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with IM11 (forward, 5-TTC CAC TAC GTG ACG
GGC AT-3") and 50A2KI (reverse, 5-CCC GTC
CAT GTG TAG GAC AT-3"). After denaturation at
98°C for 30 s, 35 cycles of amplification were set as
follows: denaturation for 10 s at 98°C, annealing of
primers for 30 s at 66°C, and extension for 15 s at
72°C, followed by final extension at 72°C for 5 min.
The amplified PCR products were separated on a 2%
agarose gel and purified by GENECLEAN II kit
(Q-Bio Gene, Carlsbad, CA). Nucleotide sequences
were determined using Big Dye Deoxy Terminator
Cycle Sequencing kit (Perkin-Elmer, Tokyo, Japan).
Nucleotide and aa sequences were compared with the
nucleotide sequences of genotype 1b HCV-] (Gene
Bank accession number; D90208) [22].

Statistical analysis

Variables between the SVR and non-SVR groups
were compared using non-parametric tests (Mann—
Whitney U test, two-tailed test and Fisher’s exact
probability test). Analyses for efficacy and safety
were conducted on an intention-to-treat (IT'T) basis,
performed on patients who received at least one dose
of the study medication.

Predictors of SVR were determined using univar-
iate analyses. All p values <0.05 by two-tailed tests
were considered significant. Potential predictive fac-
tors associated with SVR included sex, age, body mass
index (BMI), viremia level, number of mutations in
the ISDR, HCV core region (double mutant/non-
double mutant), time from transplantation to therapy,
duration of treatment, adherence to PEGIFN treat-
ment, and adherence to RBV and EVR treatment.
Statistical analyses were performed using the SPSS
software (SPSS Inc., Chicago, IL).

Results

Patients characteristics

Table I shows the baseline characteristics of the
27 patients with recurrent hepatitis C after LT who
were treated with PEGIFN/RBV combination ther-
apy. The median age of patients was 56 years, and
17 were male. Median body mass index was 24.3.
Most patients were infected with HCV genotype 1
(n = 24) and genotype 2 (n = 3). Median time for the
initiation of antiviral therapy after transplantation was
4 months, and median pretreatment serum HCV
RNA levels were 6.6 log IU/ml. Immunosuppressive
therapy included tacrolimus in 22 of 27 patients, and
cyclosporine in 5 of 27.
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Table I. Characteristics of 27 patents with recurrent hepatts C
after living donor liver transplantation.

Age (years)* 56 (29-69)
Gender (male/female) 17/10

Body mass index* 24.3 (14.8-42.2)
Genortype (1/2) 24/3

Viral load at therapy (log IU/ml)* 6.6 (4.9-7.8)
Time from transplantation to 4 (1-41)
therapy (months)*

Immunosuppression (tacrolimus/cyclosporine) 22/5

*Values are median (range).

Efficacy and safery assessment

Among 27 patients who were treated with antiviral
therapy, 17 were able to complete our protocol
(15 patients with genotype 1, 2 patients with geno-
type 2), whereas 10 patients had to discontinue the
protocol (9 patients with genotype 1, 1 patient with
genotype 2). SVR rate with PEGIFN/RBV was 37.0%
(10/27). By genotype, SVR rate in patients with
genotype 1 was 29.2% (7/24) and 100% (3/3) in those
with genotype 2 (Figure 1). Most patients with
genotype 1b whose HCV RNA reached undetectable
level achieved SVR, at 87.5% (7/8), with only one
patient not achieving SVR (Table II) (Figure 2).

Ten patients discontinued treatment, due to liver
failure owing to the recurrence of HCV in 5 patients,
general fatigue in 2, ALT flare due to acute rejection
in 1 patient, anemia in 1, and depression in 1
(Figure 1).

Efficacy of long-term interferon therapy for genotype 1b
patients

Table II shows details of patients who were treated
with PEGIFN/RBV untii HCVRNA had reached
undetectable levels and were then further treated
for at least more than 1 year.

Seven patients achieved SVR by prolonged
PEGIFN/RBV for at least 1 year or more. Seven
patients were male.

Eight patients had reached undetectable levels
of HCV RNA and 7 patients had never reached
undetectable levels of HCV RNA. Although 5 of
the 8 patients were classified as LVR, 4 patients of
these 5 achieved SVR. One male patient aged 69 years
(patient no. 5) who had double mutation of aa 70 and
aa 91 in the core region and zero substitutions in
ISDR achieved SVR after prolongation of therapy
(Figure 3). By contrast, another male aged 51 years
(patient no. 9) who had double wild aa 70 and aa 91 in
the core region and five substitutions in the ISDR
did not achieve SVR after prolongation of therapy
(Figure 4).
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Table II. Details of 15 patients (genotype 1).

Treatment
duration
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Predictive factors of SVR in genotype 1b patients

Among 15 patients who completed our protocol with
genotype 1b, Potential predictive factors associated
with SVR were analyzed. Variables were follow up,
the age, gender, body mass index, duration for the
initiation of antiviral therapy after transplantation,
pretreatment serum HCV RNA levels, immunosup-
pressive therapy, the number of mutations in the
ISDR, HCV core region (double mutant/non-double
mutant) adherence of PEGIFN and adherence of
RBV.

There was no significance difference between the
SVR and non-SVR groups among the 15 patients
with genotype 1b in our study (Table III). EVR rates
in the SVR group tend to be higher than that of the
non-SVR group, albeit that the difference was not
significant (p = 0.07) (Table III). Mutation of aa
70 and aa 91 in the core region of the HCV protein
and fewer mutations in its ISDR region did not
significantly differ between the SVR and non-SVR
groups among the 15 patients with genotype 1b in
our study.

Although it has been reported that mutation of aa
70 and aa 91 in the core region of the HCV protein is
predictive of a non-virological response [17,18], all
three patients who had double mutation of aa 70 and
aa 91 in the core region achieved SVR in this study.

Moreover, although it has also been reported that
fewer mutations in the ISDR region of the HCV
protein is predictive of a non-virological response
[15], all four patients with 0 or 1 mutation in the
ISDR achieved SVR.

Discussion

The optimal duration of therapy for liver trans-
plant recipients with recurrent HCV is unclear. The
treatment period for immunocompetent patients in the
majority of published studies is 48 weeks. Among
immunocompetent patients, the probability of relapse
was greater in those responding later [23,24]. Using a
mathematical model, Drusano and Preston reported
that genotype l-infected patients require the continu-
ous absence of detectable HCV RNA in serum for
36 weeks to attain 90% probabilities of an SVR (i.e.
relapse rate 10%) [25]. It is recently recommended
that 72-week IFN treatment, compared to 48-week
standard IFN treatment, was effective for the untrans-
planted patients with chronic hepatitis C whose
HCV RNA does not reach undetectable level within
12 weeks [11,12]. It is also well known that patients
with recurrent chronic hepatitis after LDLT are unlikely
to achieve SVR, compared to immunocompetent
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Figure 2. Clinical course in a male patient aged 56 years with genotype 1b, HCV Core 70mutant 91wild, and 0 ISDR mutations. Serum HCV
RNA became negative at 27 weeks, after which treatment duration was 52 weeks. However, HCV RNA became positive at 1 week after the

cessation of treatment.
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Figure 3. Clinical course in a male patient aged 69 years with genotype 1b, HCV Core 70mutant 91mutant, and 0 ISDR mutations. Virological

response occurred at 21 weeks and therapy continued to 78 weeks. Final status was SVR.
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Figure 4. Clinical course in a male patient aged 51 years with genotype 1b, HCV Core 70wild 91wild, and 5 ISDR murations. He did not

develop VR during the dosing period.

untransplanted patients. Consequently, prolonged
IFN treatment would be useful and improve the SVR
rate for transplanted patients.

We treated recipients with PEGIFN/RBV until
HCV RNA had reached undetectable levels and
then to continue treatment for at least 1 year.
62.9% of patients (17/27) could complete therapy
without severe adverse affects (Figure 1) and relapse
rate under this study was 12.5% (Table II), whereas
Tamura and Ueda reported a relapse rate of 14% and

3% under the same treatment. As a result, SVR rate

was 34% and 50%, respectively [13,14]. With the aid
of these results, it might indicate that prolonged
PEGIFN/RBYV therapy would be useful in eradicating
HCV in LDLT patients.

