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Abstract

Purpose There is evidence that open as well as minimally
invasive abdominal surgery impair post-operative innate
and acquired immune function. To compare the impact of
these approaches as well as the one of different peritoneal
gas exposures on immune function, we investigated cel-
lular as well as cytokine-based immune parameters in
mesenteric lymph nodes and the spleen postoperatively.
Methods Mice (n = 26) were randomly assigned to the 4
study groups: (1) sham controls undergoing anesthesia
alone, (2) laparotomy, and (3) air, or (4) carbon dioxide
pneumoperitoneum. Mice were sacrificed 48 h after the
intervention, and their spleens and mesenteric lymph nodes
were harvested. Cytokine production (TNF-o, IL-6, IL-10,
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and IFN-y), splenic T cell subpopulations (cytotoxic T
cells, T helper cells, and regulatory T cells) were analyzed.
Results TNF-o production of splenocytes 16 h after ex
vivo lipopolysaccharides (LPS) stimulation was signifi-
cantly increased in the laparotomy group compared to all
other groups. In contrast, TNF-o production of lymph node
cells and IL-6 production of splenocytes after ex vivo LPS
stimulation did not differ significantly between the groups.
The numbers of regulatory T cells (Treg) in the spleen
differed between groups. A significant reduction in Treg
cell frequency was detected in the CO, insufflation group
compared to the laparotomy and the air insufflation group.
Conclusion Our findings demonstrate a distinct differ-
ence in immune effector functions and cellular composition
of the spleen with regard to splenic TNF-« production and
increased numbers of Treg cells in the spleen. These
findings are in line with a higher peritoneal inflammatory
status consequent to peritoneal air rather than CO, expo-
sure. Treg turned out to be key modulators of postoperative
dysfunction of acquired immunity.

Keywords Laparoscopy - Laparotomy -
Pneumoperitoneum - Immune function - Mouse model -
Lymphocyte subsets - T-lymphocytes - Regulatory -
Cytokines

Introduction

Minimally invasive abdominal surgery better preserves
postoperative local and systemic immune functions com-
pared to open abdominal surgery [1, 7, 8, 30]. Animal
models revealed increased inflammation [34], impaired
delayed-type sensitivity [8, 30, 32], increased metastatic
tumor spread [8], and possibly more scarring after open
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abdominal surgery compared to minimal invasive abdom-
inal surgery [10]. A number of clinical studies are in line
with those experimental results. For instance, in contrast to
open surgery, laparoscopic cholecystectomy caused less
systemic immune impairment in terms of delayed hyper-
sensitivity, interleukin-6 (IL-6) production, and white
blood cell count [4, 11, 17, 18].

Several mechanisms may account for these observa-
tions: The different trauma severities associated with lap-
aroscopic versus open surgery with inherent local
biochemical alterations such as eicosanoid, cytokine, and
growth factor liberation, hemorrhage and thrombocoagu-
lative processes, cell and tissue edema and destruction.
Similarly, different patterns of ensuing inflammatory,
necrotic, or apoptotic cascades [6, 20] are likely to con-
tribute to the more favorable, i.e., “milder”, repair mech-
anisms characterizing minimally invasive interventions.

As a first line of defense, macrophages and polymor-
phonuclear granulocytes (PMN) are of main importance to
protect the body from microorganisms. Macrophages,
abundant present intraperitoneal defense cells, are key
effectors and orchestrators of innate and acquired immu-
nity [13]. They release different cytokines and mediators to
control key events in the initiation and resolution of
inflammation. PMN are the first blood-born nucleated cells
to populate a site of acute tissue alteration [35]. After an
inflammatory stimulus, PMN enter the peritoneal cavity in
high numbers and become potent effectors of the first line
of defense. Using a fluorescent cell tracer, we recently
showed that about three times more PMN enter from the
blood compartment into the peritoneum and undergo sig-
nificantly less apoptosis when abdominal air insufflation is
performed in comparison to CO, insufflation [23]. PMN
have the shortest half-life time among leukocytes and
rapidly die by apoptosis [9, 27]. All apoptotic cells are
quickly removed by phagocytic cells such as macrophages
[28]. It is widely accepted that macrophages, by phago-
cytosing apoptotic cells, act in an anti-inflammatory way
[19]. As peritoneal macrophages do not undergo apoptosis
in the peritoneal cavity, but instead migrate to the draining
lymph nodes for apoptosis [3], immune regulation might
also occur in remote tissues.

