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Objective

To investigate whether monocyte paralysis resistant to inter-
feron-gamma (IFN-v) costimulation may exist before surgery
and postoperative infection and may correlate with the out-
come of postoperative sepsis.

Summary Background Data

Several studies have correlated monocyte paralysis during the
course of sepsis with lethal outcome. Although the authors’
previous work indicated that preoperative defects in mono-
cyte interleukin (IL)-12 production are associated with the de-
velopment of severe postoperative sepsis, the functional state
of monocytes before surgery and infection and its significance
for sepsis requires further analysis.

Methods

In a prospective study, monocyte functions of 1,113 consecu-
tive patients were examined before major visceral surgery.
Monocytes were isolated from peripheral blood and were
stimulated in vitro with IFN-vy and lipopolysaccharide. The se-
cretion of IL-12 p70, IL-12 p40, IL-10, and tumor necrosis
factor was measured.

Results
Preoperative monocyte secretion of IL-12 p70 and IL-12 p40
was significantly reduced in patients who developed lethal

postoperative sepsis compared with sepsis survivors and pa-
tients with uneventful postoperative recovery. Moreover, pre-
operative monocyte IL-12 production was an independent
predictive factor for the lethal outcome of postoperative sep-
sis by multivariate analysis. Preoperative monocyte IL-10 pro-
duction was impaired in the sepsis group but did not correlate
with death from sepsis. Preoperative monocyte tumor necro-
sis factor secretion was comparable between patients with
uneventful recovery, sepsis survivors, and nonsurvivors. Thus,
impaired preoperative monocyte IL-12 secretion in patients
developing lethal postoperative sepsis did not result from an
overproduction of IL-10 or from a generalized monocyte pa-
ralysis. The association between impaired preoperative mono-
cyte IL-12 production and death from sepsis was also not
explained by gender differences, underlying malignant dis-
ease, tumor type, neoadjuvant therapy, or age.

Conclusions

These results identify a selective preoperative defect in mono-
cyte IL-12 production as a predictive factor for the lethal out-
come of postoperative sepsis. These data suggest that a par-
tial preoperative monocyte paralysis severely impairs the host
defense against postoperative infection, resulting in an in-
creased risk of lethal sepsis.

Numerous immune functions are known to beimpaired as
a consequence of major surgery or trauma. These include
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T-lymphocyte proliferation and cytokine secretion, delayed-
type hypersensitivity skin test response, monocyte cytokine
secretion and MHC class 11 expression, and neutrophil func-
tions such as chemotaxis, phagocytosis, and oxygen radical
production.*™ It further appears that the extent of surgical
trauma directly correlates with the extent of postoperative
immunosuppression.®~’ Notably, unresponsiveness to hy-
persensitivity skin testing and loss of monocyte HLA-DR
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Table 1. CLINICAL DATA OF PATIENTS
Number of Sepsis Sepsis
Patients Incidence Mortality
Characteristic (n =1,113) (n = 54) P Value* (n = 16) P Value#
Basic data
Age (mean = SEM) 60.8 = 0.4 63.6 £1.2 .138 69.7 = 1.9 <.001
Male 719 (64.6%) 44 (6.1%) .008 12 (27.3%) 459
Female 394 (35.4%) 10 (2.5%) 4 (40.0%)
Underlying disease and neoadjuvant therapy
Malignancy w/o neoadjuvant therapies 664 (59.7%) 39 (5.9%) .105 14 (35.9%) 427
Malignancy w/radiochemotherapy 127 (11.4%) 6 (4.7%) 1(16.7%)
Malignancy w/chemotherapy 97 (8.7%) 5(5.2%) 0
Nonmalignant disease 225 (20.2%) 4 (1.8%) 1(25.0%)
Surgical procedures
Subtotal esophagectomy 205 (18.4%) 24 (11.7%) <.001 4 (16.7%) .166
Total gastrectomy 253 (22.7%) 12 (4.7%) 6 (50.0%)
Partial pancreatoduodenectomy 149 (13.4%) 4(2.7%) 2 (50.0%)
Colorectal surgery 467 (42.0%) 14 (3.0%) 4 (28.6%)
Partial liver resection 39 (3.5%) 0 0

* Sepsis patients versus patients with uneventful postoperative recovery.
# Sepsis suUrvivors versus nonsurvivors.

expression have been associated with the incidence and/or
outcome of postoperative sepsis.®>° These studies suggest
that suppression of immune defense mechanisms after ma-
jor surgery or trauma may increase the susceptibility to
postoperative infection and sepsis.