In our study, seven patients achieved SVR by pro-
longed PEGIFN/RBYV for at least 1 year or more. Three

of seven patients were EVR and four were LVR.
By contrast, in eight patients who were non-SVR, only
one patient had reached undetectable levels of HCV

Table III. Predictive factors associated with SVR in genotype 1b patients.

SVR(n=T) Non-SVR (n = 8) p-Value
Age (years)* 60 (44-69) 57 (47-65) 0.64
Gender (male/female) 7/0 /5 0.07
Body mass index* 24.1 (21.4-26.5) 24.2 (18.9-42.2 0.67
Viral load at therapy (log IU/ml)* 6.3 (5.8-6.6) 6.6 (5.9-7.2) 0.48
Time from transplantation to therapy (months)* 12 (1-41) 30337 0.21
Number of mutations in the ISDR (0-1/2-5) 4/3 771 0.28
HCV core region (double mutant/non-double mutant) 3/4 3/5 0.6
Duration of treatment (week)* 72 (48-179) 75 (61-133) 0.7
Immunosuppression (tacrolimus/cyclosporine) 6/2 71 1
Adherence of PEGIFN (%)* 80 (35.5-100) 71.5 (45.4-100) 0.39
Adherence of RBV (%)* 47.4 (11.2-62.5) 25.5 (15.3-65.9) 0.74
Early virological response (yes/no) 3/4 0/8 0.07
*Values are median (range).
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RNA and other seven patients had never reached unde-
tectable levels of HCV RNA. That is, if patients had
reached undetectable levels of HCV RNA, they could
eradicate HCV RNA in the liver tissue by prolonged
IFN therapy for more than 48 weeks after HCV RNA
reached undetectable levels. This regimen is similar to
that of a recent recommendation that PEGIFN/RBV
therapy for 72 weeks is necessary for patients with
chronic hepatitis C whose HCV RNA does not reach
undetectable levels within 12 weeks.

Recent findings among immunocompetent patients
of pretreatment factors that could predict treatment
efficacy of 72-week PEGIFN/RBV identified substi-
tution of either or both aa 70 or 91 in the HCV core
region, and the number of substitutions in amino
acids 2209-2248, the ISDR of NS5A in HCV
genotype 1b [26]. By contrast, however, our present
results showed that substitution of aa 70 and/or 91 in
the HCV core region or the number of ISDR were not
predictive of SVR (Table III). All three patients who
had double mutation of aa 70 and aa 91 in core region
of HCV protein achieved SVR in this study, as did all
four patients whose number of mutations in the ISDR
was 0 or 1 (Table II).

Recently Fukuhara et al. reported that mutations of
the HCV core and NS5A regions of HCV genome
were associated with the SVR rates in 50 patients [27].
Although the number of our patients included was less
than Fukuhara’s, we think that our result is still worth
reporting because, in the case of acute hepatitis C,
24-week IFN treatment is enough to eradicate HCV in
most cases, suggesting that HCV core mutant and the
substitutions of amino acids of the HCV NS5A region
are not likely to affect the SVR rate for acute hepatitis
C. Since the recurrence of hepatitis C for transplanted
patients is another acute hepatitis C, those substitu-
tions might not affect the SVR rate of IFN treatment.
Further studies would reveal whether the mutations of
the HCV core and NS5A regions of HCV genome
were associated with the SVR rates.

Only one patient had HCV relapse after 79 weeks
treatment, a male aged 56 years with genotype 1b,
HCV Core 70mutant 91wild and number of ISDR
mutation 0 (Figure 2). He had a VR at 27 weeks,
which lasted for 52 weeks, and continued therapy to
79 weeks. However, he subsequently experienced
relapse of HCV. One of many possible reasons was
likely low adherence to RBV (7%).

Several reasons may account for the lack of asso-
ciation of HCV core region mutation and number of
ISDR mutations with SVR rate. One reason is that it
is acute hepatitis after LDLT, which is usually treated
as soon as possible: even in those infected with geno-
type 1, HCV could be eradicated with regular IFN
for 24 weeks after acute infection [28-31], meaning

-113-

IEN therapy for recurrent HCV after LDLT 1495

that mutation of the core region and NS5A could
not be determinants of PEGIFN therapy in LDLT
cases. A second reason might be poor adherence to
PEGIFN and RBV treatment in patients with LDLT.
Among patients who experience severe leucocytope-
nia, thrombocytopenia and anemia after LDLT, dose
reductions in PEGIFN or RBV are therefore inevita-
ble. Therefore, it is reasonable to prolong the duration
of PEGIFN/RBV therapy. Taken together, recurrent
hepatitis C after LDLT is different from hepatitis C in
immunocompetent patients. This might be the reason
why any predictive factor but EVR was an only pre-
dictive factor of SVR in this study.

There were several limitations in present study.
One was that our study is retrospective.

Since it was scheduled that the end point of treat-
ment should be 1 year after serum HCV RNA became
negative, it compelled to design the retrospective
study as a pilot study. Further prospective study
will prove our protocol strongly and help achieving
high SVR and low relapse rate. Another limitation was
the low number of patients included. Although other
institutes also demonstrated good results with similar
interferon protocol, as mentioned above [13,14],
another study with more number of patients will prove
the consistence of our study.

In conclusion, for recurrent hepatitis C after LDLT,
our findings indicate that PEGIFN therapy for at least
1 year after HCV RNA reaches undetectable levels
might prevent HCV viral relapse. Combination of the
new selective inhibitors of HCV, named STAT-
C (specifically targeted antiviral therapy for HCV), is
expected to further improvements in SVR rates.
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N-Glycolylneuraminic Acid Epitopes in Cytidine
Monophospho-N-Acetylneuraminic Acid
Hydroxylase-Deficient Mice
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The generation of pigs devoid of Galal,3Galp1,4GlcNAc (Gal) residues has stimulated interest in non-Gal Ags as potentially
important targets for Ab binding leading to rejection of pig organ xenografts in humans. Although N-glycolylneuraminic acid
(NeuGc) epitopes, which are widely expressed on the endothelial cells of all mammals except humans, are likely targets of anti—
non-Gal Abs, this aspect has not been investigated intensively owing to the absence of an appropriate animal model. In this study,
we used CMAH '~ mice, which are completely deficient in NeuGc and thus produce anti-NeuGe Abs. Sera obtained from
CMAH™'~ mice and healthy human volunteers having anti-NeuGc Abs initiated complement-mediated lysis against CMAH™*
cells in vitro. The cytotoxic activity of anti-NeuGc Abs was also determined in vivo (i.e., NeuGc-expressing CMAH"* mouse
splenocytes that had been i.v. injected were completely eliminated in syngeneic CMAH ™'~ mice). CMAH ™'~ mice rejected the islets
transplanted from syngeneic CMAH** mice. Thus, the anti-NeuGe Ab-mediated response may be crucially involved in xenograft
loss. This is the first direct demonstration of the immunogenic property of NeuGce determinants as targets of the corresponding

Abs in CMAH"*-to-CMAH ™'~ transplantation setting. The Journal of Immunology, 2010, 184: 3269-3275.

enotransplantation of pig organs into humans is a potential

—x- solution to the shortage of donor organs for transplantation
(1). Humans lack a functional GalT gene; thus, they do

not express Galal,3GalB1,4GlcNAc (Gal) carbohydrate residues
and produce abundant natural Abs to the Gal epitope (2, 3). These
anti-Gal Abs are a major barrier to the xenotransplantation of pig
organs into humans because hyperacute rejection (HAR), which
occurs in a few minutes or hours, is initiated by the binding of these
Abs to Gal determinants that are ubiquitously present on porcine
cells (4, 5). Recently, pigs knocked out for the gene encoding GalT
(GalT™"~ pigs), which is responsible for the generation of the Gal
epitope, have been cloned (6, 7). The availability of GalT ™"~ pigs
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has facilitated longer survival of nonhuman primate recipients with
less immune modulation (8, 9). Thus, the absence of Gal expression
has led to a substantial advance in addressing HAR; however, an-
other study has shown that acute vascular rejection is caused by
induced Abs to Ags other than the Gal epitope (non-Gal Ags) in
a GalT™’~ pig-to-baboon kidney transplantation model (10).
Therefore, the identification and characterization of non-Gal Ags
have become a major focus of interest following the generation of
GalT ™ pigs (11, 12).