The most commonly used gas for peritoneal insufflation,
CO; has been implicated as a factor leading to compro-
mised intraperitoneal immunity. In vitro, macrophages
produce significantly less TNF-« and IL-1 when incubated
in CO, compared to air or helium [36]. Following CO,
pneumoperitoneum a pH drop decreased cytokine produc-
tion by macrophages, and lactate inhibited LPS-stimulated
cytokine release from peritoneal macrophages [21].
Ambient air with its increased partial oxygen pressure may
additionally increase inflammatory processes through oxi-
dative stress [15].
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In order to compare the impact of the different operative
approaches and peritoneal gas exposures on immune
functions, we investigated both cytokine production and
cellular components locally as well as systemically by
measuring immune parameters in the mesenteric lymph
nodes as well as in the spleen. We used a relatively late
time point of 48 h post-intervention, as delayed-type
hypersensitivity in mice was suppressed at that time point
after laparotomy, but not after laparoscopy [8]. Our aim
was to assess eventual differences in cytokine patterns and
T cell subpopulations (cytotoxic T cells, T helper cells and
regulatory T cells) after an air versus CO, pneumoperito-
neum. Ex vivo cell stimulation assays and fluorescence-
activated cell scanning (FACS) analysis of lymphocyte
subpopulations in the immune compartments of mesenteric
lymph nodes and spleen were used.

Materials and methods
Animals

Female NMRI mice (Harlan Winkelmann, Borchen, Ger-
many) weighing 27 + 1.5 g (mean £+ SD) were used for
all experiments. Mice were kept specific pathogen-free and
allowed access to food and water ad libitum throughout the
study. All experimental protocols were approved by the
local review boards for animal care and are in accordance
with the Helsinki Declaration. All animals were allowed to
acclimate for a minimum of 7 days before experimental
use.

Experimental setting

Mice were randomly assigned to one of the 4 groups:
sham controls undergoing the same anesthesia procedure
without any abdominal surgery (further referred as
“control”), laparotomy (“laparotomy”), air pneumoperi-
toneum (“air”) and carbon dioxide pneumoperitoneum
(“CO,”). All mice were anesthetized in an induction
chamber using 4 % halothane in O, and were transorally
intubated for mechanical ventilation using a wire guide
[12] and an operational microscope with 2 % isoflurane in
O, during the whole procedure. Mechanical ventilation
was performed using a Hugo Sachs Harvard Apparatus
mouse ventilator (Hugo Sachs-Harvard Instruments,
March-Hugstetten, Germany) with a tidal volume of 8 pl/
g body weight and a frequency of 200-240/min. Mice in
the control group were anesthetized and kept intubated for
90 min. In the laparotomy group, a midline laparotomy
was performed and maintained for 90 min until closure in
a two layer technique using Vicryl 4.0 (Ethicon, Ham-
burg, Germany) running suture for the peritoneum and
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staples for the skin. Mice in the air and CO, group were
insufflated with the appropriate gas with 10 mmHg pres-
sure using an Olympus laparoscopic insufflator (Olympus
UHI-1 high flow insufflator, Olympus Volketswil, Swit-
zerland) through an 18 gauge arterial catheter (Abbocath)
inserted into the peritoneal cavity through the right lower
abdominal wall. The pneumoperitoneum was maintained
for 90 min, after which the abdomen was decompressed
and the catheter removed. All animals were kept on a
warming mat.

Mice were sacrificed 48 h after surgery (control: n = 6;
laparotomy: n = 7; air: n = 6; COy: n = 7).