Recent work from our group has extended this concept by
showing that immunosuppression and predisposition to sep-
sis may not only be induced by surgery or trauma but may
even exist before major surgery. We have found that pre-
operative production of interleukin (IL)-12 p70 by lipopoly-
saccharide (LPS)-stimulated monocytes was markedly im-
paired in patients who developed postoperative sepsis, and
that the extent of this functional defect directly correlated
with sepsis severity.™* Consistent with a critical role of
IL-12 for the host defense in sepsis, neutralization of 1L-12
or genetic ablation of the interferon-gamma (IFN-v) recep-
tor was shown to impair bacterial clearance and to markedly
enhance the death rate in murine septic peritonitis.*>™4
Moreover, administration of IL-12 to mice after burn injury
improves resistance against an intraabdominal septic chal-
lenge.*>*® The importance of I1L-12 for immune protection
against bacterial pathogens is further emphasized by recent
reports on recurrent infections in patients with genetic 1L-12
deficiency.*”*® Collectively, these studies are consistent
with the concept that the IL-12-driven proinflammatory
response is of critical importance for the immune defense
against postoperative infection.

Biologically active IL-12 p70 is a heterodimeric cytokine
comprising covalently linked p35 and p40 subunits and is
produced by antigen-presenting cells such as macrophages
and dendritic cells on exposure to microbial products or
ligation of cell surface CD40.2°2° The p40 subunit of 1L-12
may also combine with a novel pl9 protein to generate the

cytokine IL-23, which shares several biologic activitieswith
IL-12 p70.2* IL-12 is required for the production of IFN-y
by natural killer (NK) cellsand T lymphocytes and supports
the development of the Thl phenotype of CD4" T cells.
IFN-y enhances IL-12 release, thereby inducing positive
feedback interactions that are crucial for activation of the
phagocyte system and T-cell differentiation. Thus, I1L-12
regulates immediate defense mechanisms of innate immu-
nity and directs the subsequent adaptive immune response.
A prospective study was performed to address the ques-
tion of whether impaired monocyte functions before surgery
may be related to the development or the course of postop-
erative sepsis. Results from the preoperative analysis of
monocyte cytokine production of 1,113 surgical patients
revealed that in addition to IL-12 p70, the reduced secretion
of IL-12 p40 correlates with the development of lethal
postoperative sepsis. These monocyte defects were ob-
served despite cell stimulation with both IFN-y and LPS.

METHODS
Patient Population and Study Design

Patients undergoing major elective surgery of the upper
and lower gastrointestinal tract (subtotal esophagectomy,
total gastrectomy, partial pancreatoduodenectomy, colorec-
tal surgery, partial liver resection) were included in a pro-
spective study from January 1998 to July 2000. The clinical
profiles of al patients analyzed are detailed in Table 1.
Patients with acquired or inherited immunodeficiency and
patients receiving immunosuppressive medication were ex-
cluded from the study. The study group consisted of 1,113
patients; 1,059 had an uneventful postoperative recovery
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and 54 (4.8%) developed postoperative sepsis. Among the
patients studied, 127 were treated with neoadjuvant radio-
chemotherapy and 97 were treated with polychemotherapy
before surgery. Radiochemotherapy was applied with 2 Gy
per day over a 3-week period (30 Gy) and continuous
infusion of 5-fluorouracil (250 mg/body surface area over 7
days for 3 weeks). For polychemotherapy, patients received
one to three cycles of PLF (cisplatin, leucovorin, and 5-flu-
orouracil over a period of 6 weeks per cycle (5-fluorouracil
2,000 mg/BSA continuously over 24 hours for 6 weeks,
leucovorin 500 mg for 2 hours every 7 days, cisplatin 50
mg/BSA for 1 hour every 14 days). Three weeks after
radiochemotherapy and 4 weeks after chemotherapy, aclin-
ical restaging was performed.