In addition to the non-Gal Ags that might be defined in the
GalT™’~ pig-to-nonhuman primate model, N-glycolylneuraminic
acid (NeuGc) epitopes, the so-called Hanganutziu-Deicher Ag (13—
15), might act as an additional barrier, resulting in either HAR oracute
vascular rejection of xenografts even from GalT ™ pigs, to the
eventual clinical application in humans. The most common mam-
malian sialic acids, which are components of the carbohydrate chains
of glycoconjugates and are involved in cell-cell recognition and cell-
pathogen interactions, are a group of carbohydrates of two main
forms: N-acetylneuraminic acid and NeuGc. NeuGe is generated by
the hydroxylation of CMP-NeuSAc to CMP-Neu5Gc catalyzed by the
enzyme cytidine monophospho-N-acetylneuraminic acid hydroxy-
lase (CMAH). NeuGc epitopes are widely expressed on the endo-
thelial cells of all mammals except humans (16) and are considered to
be potential porcine targets for preformed and elicited anti-non-Gal
Abs in humans (17-19), but not in baboons, that express these epit-
opes (16, 20). Anti-NeuGc Abs to porcine RBCs are detectable in the
sera of 85% of healthy humans (17). There is a significant correlation
between anti—non-Gal and anti-NeuGe Abs of both human IgM and
IgG classes, and anti-NeuGc Abs constitute a significant portion of
anti-non-Gal Abs (21). The presence of anti-NeuGc Abs in most
normal human sera may well constitute an immunological hurdle,
thereby contributing to Ab-mediated rejection; this is because the
NeuGc epitope is expressed on most porcine cells, including vascular
endothelial cells (22). However, this aspect has not been investigated
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intensively owing to the absence of an appropriate animal model.
Recently, we generated mice homozygous for a null CMAH allele by
targeted disruption of the murine CMAH gene (23). In this study, we
present in vitro and in vivo evidence for the cytotoxicity of non-Gal
Abs against NeuGe epitopes using CMAH /~
completely deficient in NeuGe.

mice, which are

Materials and Methods

Animals, cells, and immunization

C57BL/6] (B6) (H-2°) (syngeneic CMAH'") mice, BALB/c (H-2%) mice,
and F344 rats were purchased from CLEA Japan (Tokyo, Japan) and
housed in the animal facility of Hiroshima University in a specific path-
ogen-free microisolator environment. These mice and rats were used at an
age of 8 to 16 wk. CMAH ~/~ mice (23) in a B6 background (backcrossed
to B6 for >10 generations), which are completely deficient in NeuGce, and
GalT™"" mice (24) in a B6 background (backcrossed seven times to B6), in
which Gal expression is completely eliminated and in which naturally
occurring anti-Gal Abs are present in the sera, were kindly provided by Dr.
M. Sykes, Massachusetts General Hospital, Boston, MA. The porcine
endothelial cell line MYP30 (25) was kindly provided by Dr. S. Miyagawa,
Osaka University, Osaka, Japan. To elicit anti-NeuGc Ab production,
CMAH ™/~ mice were i.p. immunized twice with NeuGc-expressing cells
(i.e., thymocytes) obtained from syngeneic CMAH""* B6 mice, allogeneic
BALB/c mice, or xenogeneic F344 rats, or with xenogeneic porcine
MYP30 cells, at an interval of 1 wk (107 cells/mouse at each immuniza-
tion). The thymocytes or MYP30 cells were washed twice and resuspended
at 107/ml in medium 199 (Sigma-Aldrich, St. Louis, MO) containing 1%
HEPES buffer (Life Technologies, Carlsbad, CA) and 0.08 pg/ml genta-
mycin (Sigma-Aldrich) before injection. All experiments were approved
by the Institutional Review Board of Hiroshima University and conducted
in accordance with the guidelines of the National Institutes of Health.

Immunohistochemistry

Multiple tissues from wild-type (WT) CMAH""* B6 mice, GalT /" mice,
and CMAH '~ mice were analyzed for the expression of NeuGc epitopes by
immunohistochemistry using a standard immunoperoxidase technique. The
tissues were fixed with formaldehyde. Prior to staining, endogenous per-
oxidase activity was quenched, and nonspecific binding sites were blocked
with normal goat serum in PBS for 30 min. Sections were then incubated
with a chicken monoclonal anti-NeuGc Ab at 4°C overnight (chickens are
CMAH-deficient). After washing the sections, biotin-conjugated goat anti-
chicken IgY (H&L) polyclonal Ab (Abcam, Cambridge, MA) in PBS at
a 1:100 dilution was applied for 30 min. Sections of islet grafts from
CMAH"" or CMAH '~ mice were incubated with guinea pig polyclonal Ab
to insulin (Abcam). Biotin-conjugated goat polyclonal Ab to guinea pig IgG
(Abcam) was used to detect insulin. After washing the sections, HRP-con-
jugated streptavidin (Histofine SAB-PO Kit; Nichirei, Tokyo, Japan) was
applied for 30 min. Peroxidase activity was visualized by staining with 3,3'-
diaminobenzidine (Muto Pure Chemicals, Tokyo, Japan) for 10 min in
combination with H&E counterstaining.

Pools of isolated islets from CMAH""" or CMAH ™ mice were fixed with
cold acetone and frozen for immunofluorescence staining. The cryosections
were incubated with CMAH ™ mouse sera containing anti-NeuGe Abs, and
then FITC-conjugated goat anti-mouse IgM (Vector Laboratories, Burlin-
game, CA) and IgG (Zymed, Invitrogen, Carlsbad, CA) were applied.

Flow cytometry analysis for detecting NeuGc Ags and anti-
NeuGce Abs

All flow cytometry (FCM) analyses were performed using a FACSCalibur
dual-laser flow cytometer (BD Biosciences, San Jose, CA). The expression of
NeuGc epitopes on the surface of hematopoietic cells (RBCs, bone marrow
cells, splenocytes, and thymocytes) in WT, GalT™’~, and CMAH '~ mice
was analyzed. These cells were incubated with a chicken mAb specific for
NeuGe epitopes. The cells were then washed, incubated with FITC-conju-
gated goat anti-chicken IgG (Bethyl Laboratories, Montgomery, TX), and
subjected to FCM analysis. Indirect immunofluorescence staining of thy-
mocytes from syngeneic CMAH"* B6 mice was used to detect anti-NeuGe
Abs. To elicit the production of anti-NeuGc Abs, CMAH ™~ mice were
sensitized with NeuGe-expressing thymocytes obtained from CMAH*
syngeneic B6 mice, allogenic BALB/c mice, xenogeneic F344 rats, or
porcine MYP30 cells. NeuGe-expressing thymocytes (1.0 X 10° cells) were
incubated with 10 pl mouse serum, washed, incubated with PE-conjugated
rat anti-mouse IgM, IgG1, 1gG2a/2b, and IgG3 monoclonal Abs (BD Bio-
sciences), and subjected to FCM analysis.

In vitro Ab-dependent cytotoxicity assay

Serum samples from CMAH ™ mice and healthy human volunteers were
incubated for 30 min at 56°C to inactivate complement. The samples were
serially diluted with RPMI 1640 medium (plus 10% FBS; Biological In-
dustries, Beit Haemek, Isracl). Thymocytes of CMAH""" or CMAH '~
B6 mice used as target cells were labeled with [*'Cr] (4 wCi/well) for 60 min
at 37°C. Labeled cells were washed three times and loaded onto round-bot-
tomed 96-well microtiter plates (BD Biosciences) at a density of 1.0 X 10°
cells (80 w1 per well) (suspended in RPMI 1640 medium}alus 10% FBS). The
labeled cells were incubated with 80 pl diluted CMAH " mice serum for 30
min at 4°C. Postincubation, the cells were washed and further incubated with
40 pl of 20% rabbit complement (Cedarlane Laboratories, Burlington, On-
tario, Canada) for 45 min at 37°C. Negative controls used as target cells were
incubated with medium and complement alone in the absence of serum,
whereas positive controls cells lysed with 2% Nonidet P-40 (Nacalai Tesque,
Kyoto, Japan) to determine the maximum [51Cr] release. Postincubation, the
plates were centrifuged, and the cell-free supernatants were carefully har-
vested. The release of radioactive [*'Cr] was analyzed using a +y counter
(ARC-370M; Aloka, Wallingford, CT), and the percentage of specific lysis
was calculated as follows: % specific lysis = ([A — B]/[C — B]) X 100,
where A represents the experimental release (cpm in the supernatant from
target cells incubated with serum and complement), B is the spontaneous
release (cpm in the supernatant from target cells incubated with medium and
complement alone), and C is the maximum release (cpm released from target
cells as positive controls). The spontaneous release was <10% of the max-
imum release. Each experiment was performed in triplicate.