After sacrifice using a CO, chamber, the spleens and
mesenteric lymph nodes were harvested. All cell isolation
steps were performed on ice or, where not possible, at
+4 °C.

The cell suspensions were prepared by gently pushing
splenic tissue through a disposable cell strainer (BD Bio-
sciences) and the cells were pelleted by centrifugation at
300x g for 12 min. The supernatant was removed, and the
cells were resuspended in 1 ml RPMI 1640 supplemented
with penicillin (100 U/ml) and streptomycin (100 pg/ml),
but without FCS. The cells were counted with a Neubauer
hemocytometer, and viability was determined using Trypan
blue exclusion.

Antibodies and reagents

The following antibodies were used for flow cytometry:
Hamster anti-mouse CD3e¢ (clone 145.2C11, BD Biosci-
ences, Heidelberg, Germany), rat anti-mouse CD4 (clone
RM4-5, BD Biosciences), rat anti-mouse CD8a (clone
53-6.7, BD Biosciences), rat anti-mouse B220 (clone RA3-
6B2, BD Biosciences) rat anti-mouse CD11c (clone N418,
AbD Serotec, Diisseldorf, Germany), rat anti-mouse
CD62L (clone MEL-14, BD Biosciences), hamster anti-
mouse CD11b (clone M 1/70, BD Biosciences), rat anti-
mouse MHC 1II (clone M5/114.15.2, Miltenyi Biotech,
Monchengladbach, Germany), rat anti-mouse Foxp3 (clone
FJK-16s, Natutec, Frankfurt, Germany), rat anti-mouse
CD25 (clone PC61, BD Biosciences), and hamster anti-
mouse CD28 (clone 37.51, BD Biosciences). PE labeled
isotype control IgG was purchased from BD Biosciences.

Flow cytometry and cell analysis

Cells were incubated with the appropriate antibodies in
staining buffer (PBS containing 2 % FCS). Data were
collected on the LSR II flow cytometer (BD Biosciences)
and analyzed using the DIVA software (BD Biosciences).
All staining profiles were based on live-gated cells, as
determined by forward and sideward scatter properties.

Determination of cytokine production of splenocytes
and mesenteric lymph node cells

For the determination of TNF-«, IL-6, IL-10 splenocytes
and mesenteric lymph node cells were stimulated with LPS
(10 ng/ml; E. coli, serotype O111:B4, Sigma-Aldrich,
Miinchen, Germany). For the determination of INF-y the
splenocytes and mesenteric lymph node cells were stimu-
lated by o-CD3 and o-CD28. Cell culture supernatants
were collected after 16 h of culture and preserved for
further analysis at —20 °C. For T cell stimulation,
splenocytes were stimulated in vitro with plate bound anti-
CD3¢ antibody (5 pg/ml) and soluble anti- CD28 antibody
(2 pg/ml) for 16 h. Supernatants were collected for ELISA.
TNF-«, IL-6, IL-10, and IFN-y protein quantification was
performed with DUO-ELISA kits (R&D Systems) follow-
ing the manufacturer’s instructions. The lower limit of
detection for the cytokines was 20 pg/ml.

Statistical analysis

Analyses were performed with GraphPad Prism, version
3.0 (GraphPad Software, Inc., San Diego, USA), giving
mean £ SD or, if not normally distributed, median and
range. Normally distributed variables were analyzed by
ANOVA, followed by Dunnett post hoc test or by Bon-
ferroni correction where adequate. A p value <0.05 was
considered significant.

Results

Determination of cell numbers in the spleen
and mesenteric lymph nodes

Neither the number of splenocytes (control group: 55.5 £
35.5 x 10° cells, laparotomy group: 44.5 #+ 23.4 x 10°
cells, air insufflation group: 61.1 & 32.0 x 10° cells and
CO, insufflation group: 75.1 % 29.3 x 10° cells) nor the
number of lymph node cells (control group: 23.6 £ 6.9 x
10° cells, laparotomy group: 24.8 + 5.0 x 10° cells, air
insufflation group: 28.9 + 15.8 x 10® cells and CO,
insufflation group: 16.9 & 4.6 x 10° cells) differed sig-
nificantly when analyzed 48 h after the intervention.

