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1. Abstrakt

1.1 Abstract (english)

Introduction

Primary human hepatocytes serve as an in vitro-model for toxicity studies and in research of
hepatic diseases. Moreover, they are used clinically, for example in hepatocyte transplantation
in patients with inborn enzyme deficiency like the Crigler-Najjar-syndrome. With new
approaches in tissue engineering, primary hepatocytes could be applied in creating neo-
organs easing the lack of donor organs. Liver tissue obtained from partial hepatectomy is a
common source for isolation of primary human hepatocytes. Until now, liver resections were
most commonly performed by conventional open surgery. Although the laparoscopic approach
is currently emerging in liver surgery, data on the outcome of hepatocyte isolation from

laparoscopically resected liver tissue are not available.

Methods

A total of 22 hepatocyte isolations were performed using the two-step collagenase perfusion
technique from October 2015 to March 2016. Liver tissue was obtained from n = 15 open liver
resections (OLRs) and n = 7 laparoscopic liver resections (LLRs). Isolation parameters (cell
yield, viability, and Percoll survival) were assessed and hepatocyte function (plating efficiency,
urea, albumin, and aspartate aminotransferase) was measured over a culture period of 6 days
(OLR: n =13; LLR: n = 3).

Results

Total cell yield (OLR: 36.81 + 6.77 x10° cells/g vs. LLR 16.84 + 10.66 x10° cells/g, p = 0.0318)
as well as viable yield (OLR 31.70 + 6.05 x10° cells/g vs. LLR 14.70 + 9.89 x10° cells/g, p =
0.0260) was significantly higher in the OLR group. Subgroup analysis revealed that the worse
outcome of isolation of laparoscopically resected liver tissue was associated with right-lateral
LLRs, whereas hepatocyte isolation from left-lateral LLRs was as effective as from open
surgery. Hepatocyte function (i.e. plating efficiency, albumin-production, and enzyme activity)
did not differ between hepatocytes from openly resected versus left-lateral laparoscopically

resected liver tissue.

Discussion

We here present the first data on hepatocyte isolation from laparoscopic liver surgery. Although
the overall outcome is worse compared with open surgery, our data suggest that liver tissue
from laparoscopic resection of the left lobe is an excellent source for primary human

hepatocytes. The worse outcome of the laparoscopically resected right-lateral liver segments



might be due to the prolonged resection phase during the surgery and the resulting longer

warm ischaemic time in the tissue.

Modified version of: Horner R*, Kluge M*, Gassner J, Nosser M, Major RD, Reutzel-Selke A, Leder
AK, Struecker B, Morgul MH, Pratschke J, Sauer IM, Raschzok N. Hepatocyte Isolation After
Laparoscopic Liver Resection. Tissue Engineering Part C Methods. 2016; 22(9): 839-846.

* poth authors contributed equally to this work

1.2 Abstrakt (deutsch)

Einfihrung

Primdre humane Hepatozyten dienen als in vitro-Modelle fir pharmakologische
Untersuchungen und zum besseren Verstandnis hepatischer Erkrankungen. Auch klinisch
werden sie bereits erfolgreich eingesetzt, beispielsweise im Zuge einer Hepatozyten-
Transplantation bei Neugeborenen mit angeborenen Enzymdefekten wie dem Crigler-Najjar-
Syndrom. Im Bereich des Tissue Engineering kdnnten mit Hilfe von Hepatozyten kiinstliche
Organe erzeugt werden, die das Problem des Mangels an Spenderorganen lIdsen machen
wurden. Primare humane Hepatozyten werden am haufigsten aus Gewebe gewonnen, das im
Rahmen einer therapeutischen Leberteilresektion entfernt wurde. Bisher wurden
Leberresektionen meistens konventionell offen durchgefiihrt. Obwohl der laparoskopische
Zugang in der Leberchirurgie immer mehr an Bedeutung gewinnt, sind derzeit keine Daten
Uber das Ergebnis nach Isolierung humaner Hepatozyten-lsolierung aus laparoskopisch

reseziertem Gewebe verfligbar.

Methoden

Im Zeitraum zwischen Oktober 2015 und Marz 2016 wurden mittels eines zweifstufigen
Perfusionsverfahren mit Collagenase insgesamt 22 Hepatozyten-Isolierungen durchgefihrt.
Dabei wurde humanes Lebergewebe von n=15 offenen (OLRs) und n=7 laparoskopischen
(LLRs) Operationen verwendet. Im weiteren Versuchsaufbau wurden Parameter des
Isolierungsprozesses (Zellausbeute, Viabilitat und Percoll-Uberlebensrate) bestimmt sowie
Hepatozyten-Funktionsparameter (Plattierungseffizienz, Harnstoff-, Albuminstoffwechsel,
Aspartat-Aminotransferase und Gesamtproteingehalt) Uber eine Kulturdauer von 6 Tagen
gemessen (OLR: n=13, LLR n=3).