In vivo cytotoxicity assay

Splenocytes were prepared from WT CM. /* B6 mice and resuspended in
PBS. CFSE (Molecular Probes, Eugene, OR) was added to give a final
concentration of 5 pM, and the cells were gently mixed and incubated for
5 min at 37°C in a CO; incubator protected from light. Labeling of cells was
terminated by adding cold PBS containing 2% FBS, and the cells were then
washed and resuspended in medium 199 containing 1% HEPES buffer
and 0.08 pg/ml gentamycin. NeuGce-expressing splenocytes labeled with
CFSE (2.0 X 10" cells in 0.5 ml) were injected i.v. into CMAH""* or
CMAH '~ B6 mice in which anti-NeuGc Abs had been induced by im-
munization with rat thymocytes. The prospective recipient mice were ir-
radiated with 6 Gy/whole body to facilitate the efficient engraftment of
target cells. Splenocytes were collected from each recipient mouse 7 d
postinoculation, and single-cell suspensions were prepared and analyzed by
FCM. The percentage of surviving CFSE-labeled splenocytes from each
recipient mouse was calculated.

Islet transplantation

CMAH"" or CMAH /" B6 mice immunized with rat thymocytes were
rendered diabetic through a single i.p. administration of 170 mg/kg
streptozotocin (Sigma-Aldrich) at 6 d before islet transplantation. The di-
abetic mice that had nonfasting blood glucose levels of >400 mg/dl on the
day of transplantation were used as the recipients. The blood glucose levels
were monitored intermittently with a blood glucose test meter (Medisafe-
mini GR-102; Terumo, Somerset, NJ). When no islet transplantation was
performed, the diabetes persisted in all the diabetic mice (blood glucose
level, >350 mg/dl), and no spontaneous reversal of diabetes was observed
for at least the next 3 mo. The donors were WT CMAH*"* B6 females aged
10-12 wk. The pancreas was isolated after common bile duct perfusion of
4°C collagenase P (1 mg/ml; Roche, Somerville, NJ) in HBSS (Life
Technologies), which was followed by incubation of the distended pan-
creas in a 37°C water bath for 20 min to achieve mechanical disruption.
The pancreatic islets were purified on a Percoll (GE Healthcare, Piscat-
away, NJ) density gradient. Postisolation, 200, 350, or 500 CMAH"" islet
equivalents (iEQs; diameter >150 um) were handpicked and immediately
transplanted into the recipient left renal subcapsular space.

Heterotopic heart transplantation

Neonatal F344 rat (10-14 d old) heart xenografts or CMAH""* syngeneic B6
mouse (14-16 wk old) heart grafts were transplanted. Cervical heterotopic
heart transplantation was performed using the cuff technique modified from
a previously described method (26). Briefly, the right external jugular vein
and right common carotid artery of recipients were dissected free, mobilized
as far as possible, and fixed to the appropriate cuffs. The cuffs were com-
posed of polyethylene tubes (2.5 Fr; Portex, Smiths Medical, Watford, U.
K.), the diameters of which were adjusted by physical extension. For
anastomoses, the aorta and the main pulmonary artery of the harvested
donor hearts were drawn over the end of the common carotid artery and the
external jugular vein, respectively. To enhance anti-NeuGc Ab production,
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FIGURE 1. The detection of NeuGc expression in multiple tissues and on
the surface of hematopoietic cells. A, NeuGc expression was studied by im-
munohistochemistry in multiple tissues (heart, kidney, liver, lung, and pan-
creas [islets are indicated by arrows]) from WT CMAH"*, GalT /", and
CMAH '~ mice using a chicken anti-NeuGc mAb, and examples are shown.
CMAH " mice are completely deficient in NeuGc. Original magnification
X200. B, The expression of NeuGce epitopes on the surface of hematopoietic
cells (RBCs, bone marrow cells, splenocytes, and thymocytes) was analyzed
using FCM. These cells were incubated with a sensitive chicken polyclonal Ab
specific for NeuGc epitopes followed by incubation with anti-chicken IgG.
Expression of NeuGc was also completely absent in CMAH "~ mice. The
filled histogram represents a negative control stained with secondary Ab alone.

CMAH ™~ recipients were immunized by injection with 107 porcine
MYP30 cells at 8§ wk before heart transplantation. To increase lymphocy-
totoxic activity against recipient peripheral lymphocytes in the presence of
anti-NeuGc Abs, 0.5 ml rabbit complement (Cedarlane Laboratories) was
injected to the recipient jugular vein just before anastomosis of the graft.
The graft ischemic time for the transplanted hearts was <30 min. The
function of the grafts was monitored by daily inspection and palpation.
Rejection was determined by the cessation of beating of the graft and was
confirmed by histology.

Statistical analysis

The results were statistically analyzed using unpaired or paired Student ¢
tests of means or the log-rank test where appropriate. A p value of < 0.05
was considered to be statistically significant.

Results

NeuGc epitopes were expressed on vascular endothelial cells,
thymocytes, and splenocytes in wild-type CMAH™* and
GalT ™'~ mice but were not detected in CMAH ™'~ mice

In pigs, NeuGc epitopes are ubiquitously expressed on the vascular
endothelial cells of the kidney, heart, liver, pancreas, lung, etc. (16).
NeuGe epitopes are expressed on porcine aortic endothelial cells at
a similar level to Gal epitopes, the number of which was previously
reported as 2.0 X 107/cell (27). It has been reported that the extent of
glycoconjugate sialylation with NeuGce is very variable and de-
pendent on the species, tissue, and developmental stage (28). Al-
though NeuGce was easily detectable on the vascular endothelial cells
of all analyzed tissues in WT CMAH** mice (i.e., lung, heart, liver,
kidney, and pancreas), we were unable to detect this epitope in any
tissues of the CMAH ’~ mice (Fig. 1A). The expression of NeuGc
was analyzed on the surface of hematopoietic cells by FCM. The
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FIGURE 2. The detection of anti-NeuGc Abs. A, Anti-NeuGe NAbs
were not detected in CMAH ™~ mice. The FCM profiles shown are from
representative experiments examining anti-NeuGce IgM titers at 0, 1, 2,
and 4 wk postimmunization with thymocytes. The filled histogram rep-
resents a negative control stained with PE-conjugated rat anti-mouse mAb
alone. B, The kinetics of the means of anti-NeuGc IgM titers (n = 5 in
each group) is shown for CMAH ™" mice at 0, 1, 2, and 4 wk after their
sensitization with syngeneic, allogeneic, or xenogeneic NeuGce-expressing
thymocytes. The mean * SEM of five experiments are shown. C,
CMAH "~ mice can produce anti-NeuGce IgM and IgG after their sensi-
tization with xenogeneic NeuGce-expressing rat thymocytes. A few months
later, various isotypes of anti-NeuGc Ab in the sera were quantified by
FCM (n = 5). The mean *+ SEM of five independent experiments is shown.

RBCs of WT CMAH*"* mice did not express NeuGc. However, their
splenocytes and thymocytes did exhibit remarkable NeuGc expres-
sion. In contrast, we were unable to detect any NeuGce expression on
these cells in CMAH /™ mice (Fig. 1B). NeuGc expression was also
confirmed on various tissues and cells in GalT ™~ mice at a level
similar to that in CMAH""* mice [consistent with observations in
GalT™’~ pigs (29)], which rules out the possibility that the genetic
disruption of GalT interferes with NeuGc expression.
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FIGURE 3. In vitro and in vivo Ab-mediated cytotoxicity assays. The
results of an in vitro Ab-dependent cytotoxicity assay of sera obtained from
healthy human volunteers (n = 7) (A) or CMAH '~ mice having anti-
NeuGc Abs (B) against thymocytes obtained from CMAH""* or CMAH ™/

B6 mice are shown. Significantly higher lysis of NeuGc-expressing thy-
mocytes was observed when compared with that of thymocytes lacking
NeuGe. The mean * SEM of five independent experiments is shown. *p <
0.05. C, In vivo cytotoxicity assay in CMAH'"" or CMAH '~ B6 mice,
which were immunized with NeuGc-expressing rat thymocytes, against
CFSE-labeled splenocytes from CMAH'* syngeneic B6 mice. Repre-
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N . -
" . -
FIGURE 4. Deposition of anti-NeuGc IgM and IgG Ab in the islets
isolated from CMAH""* or CMAH '~ mice. Pictures shown are represen-

tative of the single islet from each mouse. Original magnification X200.
Scale bars, 50 pm.