Cytokine production of splenocytes and mesenteric
lymph node cells in response to LPS stimulation

TNF-a production of splenocytes after ex vivo LPS stim-
ulation was significantly increased in the laparotomy group
(4.45 £+ 2.09 ng/ml) compared to the control (2.59 £ 0.51
ng/ml), the air insufflation (2.41 £ 0.94 ng/ml) and the
CO, insufflation group (1.73 %+ 0.44 ng/ml; p < 0.01)
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Fig. 1 Ex vivo TNF production of isolated splenocytes after LPS
stimulation. Splenocytes were isolated from mice received either
laparotomy (laparotomy) or laparoscopy (air or CO,) or anesthesia
only (control). Cells were cultured in vitro in the presence of LPS
(10 ng/ml) and supernatants were harvested after 16 h. TNF produc-
tion was determined by ELISA. Data represent the mean values
(£SEM, bar p < 0.05)

(Fig. 1). In contrast, TNF-a production of lymph node cells
after ex vivo LPS stimulation did not differ significantly
between the groups (control 0.40 £ 0.43 ng/ml; laparot-
omy 0.44 £ 0.20 ng/ml; air insufflation 0.36 + 0.24 ng/
ml; CO, insufflation 0.26 £ 0.15 ng/ml: p = 0.73).

Also, IL-6 production of ex vivo LPS stimulated
splenocytes did not differ significantly between groups.
The IL-6 concentration was 0.28 + 0.30 pg/ml in the
control group, 0.47 £ 0.35 pg/ml in the laparotomy group,
0.28 £ 0.27 pg/ml in the air insufflation group and
0.31 £ 0.41 pg/ml in the carbon dioxide insufflation group
(p = 0.68). IL-6 production of ex vivo LPS stimulated
lymph node cells was below the detection limit (ELISA
detection limit 20 pg/ml).

IL-10 production of splenocytes did not differ between
groups after ex vivo LPS stimulation. The IL-10 concen-
tration after LPS stimulation was 0.43 + 0.44 ng/ml in the
control group, 0.34 £ 0.20 ng/ml in the laparotomy group,
0.42 £ 0.47 ng/ml in the air insufflation group and
0.29 %+ 0.11 ng/ml in the CO, insufflation group (p = 0.64).
IL-10 production of ex vivo LPS or combined anti-CD3 and
anti-CD28 stimulated lymph node cells was below the
detection limit (ELISA detection limit 20 pg/ml).

Cytokine production by T cells

After combined anti-CD3 and anti-CD28 stimulation, we
observed no differences in IL-10 secretion by splenocytes.
The IL-10 concentration was 1.96 + 0.86 ng/ml in the
control group, 1.51 &£ 0.86 ng/ml in the laparotomy group,
1.63 £ 0.59 ng/ml in the air insufflation group and
1.82 £ 0.42 ng/ml in the CO, insufflation group (p = 0.67).
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In addition, IFN-y production of splenocytes and lymph
node cells after ex vivo combined anti-CD3 and anti-CD28
stimulation, did not differ significantly. The IFN-y pro-
duction of stimulated splenocytes was 119.7 £ 47.7 ng/ml
in the control group, 124.9 4 49.9 ng/ml in the laparotomy
group, 125.0 £ 28.8 ng/ml in the air insufflation group,
and 169.5 £ 89.7 ng/ml in the CO, insufflation group
(p = 0.40).

The IFN-y production of stimulated lymph node cells was
73.9 £ 34.6 ng/ml in the control group, 63.3 £ 60.8 ng/ml
in the laparotomy group, 66.4 £ 79.4 ng/ml in the air
insufflation group, and 54.7 + 31.6 ng/ml in the CO,
insufflation group (p = 0.40).

