 4.4 Liver NK cells inductively express remarkable levels of TRAIL, but peripheral blood NK
cells do not. Freshly isolated LMNC and PBMC fractions obtained from healthy donors and
corresponding recipients cultivated with of without IL-2 were stained with CD3 and CD56 mono-
clonal antibodies (MAb) together with TRAIL MAb. (a) Representative histograms show the log
fluorescence intensities obtained upon staining for TRAIL after gating on the CD3-CD56* NK
cells subsets of healthy donors. Dotted lines represent negative control staining with isotype-
matched MAbs. The numbers indicate the percentages of cells in each group that were positive for
TRAIL expression. (b) The numbers indicate the mean fluorescence intensity (MFI) of cells in
each group that stained positively for TRAIL on freshly isolated NK cells cultivated with/without
IL-2 (LMNC;opencolumn, PBMC; closed column). The dataare presented asmeans + SEM. Statistical
analyses were performed using ANOVA (*p<0.05)

4.4 Clinical-Scale Isolation of Liver NK Cells from Donor
Liver Graft

In order to apply this NK cell immunotherapy to cases of deceased donor liver
transplantation, we demonstrated for the first time the phenotypical and functional
properties of liver NK cells that were extracted from a deceased donor liver graft
perfusate under current good manufacturing practice conditions (cGMP) [35]. First,
a large number of NK and NKT cells were verified among liver mononuclear cells,
with both subsets possessing characteristics different from those of peripheral blood
mononuclear cells. Second, in vitro stimulation with IL-2 induced liver NK cells to
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strongly upregulate activation markers, cytotoxicity, and cytokine production while
maintaining the expression of inhibitory receptors. These results were compatible
with those for a living donor liver graft perfusate [10]. Finally, we confirmed that the
final product met the lot release criteria and contained a low T-cell number, thereby
reducing the possibility of graft versus host disease (GVHD) in a recipient.

4.4.1 Protocol of NK Isolation

At the time of donor operation, the graft liver was placed in a bag and perfused
through the portal vein with 2 L of University of Wisconsin cold storage solution
(UW solution) and crystalloids. This perfusate was collected from the hepatic vein
and retrieved in our cGMP cell processing facility. Since the UW solution has a high
viscosity [36], the perfusate was centrifuged at 2800 x g for 30 min at 4 °C to ensure
adequate centrifugation. The cell pellet was then subjected to a Ficoll-Hypaque
density gradient centrifugation to separate mononuclear cells. Liver mononuclear
cells were cultured with human recombinant IL-2 in complete medium at 37 °C in
atmosphere supplemented with 5 % CO, for 3-5 days. Anti-CD3 monoclonal
antibody was added to the culture medium in order to deplete the CD3* fraction 1
day prior to cell harvesting. On the day of infusion, the cells were washed twice
with 0.9 % sodium chloride and resuspended in 5 % human serum albumin for
injection. Testing for lot release included cell counts, viability assessment, Gram
stain, and endotoxin analysis (Fig. 4.5).
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Fig. 4.5 Schematic outline of adoptive immunotherapy with lymphocytes extracted from liver
allograft perfusate
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4.5 Clinical Trials for Living and Deceased Donor Liver
Transplantation

On the basis of these results, we started a clinical trial of adjuvant immunotherapy
with activated donor liver NK cells for preventing the recurrence of HCC after liv-
ing donor liver transplantation in 2006. The lymphocytes in the peripheral blood of
liver transplant recipients who received immunotherapy in the early postoperative
period showed significantly enhanced cytotoxicity against an HCC cell line
(HepG2), compared with those in the peripheral blood of liver transplant recipients
who did not receive the therapy in the same period (Fig. 4.6a). Correspondingly, the
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Fig. 4.6 Adoptive immunotherapy with activated donor liver NK cells promoted the cytotoxic
activity and TRAIL expression of NK cells in liver transplant recipients. (a) The NK-mediated
cytotoxic activities of the indicated effectors against their target cells were analyzed by >'Cr-release
assay. The dot plot represents the NK cytotoxic activities of freshly isolated peripheral blood lym-
phocytes obtained from recipients who received immunotherapy (+) and did not receive immuno-
therapy (—) against HepG2 target cells (effector/target ratio, 40:1) 3 and 7 days after liver
transplantation. NK cytotoxic activities are presented as a proportion (percentage) of the preopera-
tive cytotoxicity in each patient. Horizontal lines indicate the mean.*p <0.05 for day 7 compared
to day 3. (b) The frequency of TRAIL*NK cells increased remarkably in the peripheral blood of
liver transplant recipients who received immunotherapy. *p=0.013 for the immunotherapy group
compared to the untreated group on postoperative day 7. (¢) Correlation between TRAIL*NK cell
ratio and NK cytolytic activity after liver transplantation (Spearman rank-order correlation coeffi-
cient r=0.54, p=0.01)
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proportions of TRAIL* NK cells in the peripheral blood of liver transplant recipient
who received immunotherapy also significantly increased (Fig. 4.6b). Although the
long-term benefits of this approach with regard to HCC recurrence after liver trans-
plantation remain to be elucidated, there were no severe adverse events including
GVHD, thus far. With the collaboration of Professors A. Tzakis and S. Nishida at
the University of Miami, FL, we successfully performed a phase I study of adoptive
immunotherapy using liver NK cells for deceased donor liver transplant recipients
with HCC (ClinicalTrials.gov identifier: NCT01147380) beginning in 2009. Both
clinical studies are under evaluation and these results will be published soon.
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