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Abstract. Background: Insufficient future liver remnant
volume (FLRV) is the main cause of low resectability of liver
metastases from colorectal cancer (CLMs). One option for
enhancing FLVR growth is the use of portal vein embolisation
(PVE) with the application of autologous haematopoietic stem
cells (HSCs). Patients and Methods: PVE with the application
of HSCs was used in 11 patients (group 1) with primarily non-
resectable CLMs due to insufficient FLRV without signs of
extrahepatic metastases. The control group (group 2) consisted
of 14 patients in whom only PVE was performed. We evaluated
the product quality, FLRV growth, CLM volume, median
survival and progression-free survival (PFS). Results: Product
quality was achieved in all collections. In all group-I patients,
sufficient FLRV growth occurred within three weeks. In the
first and second weeks, FLRV increased optimally in most
patients (p<0.006). In 13 out of the 14 group-2 patients,
optimum FLVR growth was observed within three weeks
following PVE (p<0.002). More rapid FLVR growth was
observed in group 1 patients (p<0.01). CLM volume was
significantly increased in both the group-2 (p<0.0005) and
group-1 (p<0.008) patients at the time of liver resection. There
was no significant difference in the growth of the CLM volume
between the groups (p<0.18). The median survival was 7.3
and 6.8 months for group 1 and 2 patients, respectively, and
the two-year PFS was 28% and 22% (p<0.18), respectively.
Conclusion: PVE with HSC application is a promising method
for effectively stimulating FLRV growth in patients with
primarily non-resectable CLMs.
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Tissue regeneration using stem cells has become a recent trend in
medicine and is currently used as a therapy employed by a wide
range of clinical specialties (1, 2). Stem cells acquired from the
bone marrow or stimulated peripheral blood are considered an
appropriate source of cells for regenerative medicine given their
relatively easy availability in sufficient amounts (3).

Colorectal liver metastases (CLMs) are quite frequent in
the setting of colon carcinoma. Approximately 25% of
patients with colorectal carcinoma have synchronous CLMs
at the time of diagnosis, and 60% exhibit metachronous
CLMs. CLMs develop over varying periods after surgery for
the primary tumor. Multimodal treatment procedures, the
basis of which is the surgical resection of CLMs, offer a 5-
year survival rate of between 25% and 74%. Nevertheless,
only 15-20% of patients have primarily resectable CLMs. The
remaining patients have no chance of successful radical
resection for various reasons; insufficient future liver remnant
volume (FLRV) plays a crucial role in this condition (4, 5).

One of the possibilities for increasing the FLRV volume
is portal vein embolisation (PVE). Once the volume of the
contralateral liver lobe increases, curative liver resection can
be performed. Nevertheless, in some patients, the increase in
FLRV is very low and only lasts for four to eight weeks;
therefore, there is a risk of further progression of the
malignity in the liver parenchyma or associated lymph nodes.
A specific possibility for increasing the regeneration rate of
the liver parenchyma is the use of the regenerative and
differentiation capacity of stem cells combined with PVE.
The aim of our report is to present the first data on the use of
PVE with the application of haematopoietic stem cells
(HSCs) in patients with primarily non-resectable CLMs.

Patients and Methods

We used the PVE method with the application of HSCs for the first
time in September 2010 after approval by the Ethics Committee of the
University Hospital in Pilsen (No. 25/2010). By March 2014, we had
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performed the procedure in 11 patients with primarily non-resectable
CLMs (group 1). The patients included nine men and two women with
an average age of 62.1 (range=51-75) years. The study included
patients with primarily non-resectable CLMs due to insufficient FLRV
and no evidence of extrahepatic spreading of the tumor based on
ultrasonography (USG), computed tomography (CT), positron-
emission CT (PET-CT), or magnetic resonance imaging (MRI).