Ergebnisse

Sowohl die Gesamtzellausbeute (OLR: 36,81 + 6,77 x10° Zellen/g Lebergewebe vs. LLR 16,84
+ 10,66 x10° Zellen/g, p = 0.0318), als auch die Ausbeute der viablen Zellen (OLR 31,70 *
6,05 x10° Zellen/g vs. LLR 14,70 + 9,89 x10° Zellen/g, p = 0.0260) waren signifikant héher in
der OLR-Gruppe. In der Subgruppenanalyse zeigte sich jedoch, dass das schlechtere
Ergebnis der lIsolierung aus LLRs mit rechts-lateralen Leber-Resektionen assoziiert war,
wohingegen die Isolierung aus laparoskopisch resezierten linkslateralen Lebergewebe gleich
effektiv. war wie nach offener Resektion. Die Funktion (Plattierungseffizienz, Albumin-,
Harnstoffproduktion und Enzymaktivitat) der Hepatozyten tber die Zeitspanne der Kulturdauer

unterschied sich nicht zwischen den Zellen aus OLR und links-LLR.

Diskussion

Wir zeigen in dieser Studie erste Daten zur primaren humanen Hepatozyten-Isolierung aus
laparoskopisch reseziertem Lebergewebe. Trotz der insgesamt schlechteren Ausbeute nach
Isolierung aus laparoskopisch gewonnenen Lebergewebe im Vergleich zur offenen Operation,
zeigen unsere Ergebnisse, dass nach laparoskopischer Linksresektion eine erfolgreiche
Leberzellisolierung moglich ist. Der Grund dafir koénnte die langere parenchymale
Resektionsphase und die damit einhergehende, langere warme Ischdmiezeit des Gewebes

bei rechtsseitigen laparoskopsichen Leberoperationen sein.

Ubersetzt und modifiziert aus: Horner R*, Kluge M*, Gassner J, Nésser M, Major RD, Reutzel-Selke
A, Leder AK, Struecker B, Morgul MH, Pratschke J, Sauer IM, Raschzok N. Hepatocyte Isolation After
Laparoscopic Liver Resection. Tissue Engineering Part C Methods. 2016; 22(9): 839-846.

* geteilte Erstautorenschaft
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Beitraq im Einzelnen:

Versuche:

Samtliche 22 Hepatozyten-Isolierungen wurden in einem 3-4 stlindigen Prozess von Rosa
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Hepatocyte Isolation After Laparoscopic Liver Resection

Rosa Horner!™ Martin Kluge!" Joseph Gassner, Maximilian Nésser] Rebeka Dalma Major,
Anja Reutzel-Selke! Annekatrin K. Leder! Benjamin Struecker, MD; Mehmet H. Morgul, MD!
Johann Pratschke, MD, PhD, FACS! Igor M. Sauer, MD] and Nathanael Raschzok, MD'*?

Liver tissue obtained from partial hepatectomy is a common source for isolation of primary human hepatocytes.
Until now, liver resections were most commonly performed by conventional open surgery. Although the lapa-
roscopic approach is currently emerging in liver surgery, data on the outcome of hepatocyte isolation from
laparoscopically resected liver tissue are not available. A total of 22 hepatocyte isolations were performed using
the two-step collagenase perfusion technique from October 2015 to March 2016. Liver tissue was obtained from
n=15 open liver resections (OLRs) and n=7 laparoscopic liver resections (LLRs). Isolation parameters (cell
yield, viability, and Percoll survival) were assessed and hepatocyte function (plating efficiency, urea, albu-
min, and aspartate aminotransferase) was measured over a culture period of 6 days (OLR: n=13; LLR: n=3).
Total cell yield (OLR: 36.81+6.77 x 10° cells/g vs. LLR 16.84+10.66x 10° cells/g, p=0.0318) as well as
viable yield (OLR 31.70+6.05x 10° cells/g vs. LLR 14.70+9.89 x 10° cells/g, p=0.0260) was significantly
higher in the OLR group. Subgroup analysis revealed that the worse outcome of isolation of laparoscopically
resected liver tissue was associated with right-lateral LLRs, whereas hepatocyte isolation from left-lateral
LLRs was as effective as from open surgery. Hepatocyte function did not differ between hepatocytes from
openly resected versus left-lateral laparoscopically resected liver tissue. We here present the first data on
hepatocyte isolation from laparoscopic liver surgery. Although the overall outcome is worse compared with
open surgery, our data suggest that liver tissue from laparoscopic resection of the left lobe is an excellent
source for primary human hepatocytes.