CMAH ™" mice produced anti-NeuGe Abs postimmunization
with NeuGc-expressing cells

Naturally occurring Abs against NeuGc epitopes were undetectable
in the sera of CMAH '~ mice. Furthermore, the elicited anti-NeuGc
IgM was barely detectable several weeks postimmunization with
NeuGc-expressing thymocytes obtained from CMAH"* syngeneic
B6 mice. The production of anti-NeuGe IgM was significantly more
pronounced when CMAH /" mice were immunized with thymo-
cytes obtained from either CMAH*"* allogenic BALB/c mice or
xenogeneic F344 rats (Fig. 2A, 2B). The production of anti-NeuGc
IgG was observed a few months postimmunization with xenogeneic
rat thymocytes (predominant subclasses were IgG1 and 1gG3) (Fig.
2C), indicating that class switching of Ig occurs with anti-NeuGc
specificity.

Anti-NeuGce Abs exhibited cytotoxicity against NeuGe-
expressing cells

We examined the Ab-dependent cytotoxicity of sera obtained from
CMAH ™"~ mice or healthy human volunteers having anti-NeuGce
Abs against thymocytes obtained from CMAH™* or CMAH 7~
mice. Lysis of NeuGc-expressing thymocytes was significantly
higher than that of thymocytes lacking NeuGc in both experiments
(Fig. 3A, 3B), indicating that anti-NeuGc Abs show obvious cy-
totoxicity against NeuGe-expressing cells in vitro. The cytotoxic
activity of anti-NeuGc Abs was also determined in vivo. In the
FCM analysis, the surviving splenocyte inocula were clearly de-
tected as CFSE-labeled cells in the spleen of control CMAH™"*
recipients. In contrast, injected splenocytes were completely ab-
sent in the spleen of CMAH /™ recipients at this time point (Fig.
3C, 3D), indicating that anti-NeuGc Abs eliminated NeuGe-ex-
pressing cells in vivo.

CMAH '™ mice rejected the NeuGc-expressing islets
transplanted from syngeneic CMAH™™ mice

Immunohistochemical analysis revealed NeuGe expression on the
islets of CMAH™™ and even GalT™’~ mice (Fig. 14), but did not
reveal any Gal epitopes on the islets of either CMAH™* or
CMAH ™"~ mice (data not shown). When the islets of CMAH*"*
or CMAH ’~ mice were incubated with CMAH ’~ sera con-
taining anti-NeuGc Abs, the deposition of both IgM and IgG Abs
was observed only in the islets obtained from CMAH™* mice
(Fig. 4). Islets obtained from WT CMAH™* or GalT** mice

sentative FCM results are shown. D, The percentage of engrafted cells
labeled with CFSE in the recipient splenocytes (n = 5, respectively). Each
open circle represents an individual mouse. The mean + SEM of five
experiments is shown. *#p < 0.01.
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were transplanted under the kidney capsules of streptozotocin-
induced diabetic CMAH™* mice, CMAH '~ mice having anti-
NeuGc Abs, and GalT™’~ mice having anti-Gal Abs. Almost all
of the CMAH** and GalT~/~ mice that received 200 iEQs be-
came normoglycemic 1 d after the transplantation (Fig. 5A). In
contrast, all the CMAH ™ mice that received the same number of
syngeneic islets failed to achieve normoglycemia, thus indicating
that anti-NeuGc Abs have an inhibitory effect on the engraftment
of CMAH™* islets (Fig. 5A, 5B). In an attempt to overcome this
inhibitory effect, a larger number of islets was transplanted into
diabetic CMAH /" mice. Normoglycemia was achieved in the
CMAH " mice that received 500 iEQs (Fig. 5C), indicating that
a high dose of islets can overcome the anti-NeuGc Ab-mediated
resistance to islet engraftment.

In addition, when compared with the control CMAH ™" recipient
mice 3 d after islet transplantation, there was a significant decrease
in insulin-producing viable B cells in the islet grafts of CMAH ™~
recipient mice (Fig. 6). Thus, NeuGc epitopes on the islets were
targeted by the corresponding Abs in CMAH /" recipients (i.e.,
CMAH "~ mice rejected the NeuGe-expressing islets transplanted
from CMAH™"* mice).
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FIGURE 5. Glycemic responses to islet transplantation. Streptozotocin-
induced diabetic CMAH™* mice, CMAH /" mice having anti-NeuGc
Abs, or GalT™’~ mice having anti-Gal Abs received kidney capsule
transplants of 200 (A), 350 (B), or 500 iEQs (C) obtained from CMAH""*
mice [n =5 for each mouse strain receiving 200 or 350 iEQs (A, B), and
n =4 for each mouse strain receiving 500 iEQs (C)]. The blood glucose
(mg/dl) measurements of mice are expressed as the mean + SEM. #p <
0.05 (compared with CMAH"* recipients); **p < 0.05 (compared with
GalT™~ recipients).
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FIGURE 6. Immunohistochemical staining for insulin in the islet grafts.
The islet grafts were harvested at day 3 posttransplantation from control
CMAH""* or CMAH ™~ recipient mice receiving 200 iEQs from CMAH"*
mice (n = 3, each mouse strain). When compared with the control CMAH "
recipient mice, the representative histological findings show a significant
decrease in insulin-producing viable B cells in the islet grafts of CMAH '~
recipient mice. Original magnification X200. Scale bars, 100 pm.

Binding of NeuGc determinants on the endothelium of
vascularized xenograft hearts to the corresponding Abs did not
deteriorate their rejection

To examine the immunogenicity of NeuGc epitopes on the en-
dothelium of vascularized organ grafts, we transplanted NeuGc-
expressing heart grafts from either syngeneic CMAH"* B6 mice
or xenogeneic neonatal F344 rats into either CMAH '~ mice
having anti-NeuGc Abs or control CMAH** mice lacking anti-
NeuGc Abs. The survival curves of the grafted hearts are shown in
Fig. 7. WT B6 hearts survived indefinitely in CMAH '~ mouse
recipients (>100 d). In contrast, rat heart xenografts were rejected
in CMAH /™ recipients and control CMAH™" recipients with
equal tempo. Even when rabbit complement was injected into
these recipient animals to promote complement-dependent cyto-
toxicity, the tempo of rat heart xenograft rejection in CMAH™"*
and CMAH ™ recipients did not differ. Thus, binding of the
NeuGc determinants on the endothelium of vascularized xeno-
grafts to the corresponding Abs did not accelerate their rejection.

Discussion

In this study, we demonstrated that NeuGce epitopes were absent
from the vascular endothelium and other tissues of CMAH /~
mice. These animals, like humans, developed anti-NeuGc Abs,
which are normally absent in WT CMAH"* mice, as a conse-
quence of immunization with NeuGce-expressing cells. They thus
provide a model for evaluating the immunogenic property of
NeuGce determinants as targets of the corresponding Abs in
CMAH"*-to-CMAH /" transplantation. Previous studies on the
transplantation of GalT ™/~ pig hearts into baboons have revealed
that following transplantation, acute humoral xenograft rejection
develops, and that this rejection is associated with the presence of
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== Percentage of heart graft survival m=

e CMAH™" rat— CMAH™ mice (n =5)
0 - i F
5 10 85 90 95 100
e Days after heart transplantation s

FIGURE 7. The survival curves of grafted hearts. To examine the im-
munogenicity of NeuGc epitopes in the endothelium of vascularized organ
grafts, we transplanted NeuGc-expressing heart grafts from neonatal xe-
nogeneic rats to either CMAH™"* or CMAH /" mice. Eight weeks before
heart transplantation, the recipient mice were i.p. immunized with cells of
the NeuGce-expressing porcine endothelial cell line MYP30 to induce anti-
NeuGe Abs. We also transplanted syngeneic heart grafts from CMAH"* to
CMAH ™~ B6 mice that were immunized with the porcine MYP30 cells.
The survival curves of the grafted hearts are shown (each n = 5).
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preformed or elicited Abs to non-Gal epitopes on GalT™" pigs
(30, 31). However, the non-Gal Abs observed in the GalT ™~ pig-
to-baboon transplantation model cannot be associated with anti-
NeuGc Abs. It is very likely that anti-NeuGc Abs will prove to be
important in the clinical application of xenotransplantation, but
only after the acute humoral xenograft rejection in pig-to-baboon
xenotransplantation is overcome.