Splenic T cell subpopulations

There was also no difference in the frequency of cytotoxic T
cells (CD8*, CD3%) in the spleen after the different proce-
dures (control: 9.81 £ 2.04 %; laparotomy: 10.73 + 3.65
%; air insufflation: 8.17 £ 1.54 %; CO, insufflation:
8.08 &+ 2.13 %; p = 0.29). Also, no difference was found in
the numbers of activated cytotoxic T cells (CD8", CD3*,
CD62L7): control: 7.92 + 2.59 %; laparotomy: 8.31 +
5.20 %; air insufflation: 7.14 £ 2.61 %; CO, insufflation:
7.62 £ 1.67 %; (p = 0.95). There was also no difference in
T helper cells (CD4", CD3%) in the spleen after the different
procedures (control: 29.92 + 2.89 %; laparotomy: 31.42 £
4.08 %; air insufflation: 28.10 + 4.68 %; CO, insufflation:
35.36 £ 6.94 %;p = 0.15). Also no difference was found in
activated T helper cells (CD4+, CD3™, CD62L7) in the
spleen (control: 8.86 + 1.83 %; laparotomy: 7.70 +
1.21 %; air insufflation: 9.02 + 2.00 %; CO, insufflation:
7.93 £+ 1.19 %; (p = 0.48)). No difference was found in the
ratios of T helper cells to Tregs (p = 0.32) and of activated T
helper cells to Tregs (p = 0.07).

Regulatory T cells (Treg) were phenotypically defined as
CD4™ CD25" cells expressing intracellular Foxp3. The
average proportion of freshly isolated Treg cells differed
significantly between groups (p < 0.005). The proportion of
Treg in the control group were 7.23 £ 0.97 %, in the lapa-
rotomy group 9.29 £ 1.17 %, in the air insufflation group
9.38 £ 0.69 %, and in the CO, group 7.90 £ 0.44 %. Sig-
nificant differences could be demonstrated between the CO,
insufflation group compared to the laparotomy (p < 0.05)
and the air insufflation group (p < 0.05) (Fig. 2a, b).

Discussion

Trauma affects the immune system at different levels. At
the site of tissue injury, the local cytokine secretion acti-
vates residing phagocytes and recruits immune cells in
secondary lymphoid organs, e.g., the spleen and the local
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Fig. 2 a Frequency of Treg cells isolated from the spleen was
significantly increased after abdominal air exposure compared to
abdominal CO, exposure. Splenocytes were isolated from mice
received either laparotomy (laparotomy) or laparoscopy (air or CO,)
or anesthesia only (control), stained with antibodies specific for CD3,
CD4, CD25 and Foxp3 and analyzed by flow cytometry. In a the
proportion of CD3%, CD4", CD25" and Foxp3* is depicted. Data
represent the mean (£SEM; bar p <0.05). b A representative
analysis of splenic Treg cells for each surgery group is shown

lymphatic system. The activation of the immune system is
accompanied by effector functions like phagocytosis and
cytokine production of macrophages and neutrophils, and
by a shift of the Teff/Treg cell balance leading to an
immune suppressive status [33, 37]. It was demonstrated
that the magnitude of the insult, the resulting immune
response, and the consequent susceptibility to infection or
sepsis are directly proportional [5].

After an inflammatory stimulus both the innate and
acquired immunity are involved in host defense. The initial
defense reaction after an inflammatory stimulus of the

peritoneal cavity is the activation of PMN, peritoneal
macrophages, natural killer cells, and yd T cells. The
orchestration of such a response is complex and further
includes the surface cell layer in the abdominal cavity, i.e.,
peritoneal mesothelial cells, and the underlying capillary
network. In addition to tissue trauma, operative time, or
blood loss [29], cytokines like interleukin-6 (IL-6) may
activate peritoneal mesothelial cells that induce a number
of chemokines recruiting cells of the innate immune system
into the peritoneal cavity [25]. These early inflammatory
events enable the successful transition from innate to
acquired immunity.