15-17

Introduction cells, primary human hepatocytes still remain the gold

standard for the applications mentioned before.'® Still, the

HEPATOCYTE ISOLATION STARTED in rats by simple in-
cubation of the whole liver with collagenase and hy-
aluronidase followed by mechanical treatment in the late
1960s' and was then refined to the two-step perfusion tech-
nique established by Seglen in 1976.> Nowadays, the
modified collagenase perfusion technique allows obtaining
primary human hepatocytes from liver tissue in excellent
quality and high yield. Human hepatocytes serve as an
in vitro model for toxicological experiments and pharma-
cological testing® or as the basis for regenerative liver
medicine.® Application of primary hepatocytes in hepato-
cyte transplantation is under clinical evaluation.””'” In the
future, decellularized matrices'"'? or three-dimensional-
printed scaffolds recellularized with primary hepatocytes
might serve as completely bioengineered organs.®'*'*
Even though stem cell research is generating promis-
ing results with regard to genetically engineered hepatic

lack of donor tissue suitable for hepatocyte isolation makes
it difficult to meet the needs for hepatocytes, mainly for
in vitro studies. Hence, there is a constant need for hepa-
tocytes, which urges laboratories to maximize the efficiency
of the isolation process. Given that the isolation of human
hepatocytes is a very time-consuming and expensive pro-
cess, it is crucial to assess whether a particular liver speci-
men is worth the efforts of the isolation procedure so that
any potential source of liver cells is effectively utilized.
Specimens obtained from liver resections are the most
common source for isolation of primary human hepatocytes.
Liver tissue for hepatocyte isolation can be retrieved from
most major liver resections,'® in which healthy tissue has to
be resected during surgery due to anatomical reasons. Until
now, the conventional open surgical approach has been the
gold standard for liver resections. However, minimally in-
vasive, laparoscopic surgery is emerging as the preferential

IDepartment of Surgery, Campus Charité Mitte, Campus Virchow-Klinikum, Experimental Surgery and Regenerative Medicine,

Charité—Universitdtsmedizin, Berlin, Germany.

’BIH Charité Clinican Scientist Program, Berlin Institute of Health (BIH), Berlin, Germany.

*These two authors contributed equally.
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FIG. 1.
tissues. Time points: 4 h after isolation (A/D), 48 h after isolation (B/E), and 6 days after isolation (C/F). Morphological
differences were not detected between both groups taken at 100X magnification, using phase contrast (scale bar: 100 pm).

Measurement of cell culture parameters

The supernatant of the cell culture was analyzed for
transaminase enzyme activity, urea and albumin content
after overnight culture as well as after 2, 4, and 6 days
of culture. The supernatant of three wells was, therefore,
centrifuged at 3000 g for S5min (4°C). Aspartat amino-
transferase activity and urea content were measured by
Labor Berlin—Charité Vivantes GmbH within 12h using
an enzymatic assay (Roche Hitachi cobas ¢ 6000 system;
Roche Diagnostics GmbH). Albumin production was as-
sessed using the human albumin ELISA kit (Bethyl
Laboratories) after supernatant sample storage at —80°C.
ELISA samples were measured as duplets and according to
the manufacturer’s instructions.

Plating efficiency was quantified using a modified version
of a protocol reported by Gramignoli et al.>* In short, 4h
after seeding, the supernatant of three wells was pooled
and kept, whereas the other three wells were washed with
warm PBS and the supernatant was discarded. Twenty-four
hours after cell seeding, the supernatant of the wells was
kept, respectively, discarded again and the latter three wells
were washed three times with PBS. The supernatants were
centrifuged at 12.800rpm and the pellets were pooled in
RIPA buffer and stored at —80°C immediately.

The remaining adherent protein was suspended with
RIPA buffer, scratched off the surface, and pooled. The
remaining adherent protein of the washed three wells was
then set in relation to the absolute protein of the other three
wells ([supernatant 4 h+supernatant 24 h+remaining protein]
divided by [carefully washed protein after 24 h]). The pro-
tein content was analyzed with BCA reagent (Pierce,
Thermo Fisher Scientific) using a photometric assay with all
samples measured in triplets.