To evaluate anti-Gal Abs, Ga!T~/~ mice have been used as a small
animal model (24, 26, 32, 33). These mice produce anti-Gal natural
Abs (NAbs), similar to humans (24, 32) and GalT™"~ pigs (34), al-
though the baseline level of production of anti-Gal Abs in GalT~~
mice is lower than that in humans (35). Because NAbs against Gal
are thought to develop as a result of exposure to environmental
bacteria that express the Gal determinant (36), the lower levels of
anti-Gal NAbs in GalT™~ mice may be due to lower levels of en-
vironmental stimulation by the gastrointestinal bacterial flora within
the experimental animal facilities (35). In contrast, anti-NeuGc
NAbs were undetectable in CMAH '~ mice without stimulation and
even upon similar environmental stimulation, suggesting the lower
antigenicity of NeuGc epitopes compared with Gal epitopes. Anti-
NeuGe Abs were, however, elicited to a certain degree by immu-
nization with NeuGc-expressing syngeneic cells. The production of
anti-NeuGc Abs was more pronounced when CMAH /™ mice were
immunized with NeuGc-expressing xenogeneic cells (Fig. 2). A
similartrend of Ab production against Gal in Ga/T™”~ mice has been
observed in previous studies (37, 38). These findings suggest that the
production of anti-NeuGc and anti-Gal Abs might be facilitated by
the activation of T cells responding to immunogenic xenopeptides
on glycoproteins containing NeuGce and Gal epitopes. Such a dis-
tinctive contribution of T cells might be relevant to the biased class
switching of anti-NeuGc Abs [i.e., IgG1 and IgG3 isotypes were
dominantly detected among anti-NeuGc IgGs, resembling the anti-
Gal IgG subclasses produced in GalT™/~ mice (35)]. Considering
the fact that IgM and IgG3 are potent activators of complement (39),
this complement-fixing isotype of anti-NeuGc Abs is likely to
contribute to humoral rejection. Consistently, we have demonstrated
that anti-NeuGc Abs obtained from CMAH *~ mice or healthy
human volunteers initiate complement-mediated lysis against
CMAH™* cells in vitro (Fig. 34, 3B). In addition, CMAH ™ mice
completely rejected NeuGc-expressing splenocytes transplanted
from syngeneic CMAH™ *+ mice (Fig. 3C, 3D). In that in vivo model,
the other dominant isotype of anti-NeuGe IgG in the sera of
CMAH ™~ mice (ie., noncomplement-fixing IgG1l) might also
contribute to the rejection of NeuGe-expressing cells, probably
through Ab-dependent cell-mediated cytotoxicity. This assumption
is supported by the fact that noncomplement-fixing isotypes of IgG
Abs in human sera have the ability to lyse porcine endothelium via
Ab-dependent cell-mediated cytotoxicity (40). Further studies are
needed to clarify this issue. Nevertheless, the immunogenic property
of NeuGc determinants is defined in this study as targets of the
corresponding Abs in CMAH™"*-to-CMAH ™" cell transplantation.

Islet transplantation is thought to be the most feasible clinical
application of pig-to-human xenotransplantation. In a previous
study, the expression of NeuGc epitopes on islets from adult or
neonatal pigs was clearly detected, and the antigenicity of adult pig
islets or neonatal porcine islet-like cell clusters was found to be
mainly associated with N-linked sugars, including NeuGc epito-
pes, but not Gal Ags (41-44). These findings led us to investigate
the immunogenicity of NeuGc epitopes located on the islets by
using a CMAH*-to-CMAH '~ mouse islet transplantation
model. As shown in Figs. 4-6, CMAH ™™ mice rejected the
NeuGc-expressing islets transplanted from CMAH** mice. This
result provides further insight into the non-Gal Ab-mediated re-
jection of porcine islet xenografts and suggests that the genetic

manipulation of porcine cells for NeuGe expression could be
a novel approach for attenuating non-Gal Ab-mediated islet xe-
nograft rejection. As a further model to investigate xenogeneic
setting, we carried out rat-to-CMAH /" mouse islet trans-
plantation in a separate experiment. However, the rat islet xeno-
grafts were rejected in CMAH " recipients and control CMAH*"*
recipients with equal tempo (Supplemental Fig. 14). This result
could be due to the much lower expression of NeuGce epitopes in
rat islets than in porcine and mouse islets (Supplemental Fig. 1B,
1C), indicating that rat-to-CMAH /"~ islet transplantation could
not be a relevant model to investigate anti-NeuGc Ab-mediated
rejection.

In contrast, CMAH ™~ mice did not reject vascularized NeuGe-
expressing heart grafts, even if exogenous rabbit complement was
added (Fig. 7). We have previously described the rejection of
GalT*"* mouse or rat hearts by GalT~/~ mice and demonstrated
this to be a model of HAR, which would occur in pig-to-human/
primate xenotransplantation, where anti-Gal Abs and complement
mediate HAR (26, 35). The different outcome of CMAH™* heart
grafts in CMAH "~ and GalT™'~ mice indicates that the anti-
NeuGc Ab-mediated immune response may not be crucially in-
volved in the graft loss in xenogeneic organ transplantation.
However, further investigations using organ xenotransplantation
models other than the heart should be undertaken to clearly es-
tablish whether it is necessary to eliminate NeuGce epitopes be-
cause the expression of NeuGe is thought to be dependent on the
tissue and developmental stage (28).
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Abstract

Background Intra-abdominal high pressure and acidosis
by carbon dioxide (CO,) pneumoperitoneum is known to
affect various organ functions. In this study, changes in
liver functions and liver histology were investigated during
CO, pneumoperitoneum in a large animal model.
Methods Fourteen white pigs were anesthetized with
intubation and controlled ventilation. The pigs in the
pneumoperitoneum group (PG) were exposed to CO,
pneumoperitoneum at an intra-abdominal pressure of
8 mmHg, and those in the open laparotomy group (OG)
were subjected to laparotomy. Hemodynamics were mea-
sured and liver function tests were performed in the carotid
artery and portal vein, and the liver tissue was histologi-
cally examined.

Results The blood pressure, PO,, PCO,, and pH in the
carotid artery did not significantly differ between the
groups. In the PG, blood pressure, PO,, and PCO; in the
portal vein were elevated while the pH was low. There
were no significant differences in the levels of amino-
transferases and lactate between the groups. In the PG, the
arterial ketone body ratio (AKBR) was low at 90 min and
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the ICG retention rate was high at 180 min; these values
differed significantly compared to those at 0 min. Histo-
logical examination revealed liver congestion in the PG
and no significant change in the OG. In the PG, the TUNEL
assay revealed positive staining in the area with focal lytic
changes.

Conclusions CO, pneumoperitoneum at an intra-abdom-
inal pressure of 8 mmHg in a porcine model affected liver
functions and caused histological changes in the liver.
Although it is uncertain whether these alterations observed
in the porcine liver occur in humans as well and whether
the alterations are reversible after pneumoperitoneum, it
may be necessary to pay attention to liver damage during
laparoscopic surgery.

Keywords Carbon dioxide pneumoperitoneum -
Laparoscopic surgery - Liver function - Liver histology

In the last decade there has been a considerable increase in
the use of laparoscopic surgery for the treatment of a
number of diseases. Laparoscopic surgery is believed to be
a less invasive procedure than conventional open surgery
because patients who undergo laparoscopic surgery expe-
rience less pain and have short hospital stays and superior
cosmesis compared to those who undergo open surgery [1].

During laparoscopic surgery in humans, a pneumoperi-
toneum is generally created by the continuous insufflation
of CO, into the peritoneal cavity at an intra-abdominal
pressure of 8§—12 mmHg. It is now commonly recognized
that in animals and humans, a CO, pneumoperitoneum that
increases intra-abdominal pressure and CQ, absorption
from the peritoneal cavity has several effects not only on
inflammatory and immune reactions [2, 3], but also on
organ function, including cardiovascular, respiratory, liver,
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and renal function [4-6]. The mechanisms underlying the
functional changes in the cardiovascular system during
pneumoperitoneum have been studied in detail; however,
the mechanisms underlying changes in liver function are
still unclear. Several studies have reported that the levels of
liver enzymes increase in patients undergoing laparoscopic
surgery [7-9]; however, unaltered liver function has been
also reported [10, I'1]. Furthermore, various studies have
reported different changes in the hepatic blood flow during
pneumoperitoneum [12-16]. The differences in the dura-
tion of pneumoperitoneum and intra-abdominal pressure
during pneumoperitoncum between the experimental con-
ditions and clinical settings may result in these different
outcomes [ 10].