We determined that an insufficient FLRV was a volume less than
30% of the total volume of the healthy hepatic tissue. For patients
whose liver parenchyma was damaged by the primary disease (e.g.
steatosis and cirrhosis), or who underwent chemotherapy/biological
treatment, we considered an insufficient FLRV to be a volume less
than 40% of the total liver volume. We performed liver volumetry at
study entry for the determination of FLRV (Somatom Definition;
Siemens, Munich, Germany). The average baseline FLRV was
30.5% (range=21.4-38.6%). We evaluated the function of the liver
parenchyma according to clinical and laboratory parameters and
using an indocyanine green retention test (Limon; Pulsion Medical
Systems AG, Eschborn, Germany). All patients were thoroughly
informed about the proposed treatment procedure with warnings
about any potential risks (in particular, progression of the tumour)
and provided their written informed consent. The indication for the
operation was determined by a multi-disciplinary team.

Briefly, the procedure methodology was as follows. HSCs were
obtained via the apheresis method from peripheral blood. We achieved
the stimulation of the HSCs in the bone marrow and their release into
the peripheral blood using granulocyte-colony stimulating factor
(filgrastim; Neupogen, Amgen Europe B.V., Breda, the Netherlands)
at a dosage of 10 pg/kg/day applied subcutaneously in one daily dose
for four days. From day 4 after the application of filgrastim, the stem
cells circulating in the peripheral blood were monitored [detected with
flow cytometry as cluster of differentiation 34+ (CD34+) cells. On day
5 after the mobilisation, leukapheresis was performed using a dialysis
catheter introduced into the femoral vein and connected to a Cobe
Spectra continuous blood cell separator (Termo BCT, Lakewood, CO,
USA) using a programme that was specific for mononuclear
leukocytes (The MNC Programme, software version 6.1, Retain
International, London, UK). Approximately two volumes of the
patient’s blood were processed, and an anti-coagulant solution based
on citrate and citric acid (ACD-A; Baxter, Deerfield, IL, USA) was
used at a ratio of 1:12-1:14 to whole blood. For the prevention of
citrate toxicity, all patients underwent calcium supplementation to
ensure that the calcium levels were within normal limits (in fractions
for a total dose of 10-20 ml CaCl,). The obtained product was
analysed in the laboratory, and the basic quality parameters were
specified: volume; concentration and absolute white blood cell count,
CD34+ and CD 133+ cell counts; erythrocyte and thrombocyte counts;
viability of CD34+ and CD 133+ cells; and sterility. The minimum
requirement for the number of stem cells in the product was >1x107
CD34+ in the total volume of 200 ml of the product. Samples for the
determination of all tests were taken within a closed system. Before
the mobilisation, all patients were also examined to eliminate blood-
borne diseases (e.g. Acquired Immune Deficiency Syndrome, hepatitis
B and C, and syphilis). The product was not further handled, and it
was stored until the next day at 2-8°C with continuous monitoring of
the storage conditions. The following day, the product was transported
from the laboratory to the operating room for use in the procedure.

The day before leukapheresis, we performed PVE transparietally
using a mixture of Histoacryl (Braun, Melsungen AG, Germany)
and Lipiodol (Cedex, Liege, France) at a 1:10 ratio. The day after
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Table 1. Product quality parameters.

Product parameter Median (range)

Volume 116 (103-142) ml
WBC 300 (106-501) x109/1
PLT 1,907 (1,404-2.459) x109/1

CD34+ 0.27% (0.08-0.61%)
CD34+ 10.97 (2.96-23.30) x107*
CD133+ 0.19% (0.03-0.50%)

5.83 (1.19-19.10) x107*

WBC: White blood cells; PLT: platelets; CD: cluster of differentiation;
*In total preparation.

the leukapheresis, under general anaesthesia, we created an incision
in the right hypogastrium, introduced a catheter via the vena
ileocolica into the contralateral branch of the portal vein and applied
the obtained HSC product. We monitored growth in the contralateral
liver lobe using CT liver volumetry at weekly intervals after the
PVE HSC procedure.