Light microscopy of hepatocytes isolated from laparoscopically resected (A-C) or open resected (D-F) liver

Statistical analysis

All data are expressed as the mean+SEM unless indicated
otherwise. Statistical analysis was performed using GraphPad
Prism 6.0 (GraphPad Software, Inc.). The nonparametric
Mann—Whitney test was used to analyze quantitative pa-
rameters with non-Gaussian distribution. For contingency
analyses for categorical parameters, the chi-square test was
used. A p value <0.05 was considered significant.

Results

General characteristics and surgical features
of the open and LLR groups

Out of all hepatocyte isolation procedures in this study,
n=15 livers were resected through the open approach and
n=7 livers were resected using laparoscopic technique.
Both groups did not significantly differ regarding the most
common parameters known to affect the isolation outcome*—
neither with respect to the surgical and isolation-related
parameters such as duration of surgery, cold ischemic time,
collagenase digestion time, and liver weight, nor regarding the
preoperative clinical chemistry parameters (Table 1), such as
bilirubin, alanine aminotransferase and aspartate aminotrans-
ferase (AST), alkaline phosphatase, gamma-glutamyl trans-
peptidase, international normalized ratio, and activated partial
thromboplastin time (aPTT).

Histopathological scores for fibrosis, cirrhosis, and stea-
tosis were evenly distributed in the OLR and LLR groups
(Table 1). The LLR group does not contain histologically
healthy tissue, that is, tissue without steatosis or fibrosis.
However, due to the smaller number of patients in the LLR
group, the difference is statistically not significant. Both
groups did only significantly differ in indication for surgery

10
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TABLE 1. ComPARISON OF THE OLR AND THE LLR GROUPS REGARDING PARAMETERS
AFFECTING THE HEPATOCYTE ISOLATION OUTCOME
Surgical approach

Parameter OLR LLR p
Number 15 i
Sex (male/female) 11/4 6/1 0.519
Age (years) 59.93+3.59 61.41+£7.35 0.617
CIT (min) 16.47+1.84 28.57+10.39 0.284
Digestion time (min) 8.60+0.42 8.50+£0.98 0.591
Liver weight (g) 19.23+4.49 22.20+4.21 0.324
Bilirubin (mg/dL) 0.79£0.18 0.62£0.08 0.823
ALT (U/L) 47.36+£9.47 31.00+£7.34 0.493
AST (U/L) 45.93+8.31 37.00+10.18 0.289
AP (U/L) 241.30+£63.55 127.00+39.66 0.283
GGT (U/L) 292.90+81.07 286.00+214.00 0.146
INR 1.026 £0.014 1.054+£0.018 0.288
aPTT (sec) 36.01 £0.89 34.24+0.61 0.341
Duration of surgery (min) 345+18 353+46
Surgical indication 0.023

HCC 0 2

Biliary tree carcinoma 7 0

CRLM 6 2

Benign disease 2 3
Fibrosis 0.351

No fibrosis 4 0

Fibrosis 8 3

Cirrhosis | 1
Steatosis 0.465

No steatosis 2 0

<30% steatosis 4 3

>30% steatosis 2 2

Data are shown as mean+SEM and p values. A p value <0.05 was considered statistically significant. Significant p values are printed in

bold.

AP, alkaline phosphatase; aPPT, activated partial thromboplastin time; ALT, alanine aminotransferase; AST, aspartate aminotransferase;
CIT, cold ischemic time; CRLM, colorectal liver metastasis; GGT, gamma-glutamyl transpeptidase; HCC, hepatocellular carcinoma; INR,
international normalized ratio; LLR, laparoscopic liver resection; OLR, open liver resection; SEM, standard error of the mean.

since there were no livers diagnosed for biliary tree carci-
noma in the LLR group (p=0.023, Table 1). Thus, with the
exception of the indication for surgery, the OLR and LLR
groups did not differ in regard to the parameters and patient
characteristics that are known to affect the outcome of he-
patocyte isolation (Table 1).

Comparison of the mean hepatocyte isolation
outcome (OLR vs. LLR)

With a total yield of 36.81 x 10° cells/g liver tissue (£6.77)
in the OLR group and 16.84 x 10° cells/g liver tissue (+ 10.66)
in the LLR group, there was a significant lower cell yield for
livers resected by laparoscopy (p=0.032). The viable yield
was lower in the LLR group as well (OLR: 31.70+6.05 x 10°
cell/g vs. LLR: 14.70+9.89x 10° cell/g; p=0.026). The vi-
ability was significantly reduced in hepatocyte isolations in
the LLR group (OLR: 84.26% +1.46% vs. LLR: 38.17% +
17.80%; p=0.106, Figure 2). Also Percoll survival was lower
in LLR group than in OLR group, however, without reaching
statistical significance (Figure 2).