Thus, the advantages and disadvantages of laparoscopic
surgery with regard to liver function remain controversial
in both experimental and clinical studies. In this study we
investigated the effect of CO, pneumoperitoneum on the
functions and histology of the liver in a porcine model.

Materials and methods
Experimental design

This study was carried out in accordance with the guide-
lines recommended by the Committee of Animal Experi-
mentation, Hiroshima University, and the Committee of
Research Facilities for Laboratory Animal Science, Natural
Science Center for Basic Research and Development (N-
BARD), Hiroshima University. For this study, we used 14
specific-pathogen-free, white, male pigs (mean weight =
35.4 kg; range = 35-36 kg). They were randomly allo-
cated to two equivalent groups: the open laparotomy group
(OG) and the pneumoperitoneum group (PG). Each pig was
made to fast overnight. The following morning the pigs
were premedicated with ketamine (10 mg/kg), desperado
(0.1 mg/kg), and atropine (0.05 mg/kg) via the intramus-
cular route. The animals were then orotracheally intubated
and mechanically ventilated, maintaining 100% oxygen
inspiration (FiO,) with a tidal volume of 10-15 ml/kg at
the rate of 15 breaths/min. Anesthesia was maintained with
isoflurane inhalation. Oxygen saturation was continuously
monitored. Ringer’s lactate solution was administered
intravenously at 100 ml/h by varying the infusion rate,
when necessary, through a femoral vein line. The animals
were kept in the supine decubitus position throughout the
experiment. The right carotid artery was cannulated for
the collection of arterial blood samples and for recording
the heart rate and arterial blood pressure. A midline
abdominal incision of 15 and 25 cm was made for the PG
and the OG, respectively. In both groups, a liver tissue
biopsy sample was obtained from the right lobe for
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histological analysis. At the same time, the portal vein was
cannulated for obtaining portal vein blood samples and for
recording the portal vein pressure. A 12-mm supraumbili-
cal trocar was inserted, and a laser Doppler flowmeter
probe was introduced into the peritoneal cavity through the
trocar. After the preparation, the midline incision was
closed in the PG and a pneumoperitoneum was created by
injecting CO, and maintained at a pressure of & mmHg. In
the OG, the laparotomy was kept open during the experi-
ment. On completion of the experiment, the animals were
euthanized with an intravenous injection of potassium
chloride.

Blood sampling

Serial blood gas samples were obtained during the exper-
iment from an arterial cannula placed in the carotid artery
or the portal vein. In the OG, the first blood sample was
obtained after the laparotomy and in the PG after the
closing of the midline incision but before insufflation of
CO,. Blood sampling was carried out at 15, 30, 45, 60, 90,
120, and 180 min. Blood gas analysis was performed
immediately in the operating room. Plasma was obtained
by centrifuging the blood samples and was stored at -20°C
until analysis. Alanine aminotransferase (ALT) levels,
aspartate aminotransferase (AST) levels, and the arterial
ketone body ratio (AKBR) were determined by standard
methods.

Indocyanine green retention test

Indocyanine green (ICG) (1 mg/kg) was injected into the
portal vein 15 min before and 180 min after laparotomy in
the OG and 15 min before and 180 min after insufflation of
CO3 in the PG. Blood samples were obtained from the
carotid artery before injection of ICG and at 5, 10, and
15 min after the injection. Pharmacokinetic parameters
were calculated by using a computer program.

Hemodynamic measurements

The baseline hemodynamic measurements were obtained
after laparotomy in the OG and after CO, insufflation in the
PG. Next, measurements were performed at 15, 30, 45, 60,
90, 120, and 180 min. At cach time point, the mean carotid
arterial blood pressure and portal vein blood pressure were
recorded by calibrated pressure transducers.

Liver blood flow measurement

A laser Doppler flowmeter (ALF21, Advance Company
Lid., Tokyo, Japan) was used for measuring liver tissue
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perfusion. The laser Doppler flowmeter uses a fiber-optic-
based laser Doppler probe to assess the parenchymal blood
flow in the liver tissue. The Doppler shift of the laser beam
reflected by the red blood cells is monitored. This repre-
sents the transport of blood cells through the microvascu-
lature and is defined as follows: microvascular perfusion
(FLOW) = number of blood cells moving in the tissue
sampling volume (MASS) x mean velocity of these cells
(VELOCITY). We continuously measured the liver blood
flow in all the pigs from each group. The probe was
introduced into the peritoneal cavity through the 12-mm
supraumbilical trocar and was secured on the liver surface
with tape. We plotted the liver blood flow at each time
point on the basis of the value obtained from baseline
measurements performed at 0 min.

Tissue sampling and histological analysis

Biopsy samples were taken from the right lobe of the liver.
The first sample was taken immediately after the laparot-
omy and the second sample at 180 min after the first
biopsy. We fixed 5-pm paraffin-embedded sections of liver
biopsy samples in 10% buffered formalin and stained these
with hematoxylin and eosin. All the specimens were
evaluated by two pathologists who were blinded to the
sequence of the biopsy specimens.

Fig. 1 Time course of the A
parameters of the carotid artery.
A Blood pressure. B PO;.

C PCO,. D pH. Bars indicate
the mean + SD.

PG pneumoperitoneum group,
OG open group

Arterial blood pressure(mmHg)

Evaluation of DNA fragmentation

The terminal dUDP nick-end-labeling (TUNEL) assay was
performed on the paraffin sections using an in situ apop-
tosis detection kit (TaKaRa Biomedicals, Otsu, Japan).

Statistical analysis

All data other than the liver blood flow measurements were
reported as the mean =+ standard deviation (SD). Statistical
comparisons were made among groups using the Kruskal-
Wallis analysis, and the Mann—Whitney U test with Bon-
ferroni correction was used as the post hoc test of variance.
Because the data were not normally distributed, nonpara-
metric statistical analysis was used. Friedman’s test was
used to compare dependent values within the same group.
A p value less than 0.05 was considered significant.

Results

Animal conditions and changes in blood pressure, PO,
PCO;,, and pH in the carotid artery

The time course of hemodynamic parameters and the
findings of the blood gas examination of the carotid artery
are shown in Fig. 1. No significant difference was observed
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in the blood pressure, PO, PCO,, and pH between the PG
and the OG during the experiments. Furthermore, the heart
rate and body temperature did not significantly differ
between the two groups (data not shown).

Changes in blood pressure, PO,, PCO,, and pH
in the portal vein

During the experiments, the blood pressure in the portal
vein immediately increased to approximately 15 mmHg
in the PG, while it remained constant in the OG
(Fig. 2A). Statistical analysis revealed a significant dif-
ference in the portal vein blood pressure between the PG
and the OG at all time points (p < 0.01). The levels of
PO, and PCO; in the portal vein blood were significantly
higher in the PG than in the OG at all time points
(p < 0.01) (Fig. 2B and C, respectively). The pH of the
portal vein blood gradually decreased in the PG but not
in the OG (Fig. 2D). Furthermore, statistical analysis
revealed a significant difference in the pIl of the portal
vein blood between the PG and the OG at all the time
points (p < 0.01).

Changes in the levels of hepatic aminotransferases,
lactate level, AKBR, and ICG retention test

As shown in Fig. 3A and B, the time course of the AST and
ALT levels did not significantly differ between the PG and
the OG, while the levels of both AST and ALT were higher
in the PG than in the OG at almost all the time points
during the experiments. The

amount of lactate in the

A

200+ ok

Fig. 2 Time course of the
parameters of the portal vein
blood. A Blood pressure. B PO-.
C PCO,. D pH. *p < 0.05 and
*#p < 0.01 compared to the
OG. Bars indicate the

mean £ SD.

PG pneumoperitoneum group,
OG open group

(mmHg)

Portal vein blood pressure

carotid artery remained constant at all the time points in
both the PG and the OG (data not shown). In the PG,
AKBR decreased at 90 min and significantly differed from
that at O min (p < 0.01) (Fig. 3C). We performed the ICG
retention test at 0 and 180 min. The value of the ICG
retention test was significantly higher at 180 min than at
0 min in the PG (p < 0.01), although this value did not
vary significantly in the OG (Fig. 3D).