The control group comprised 14 patients who underwent PVE
only within the same time interval based on the same indication
criteria, i.e. with primarily non-resectable CLMs (group 2). This
group included 10 men and four women with an average age of 60.1
(range=46-74) years.

Statistical analysis was performed using SW SAS 9.4 software
(SAS Institute Inc.,Cary, USA).The primary endpoint was the rate of
FLRV growth, the secondary endpoint was the CLMs volume
growth.

Results

The HSCs were extracted and applied without complications,
as planned for all 11 patients. Following leukapheresis, mild
citrate toxicity occurred in some patients; 10 It of blood was
processed (6-12 1) with an extraction duration of 138 min
(129-154 min). The required HSC dose was achieved in 100 %
of the collections. The product quality parameters are
summarised in Table I.

PVE was performed in both groups of patients without
complications. The average total volume of liver (TLV) and
FLRYV in group 1 before the procedure was 1698.8+381.0
and 533.3+186.1 cm?, respectively. The average volume of
CLMs before the procedure was 86.6+128.6 cm’. The
average TLV and FLRV in group 2 before the procedure was
1892.0+509.1 cm? and 559.1+191.3 cm?, respectively. The
average volume of CLMs before the procedure was
112.9£150 cm?.

In all 11 (100%) patients of group 1, the required FLRV
growth was achieved within three weeks after the procedure;
however, the optimum FLRV growth was achieved in most
patients by week 1 or 2 (p<0.006) (Figure 1).

We were able to perform liver resection in 8 of the group-
1 patients (four right hepatectomies and four extended right
hepatectomies). The procedure could not be performed in
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Figure 1. Future liver remnant volume (FLRV) growth after portal vein
embolization with hematopoietic stem cells application.

three patients; in two patients, CLM progression occurred,
and in one patient, despite a sufficient increase in FLRYV,
resection was not possible due to the presence of severe
intra-abdominal adhesions following previous surgeries. In
these patients, adjuvant oncological treatment was continued.

In 13 out of the group-2 patients, sufficient FLRV growth
was achieved within three weeks after PVE (p<0.002); none
of the group-2 patients had optimum growth in the first two
weeks after the procedure (Figure 2).

We performed liver resection in seven of the group-2
patients (two right hepatectomies, for extended right
hepatectomies, and one right hepatectomy combined with
radiofrequency ablation). The planned surgery was not
performed in seven patients (50%). Six patiens experienced
dissemination of their underlying disease despite sufficient
FLRV growth; in one patient, sufficient FLRV growth had
not occured even eight weeks after the procedure.

By comparing the two groups of patients, faster FLRV growth
was observed in the group 1 patients (p<0.01) (Figures 3).

The CLM volume in groups 1 and 2 had increased
significantly at the time of the indication for hepatectomy
compared with the baseline values (p<0.0005 and (p<0.008,
respectively). A comparison of both groups of patients
revealed that there was no significant difference in the
growth of the CLM volume (p<0.18) (Figures 4, 5 and 6).

The median survival time was 7.3 and 6.8 months in group
1 and 2 patients, respectively. In addition, the two-year
progression-free survival was 28% and 22%, respectively.

Figure 2. Rate of future liver remnant volume (FLRV) growth after
portal vein embolization.

Discussion

The expected incidence of colorectal carcinoma in the USA
was 42.5/100,000 inhabitants in 2013. In the same year, the
expected occurrence of new cases of this disease was
estimated to be 140,000. If we assume the occurrence of
CLMs in more than 80% of patients with colorectal
carcinoma, the total number of patients with CLMs is also
highly significant. Unfortunately, despite diagnostic and
treatment advancements, CLMs can be surgically resolved in
only approximately one-fourth of all patients (6, 7).

One of the main causes of non-resectability of CLMs is a
low FLRV. Generally, we recommend that at least 30%
healthy tissues should be preserved after resection. In
patients with primary liver disease or in patients after
previous chemotherapy or a combination of chemotherapy
with biological treatment, we require preservation of at least
40%. In these patients, it is preferable not to rely on the
determination of the residual volume of the liver alone;
functional examination of the liver should also be performed,
particularly before a large liver resection (of more than three
liver segments) (8).