Subgroup analysis in the LLR group

In the LLR group, (n=3) three left-lateral partial hepa-
tectomies (left-LLR) and (n=4) four right-lateral partial

hepatectomies (right-LLR) were performed. In right-LLR,
three out of four isolations were stopped before Percoll
purification due to insufficient cell yield. The fourth isola-
tion in the right-LLR brought a yield before Percoll purifi-
cation but no cell yield after Percoll purification, whereas
in the left-LLR, every isolation was successful. This ob-
servation prompted us to exclude the isolations from right-
LLR and perform a subgroup analysis between left-LLR
and OLR.

Compatrison of open vs. left-lateral LLR

In comparison between OLR and left-LLR isolations, no
differences in the total cell yield and the viable cell yield before
Percoll were found (Figure 3). Likewise, the difference re-
garding viability was no longer detectable (OLR: 84.26% +
1.46% vs. left-LLR: 88.44% +2.68%; p=0.498). Percoll sur-
vival was slightly better in the left-LLR group but without
reaching statistical significance (OLR: 60.12% +4.59% vs.
left-LLR: 81.46% +7.46%; p=0.082; Figure 3).

In vitro hepatocyte function after open
vs. left-lateral LLR

Hepatocytes isolated from left-lateral laparoscopic re-
sected livers did not show higher levels of AST leakage nor

11
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did they show a worse plating efficiency after 24h than

Discussion

hepatocytes obtained from livers operated through the open
approach (Table 2).

Also, hepatocytes from both groups did not differ sig-
nificantly in urea and albumin synthesis (Table 2).

A

o

100

Viability (%)
a3 & 8 8

70

OLR vs. left-LLR: total Yield
p =0.7475

<>
o \;
)
OLR vs. left-LLR: Viability
p =0.4975
s

8 &8 8

1x10% cells/g
S

FIG. 2. Comparison of he-
patocyte isolation from open
and laparoscopic resected
human liver tissue regarding
total yield (A), viable yield
(B), viability (C), Percoll
survival (D). OLR group:
n=15 isolations; LLR group:
n="17 isolations. Box plots
display the 25th to 75th per-
centiles and the median val-
ue; whiskers indicate the
smallest and largest value.

p Values were calculated
with the Mann—Whitney U
test. LLR, laparoscopic liver
resection; OLR, open liver
resection.

Hepatocyte isolation from tissue obtained after liver re-

OLR vs. left-LLR: viable Yield

60 p =0.8358

o& .\>’Q-
&
OLR vs. left-LLR: Percoll survival

p=0.0821
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sections is an established procedure in many hepatobiliary
surgery centers and their affiliated research laboratories.

FIG. 3. Comparison of hepa-
tocyte isolation from open and
left-lateral laparoscopic
resected human liver tissue
regarding total yield (A), viable
yield (B), viability (C), Percoll
survival (D). OLR group: n=15
isolations; left-LLR group: n=3
isolations. Colums display
mean value, whiskers indicate
SEM. p Values were calculated
with the Mann—Whitney U test.
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IS LAPAROSCOPICALLY RESECTED TISSUE FEASIBLE FOR HEPATOCYTE ISOLATION?

outcome (such as tissue quality, liver weight, digestion time,
and bilirubin levels of the patient before surgery) differed
between the left- and right-sided liver resections, whereas
the outcome of the hepatocyte isolation was signifi-
cantly worse, indicating that other factors might influence
this result.

Our study is limited by the low number of cases in the
laparoscopic liver surgery group. For example, there was
no tissue in the LLR-group without steatosis or fibrosis.
Moreover, both cohorts consist of a disproportionate number
of male versus female patients (17 out of 22). However, this
is true for both groups. Although it might be reasonably
assumed that the decreased isolation outcome of right-sided
liver resections is caused by the longer warm ischemia time,
we cannot prove this hypothesis by an appropriate multi-
variate analysis, yet. In general, hepatocyte isolation can
only be performed when a sufficient mass of tumor-free
tissue can be obtained from the specimen during surgery—
which applies for both open and laparoscopic surgeries.

In conclusion, we show for the first time that hepatocyte
isolation from left-lateral LLRs is feasible. It can be spec-
ulated that the outcome from right-sided LLR might im-
prove by the further establishment of the surgical technique
and experience of the surgeons. Since hepatocyte isolation is
an expensive and complex procedure, we consider isolating
cells from the specimen after right-sided laparoscopic liver
surgery as not worth the efforts, whereas laparoscopic re-
sections of the left lobe (segments II and III) are an excellent
source for primary human hepatocytes.
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6. Lebenslauf

Mein Lebenslauf wird aus datenschutzrechtlichen Griinden in der elektronischen Version
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