TNF and IL-6 are produced initially after tissue trauma
by peripheral blood monocytes and tissue macrophages.
These cytokines are critically involved in the recruitment
of immune cells to the site of tissue damage in order to
resolve the inflammation. Circulating TNF levels usually
peak between 12 and 24 h after the initial traumatic event.
TNF together with IL-1 are responsible for acute symptoms
of inflammation like fever and tachycardia [16]. Jacobi
et al. [14] showed a more moderate increase of TNF
plasma levels after laparoscopy compared to laparotomy.
Prolonged and excessive IL-6 elevations are associated
with increased morbidity and mortality [2].

In the present study we demonstrated a higher TNF
release, but no significant difference in IL-6 and IL-10
production from splenocytes after LPS stimulation ex vivo
48 h after abdominal intervention in the laparotomy group
compared to all other study groups, astonishingly also to
the air insufflation group. These findings emphasize that
systemic immunity is differentially affected by tissue
trauma. Especially CO, insufflation showed no difference
to air in regard to systemic TNF production. This stands in
sharp contrast to local peritoneal TNF production which is
increased in non-stimulated peritoneal macrophages after
in vivo air exposure of the peritoneal cavity [22]. One may
hypothesize that for splenocyte stimulation tissue trauma is
more relevant than the type of peritoneal gas exposure and
its consecutive inflammatory response. The different sple-
nic TNF production also stands in contrast to the equal
TNF production of mesenteric lymph node cells at 48 h
after surgery. An explanation for this finding may be the
late time point investigated.

The analysis of splenic cells showed no difference in
both cytotoxic T cells or activated cytotoxic T cells in
regard to the method of surgery. Also neither splenic T
helper cells, nor activated splenic T helper cells showed
any significant difference between the compared groups.
However, we detected significantly higher splenic Treg cell
proportions in both the laparotomy and the air insufflation
group if compared to CO, insufflation.

Treg cells are characterized by the expression of the IL-2
receptor alpha chain (CD25) and the transcription factor
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FoxP3. These cells help to restrict overshooting of immune
reactions and, therefore, prevent autoimmunity [26].
Increasing numbers of Treg cells has been observed in
response to surgical trauma [31]. Under trauma conditions
the increase in Treg cells corresponds with the immune
suppression [24, 37]. In line with the fact that the Treg cell
compartment is extended after trauma and sepsis [37] there
was no difference between the CO, insufflation and the sham
anesthesia control group. The findings suggest that both
groups with air exposure of the peritoneal cavity have more
pronounced immune alteration, a finding that was also
observed in our former studies [22, 23]. This finding may
closely be linked to the suppressed recall immunity in terms
of delayed type hypersensitivity during the four postopera-
tive days in mice exposed to laparotomy observed earlier [8].

When we looked for a potential mechanism leading to
the increase in Treg cells in the laparotomy and air insuf-
flation groups we monitored IL-10 secretion in re-stimu-
lated splenocytes. IL-10 is a complex cytokine with
important immunosuppressive effects. It blocks monocyte/
macrophage dependent T-cell activation and antigen pre-
sentation and is therefore a strong suppressor of key
cytokines such as TNF-o, IL-1-$, IL-6, IL-12, and IFN-y.
IL-10 is critically involved in the Treg expansion in sepsis
[37]. However, no difference was found between the
groups in IL-10 production or secretion of splenic cells,
neither after ex vivo LPS stimulation, nor after combined
anti-CD3 and anti-CD28 stimulation. The reason for Treg
cell expansion in the laparotomy and the air insufflation
group needs further investigation.

In conclusion, splenocytic TNF production was
increased after laparotomy compared to all other groups
suggesting a difference in splenocytic cell reaction
depending on the severity of surgical tissue trauma.

Splenic Tregs differed significantly after surgery,
underlining that peritoneal air exposure, as result of lapa-
rotomy or air insufflation, triggers a more pronounced
postoperative immuno-suppression. The impact of such
pronounced immune deficiency after peritoneal air expo-
sure may be a higher risk for perioperative complications
e.g., infections, impaired wound healing, or tumour spread.

Conflict of interest The authors declare that they have no conflict
of interest.
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