Currently, there are a few ways to achieve FLRV growth,
including the so-called stage procedures that use a range of
techniques to achieve an increase in the healthy liver tissue
volume on one hand and methods for reducing CLM volume
on the other. The former methods include PVE with
subsequent liver resection and repeated resections, often in
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Figure 3. Rate of future remnant liver volume (FLRV) growth in both
patient groups.

combination with thermoablation methods and recently
developed ALLPS procedure (associating liver partition with
portal vein ligation for staged hepatectomy). Chemo-biological
oncological neoadjuvant therapy uses downsizing of the CLMs
with the option for subsequent liver resection (9-13).

Our Department has been using the PVE method for long-
term increases in FLRV. In total, we have resolved this issue
in 52 patients and were able to perform a major (more than
three liver segments) liver resection in 70% of the patients.
PVE was first implemented by Makuuchi et al. in 1982
during the successful treatment of hilar cholangiocellular
carcinoma (14). Since then, there have been several reports
(15-18) addressing the efficacy of PVE in staging procedures
for primarily non-resectable liver tumors. The principle of
PVE is based on increasing the flow-rate of portal blood in a
non-embolised liver lobe. The arterial liver blood flow is also
increased as a compensatory mechanism, creating the so-
called hepatic arterial buffer response. The complex process
of atrophy-hypertrophy develops. PVE results in increased
proliferation of hepatocytes in the contralateral lobe
supported in particular by the entire range of cytokines (19),
including growth factors, the production of which is
increased with PVE.

The major problem with PVE is insufficient FLRV
growth, which may occur in diabetics, as a consequence of
the re-canalisation of the embolised branch of the vena
portae and in the hepatic parenchyma damaged, e.g., by
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Figure 4. The final FLRV in both patient groups.

previous oncological treatment. In most cases, however, the
cause is unknown (20, 21). FLRV regeneration following
PVE occurs normally within an interval of four to eight
weeks and is associated with an increased risk of growth of
micrometastases in the liver. Kokudo et al. demonstrated an
increased proliferative activity of CLMs based on an increase
in the Ki-67 index in CLMs following PVE (22). A similar
finding was described by Hayashi et al. (23) when measuring
the growth in a primary liver tumor following PVE. They
determined a significant growth in tumor volume after PVE
compared with the condition before PVE (2.37 cm3/day
compared with 0.59 cm?’/day).

Given the somewhat casuistic information in previous
publications (24-26), we decided to implement the method
in clinical practice based on our very positive experience
with the application of autologous stem cells in an
experiment with piglets (27, 28). The reason for choosing to
implement the method was extensive experience with the
collection and use of autologous stem cells in the treatment
of patients with lymphoproliferative disorders.

Stem cells have been identified in a variety of organs and
play a critical role in tissue maintenance and repair. The
hepatic parenchyma is able to ensure its own self-
regeneration to an extent using its own hepatocytes. Adult
hepatocytes exhibit a very low level of cell turnover;
however, they possess the ability to proliferate in response
to liver damage. However, as soon as this ability is
insufficient, differentiation of the so-called hepatic
progenitor cells is warranted; these cells are localised in the
area of the canals of Hering — oval cells that are able to
differentiate into mature hepatocytes and bile duct cells (29).
Nevertheless, their regenerative capacity is not substantial,
and only 0.15% of all new hepatocytes are developed at the
time of liver regeneration (30-33). The ability for liver
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Figure 5. Growth of colorectal liver metastases (CLM) volume in the
embolised liver lobe in both patient groups.

regeneration fails in some liver diseases and during injury to
the liver parenchyma by previous chemotherapy.