Liver tissue blood flow

The liver tissue blood flow measured using a laser Doppler
flowmeter showed a gradual increase in the PG but
remained constant in the OG (Fig. 1), although we could
not analyze the statistical differences between the two
groups because of the small number of pigs. We have
shown the representative data of two pigs in each group
because the data of other pigs contained noise.

Histological findings in the liver

Histological examination revealed ballooning and steatosis
in the hepatocytes around the central vein and a focal lytic
change in the hepatocytes in the PG (Fig. SB-E). Fur-
thermore, dilatation and congestion of the sinusoid and
central vein were observed in the PG (Fig. 5B, C). On the
other hand, no obvious change was observed in the OG
(Fig. 5A). The assay revealed that TUNEL-positive hepa-
tocytes were present in the region where a focal lytic
change was observed in the hepatocytes (Fig. 5F).
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Discussion

CO, insufflation is the most commonly used procedure
during laparoscopic surgery. Various studies have shown
that a pneumoperitoneum with CO, affects the functions of
several organs, including the heart, lung, kidney, and liver
[+, 6, 17]. In this study we assessed the effects of pneu-
moperitoneum on liver functions in a porcine pneumoper-
itoneum model because it is difficult to obtain portal vein
blood and liver tissue samples from humans during lapa-
roscopic surgery. We found changes in portal vein acidosis,
liver and liver histology during CO,
pneumoperitoneum.

functions,

that have been used during and after pneumoperitoneum in
humans and animals. Many studies have reported that the
levels of aminotransferases remain constant in a low-
pressure pneumoperitoneum but increase in a high-pressure
pneumoperitoneum [10, 18, [Y]. The experiments were
performed in pigs under CO, pneumoperitoneum at an
intra-abdominal pressure of 8 mmHg because at this
pressure the general conditions of clinical laparoscopic
surgery can be simulated. Moreover, previous studies have
reported that low intra-abdominal pressure (7-10 mmHg)
had minimal effects on the functions of the heart and other
organs |4, 10, 19]. Indeed, there was no significant dif-
ference between the two groups with respect to the blood
pressure, PQ,, PCO,, and pH in the carotid artery (Fig. 1).
Furthermore, statistical analysis revealed no significant
difference in the time course of serum aminotransferase
levels between the PG and the OG. These results were
with those reported in previous studies.
Although statistical analysis revealed no significant dif-
ference in the levels of serum aminotransferases between
the groups, the results of the present study showed that
these levels were higher in the PG than in the OG (Fig. 3).
These findings may be consistent with the histological
findings, which were lytic changes in a focal area but not in
a confluent area of the hepatocytes in the PG and no
changes in the hepatocytes of the OG (Fig. 3).

In addition to aminotransferases, we analyzed the lactate
levels, AKBR, and ICG retention. There have been few

consistent
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Fig. 5 Histopathological
findings of the liver. HE staining
of the liver in the A OG, B-E
PG, and F TUNEL staining in
the PG. The arrows indicate
TUNEL-positive cells. Original
magnifications: 100x (scale
bar = 200 pm) in A, B, C, and
D, and 400x (scale bar =

50 pm) in E and F.

PG pneumoperitoneum group,
OG open group

reports describing hepatic functions other than the serum
aminotransferase levels during pneumoperitoneum in ani-
mals and humans. Lactate is often clinically used as a
marker in anaerobic metabolism and is monitored as a
marker for liver functions in acute liver failure and major
hepatectomy [20]. Under our experimental conditions, the
serum level of lactate was not influenced by CO, pneu-
moperitoneum. On the other hand, in the PG, the AKBR,
which is a metabolic indicator of liver functions and is
considered to be an accurate index of the functional liver
reserve [21], was significantly low at 90 min compared to
that at 0 min (Fig. 3C). Interestingly, the pH of the portal
vein blood was lowest at 90 min in the PG (pH = 7.19 £
0.05) (Fig. 2D); the time course of the decrease in the
AKBR value was similar to that of pH. On the other hand,
the PO, level in the portal vein was higher in the PG than in
the OG at all the time points (Fig. 2B). AKBR, which is the
ratio of acetoacetate to 3-hydroxybutyrate in the arterial
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blood, reflects the mitochondrial redox potential of hepa-
tocytes and the energy state of the liver [22, 23]. It is
known that hepatic mitochondrial functions decrease
because of not only hypoxia but also acidosis [24]. Inter-
estingly, based on the blood gas examination of the portal
vein, we speculated that the decrease in AKBR that was
observed in the experiment may be dependent on the
decrease in the pH of the portal vein blood and not on
hypoxia. In addition, TUNEL-positive hepatocytes, which
probably indicate an apoptotic change in the hepatocytes,
were observed in the area with focal lytic changes in the
PG. Because it has been reported that mitochondrial dys-
function causes apoptosis in hepatocytes [25], it is probable
that CO, pneumoperitoneum causes apoptosis in hepato-
cytes by lowering the pH of the portal vein blood, which in
turn results in decreased hepatic mitochondrial function.
Furthermore, we examined the change in ICG retention
during pneumoperitoneum. ICG is an anionic dye and
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removed almost exclusively from the liver [26]. In the PG,
the rate of ICG retention significantly increased within
180 min; on the other hand, in the OG, the rate of ICG
retention did not significantly vary from 0 to 180 min
(Fig. 3D). Elimination of ICG from the blood is indicated
by the hepatic blood flow, ICG uptake by the hepatocytes,
and ICG excretion from the hepatocytes [26]. It remains
unclear whether the efficiency of ICG uptake and hepato-
cyte excretion is influenced by CO, pneumoperitoneum.
While hepatic mitochondrial dysfunction observed in this
experiment may partly influence the functions of hepato-
cytes, the change in the liver blood flow under pneumo-
peritoneum may be important for increasing the ICG
retention rate.

Several researchers have examined the hemodynamic
changes in the liver blood flow under pneumoperitoneum
in humans and animals; however, the results remain con-
troversial. Previous studies have described mainly three
methods of measuring liver blood flow: (1) measuring the
blood flow of the portal vein and hepatic artery by placing
the probe directly on the vessels, (2) measuring the hepatic
venous flow using transesophageal Doppler echocardiog-
raphy, and (3) measuring the velocity and number of red
blood cells by using a laser Doppler flowmeter on the liver
surface. In studies in which the vessel blood flow was
measured directly, the blood flow in the portal vein and
hepatic artery was found to decrease or remain unchanged
under pneumoperitoneum [12-15]. In a previous study that
used transesophageal Doppler echocardiography, it was
found that the blood flow in the hepatic vein significantly
increased during pneumoperitoneum in humans [16]. We
estimated the liver blood flow in this experiment by using a
laser Doppler flowmeter. This instrument measures the
liver blood flow by multiplying the number of blood cells
moving in the tissue sampling volume by the mean velocity
of these cells (refer to Materials and methods). Although
we could show the representative data of the liver blood
flow in only a small number of pigs (2 pigs in each group)
because of noise interference during measurement, the liver
blood flow increased in the PG during CO, pneumoperi-
toneum but showed no apparent change in the OG. The
measurements of the liver blood flow and the results of the
histological findings, which revealed dilatation of the
sinusoid and central vein (containing red blood cells) and a
focal lytic change, may indicate liver congestion. It has
been reported that CO, pneumoperitoneum affects cardiac
functions and results in increased pressure in the superior
and inferior caval veins in a porcine pneumoperitoneum
model (intra-abdominal pressure = 10 mm Hg) [27]. From
the findings of the present experiments and the results of
previous studies, we speculated that CO, pneumoperito-
neum causes liver congestion through right ventricular
cardiac overload and a decrease in the blood flow of the

hepatic artery and portal vein; this results in an increased
ICG retention rate and histological changes.

In conclusion, CO, pneumoperitoneum at an intra-
abdominal pressure of 8 mmHg for 180 min affects liver
functions and causes histological changes in the liver in a
porcine model. Laparoscopic surgery is currently used not
only for cholecystectomy and colectomy but also for hep-
atectomy for liver donation in living-related liver trans-
plantation and hepatocellular carcinoma. It is not clear
whether the alterations observed in the porcine liver occur
in humans as well and whether these alterations are
reversible after pneumoperitoneum; however, it is probably
important to pay attention to liver damage during laparo-
scopic surgery in patients with liver dysfunction.
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