Bone marrow or blood-derived stem cells are a potential
cell source that can support liver regeneration (34). The bone
marrow contains two distinct stem cell populations: HSCs and
mesenchymal (MSCs) cells. Both these types contribute to the
regeneration of hepatic tissue. Damage to the liver results in
the mobilisation of HSCs (or possibly also MSCs), which may
occur via blood flow to the liver. Their transdifferentiation into
hepatocytes is a rare event (35). Only very small numbers of
transdifferentiated cells are detected in the injured liver. If the
reparative process has already started in the liver, HSCs may
provide support for endogenous stem cell-mediated repair of
the liver. The secretion of various cytokines, suppression of
the immune reaction, increase in angiogenesis, inhibition of
apoptosis and enhancement of tissue proliferation are some of
the mechanisms of regeneration stimulation mediated by bone
marrow stem cells (36).

In our study, we verified that a combination of PVE with
HSC application is safe for patients, without any immediate
side-effects. In those patients, there was significantly faster
FLRV growth compared to the group of patients treated with
PVE only. Therefore, it was was possible to perform radical
liver resection sooner. This combined treatment most likely
also had an effect on the CLM volume growth and
occurrence of new CLMs in both the embolized and non-
embolized parts of the liver parenchyma; the CLM volume
growth was higher in patients following PVE, which required
a longer time for optimum FLRV growth.

Within the scope of this study, the problem of an increase
in the CLM volume in the embolized part of the liver
parenchyma after both PVE and PVE with HSC application
needs to be discussed. This issue is associated with the
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Figure 6. Colorectal liver metastases (CLM) volume in both patient
groups at week 0 and at time of surgery.

unresolved problem of the possible risk of the proliferation
of non-detectable micrometastases, not only in the liver but
throughout the body, related to the method used for FLRV
stimulation. As apparent in our population of patients, the
stimulation of tumor growth occurred particularly in patients
post-PVE. Therefore, some protective effect of HSCs against
the development of metastases in the liver is hypothetically
possible. Nevertheless, the progression of CLMs was also
observed in the group of patients that underwent HSC
application. The tumour tissue contains a large number of
stimulating substances (e.g., growth factors, matrix
metalloproteinases, and cytokines), which may lead to the
migration of HSCs to the tumour tissue, where they may
subsequently stimulate the growth and spread of the tumour.
The mechanism of the interaction of stem cells with tumour
cells is not yet precisely known. There is most likely
stimulation of neoangiogenesis with immunosuppression and
apoptosis inhibition (37-39). A probable mechanism that
supports the growth of metastases in the liver is the
differentiation of mesenchymal cells in the tumour into the
so-called carcinoma-associated fibroblast-like cells, which
then support tumour growth. Tumor growth may also be
supported by the regenerative mechanisms of the hepatic
tissue post-PVE when the whole range of growth factors,
matrix metalloproteinases and cytokines develops in the
liver, which may stimulate and concurrently enable
proliferation of the tumour tissue (40). Most likely, the
arterial buffer response after PVE also plays an important
role in tumour development. The possibility of the
differentiation of autologous stem cells into tumour cells
under the metastatic environment remains an unresolved
issue. The mechanism of CLM progression is unclear, and
obviously, evaluating a number of clinical and laboratory
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parameters in a large number of patients will be necessary to
determine the risk of tumor progression after the PVE alone
and in combination with HSC application.

We are aware that our study has several fundamental
limitations. Above all, it contains a low number of patients
and a short duration of monitoring. Another limitation is that
an optimum method for the detection of HSCs in the liver
tissue parenchyma has not yet been developed. In addition,
the above-mentioned possibility of the stimulation of
carcinogenesis in the liver parenchyma in connection with
this method remains an unresolved issue.

Nevertheless, despite the aforementioned limiting factors,
we assume that the PVE method combined with HSC
application has potential for patients with primarily non-
resectable CLMs. The mobilisation, collection and
subsequent application of HSCs are well tolerated and are
not associated with major complications. To finally confirm
the method as a treatment option, a larger population of
patients will be needed, optimally in multicentre studies, as
well as for longer monitoring durations.
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