From each patient, a venous blood sample was collected
at least 1 day before surgery. For inclusion of patientsin the
group with sepsis, established criteria were used.?” Because
of the low stringency of these criteria, however, patients
wereincluded in the sepsis group only if these sepsis criteria
were met for 3 or more consecutive days. The study re-
ceived local hospital ethical committee approval. Informed
consent was obtained from all patients.

Monocyte Cytokine Secretion

Peripheral blood mononuclear cells wereisolated from 25
mL heparinized blood using Ficoll-metrizoate density gra-
dient centrifugation, and monocytes were purified by plastic
adherence. Duplicate cultures of 5 X 10* monocytes/well
were incubated with 1 wg/mL IFN-vy (Biosource Intl., Niv-
elles, Belgium) for 16 hours in 1 mL RPMI 1640 medium
supplemented with 10% fetal calf serum. Thereafter, 1 g
of endotoxin from Escherichia coli serotype 0127:B8 (Sig-
ma Chemical Co., St. Louis, MO) was added at a final
concentration of 1 ug/mL, and cells were incubated for an
additional 24 hours. Supernatants were centrifuged to re-
move residual cells and stored at —20°C. The levels of
IL-12 p70, IL-12 p40 (Amersham, Braunschweig, Ger-
many), tumor necrosis factor-alpha (TNF-«), and IL-10
(Biosource) in supernatants of stimulated monocytes were
determined by the enzyme-linked immunosorbent assay
(ELISA) technique according to the manufacturer’ s instruc-
tions. All cytokine assays were standardized by including a
titration of the appropriate purified recombinant cytokine of
known concentration. Sensitivity levels of the ELISA as-
says were 3 pg/mL (IL-12 p70), 5 pg/mL (IL-12 p40), 3
pg/mL (TNF), and 1 pg/mL (IL-10). The absorbance of the
samples was determined on a MRX Microplate Reader
(Dynatech, Denkendorf, Germany) using 450 nm as the
primary and 630 nm as the reference wave length.

Statistical Analysis

Statistical analysis of the data was performed using the
Mann-Whitney test, Student t test, chi-square test, Fisher
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exact test, Spearman rank order correlation, or logistic re-
gression analysis where appropriate. The level of signifi-
cance was set at P < .05.

RESULTS

Patients

The study group included 1,113 patients undergoing ma-
jor visceral surgery. One thousand fifty-nine had an un-
eventful postoperative recovery and sepsis occurred in 54
patients (38 survivors, 16 nonsurvivors). Postoperative sep-
sis was significantly more frequent in patients with subtotal
esophagectomy compared with patients undergoing other
surgical procedures. The sepsis incidence was aso greater
in male than in female patients. When patients were divided
according to surgical procedures, however, gender differ-
ences in sepsis incidence were not significant (P = .059).
Unlike sepsis incidence, the sepsis death rate was not af-
fected by the type of surgical procedure applied or by
gender. In contrast, sepsis survivors were significantly
younger than sepsis nonsurvivors.

Preoperative Monocyte Cytokine
Secretion

Peripheral blood monocytes were isolated from al pa-
tients before surgery, and cytokine production was stimu-
lated by consecutive incubation with IFN-y and LPS. The
results in Figure 1 show that monocytes of sepsis patients
exhibited an impaired preoperative production of IL-10, but
not of other cytokines, compared with monocytes of pa
tients with uneventful recovery. When the group of sepsis
patients was divided into survivors and nonsurvivors, how-
ever, we found that monocytes from nonsurvivors produced
substantially less IL-12 p70 and IL-12 p40 than cells from
sepsis survivors (Fig. 2). Splitting the total patient popula
tion into quintiles according to preoperative monocyte
IL-12 p70 and IL-12 p40 production further revealed that
the death rate from sepsis was significantly higher in pa-
tientswith low 1L-12 p70 and IL-12 p40 secretion (Table 2).
Lethal postoperative sepsis was not observed in patients
with IL-12 p70 production greater than 140 pg/mL, al-
though 22 of the 54 sepsis patients were in this group.

Logistic regression anaysis was used to determine
whether impaired monocyte IL-12 production would repre-
sent an independent predictive factor for sepsis outcome.
The results of multivariate analysis revealed that in the total
population of patients, both age (P = .006) and monocyte
production of either 1L-12 p70 (P = .011) or IL-12 p40
(P = .030) were independent predictive factors for the
development of lethal postoperative sepsis. Production of
IL-12 p70 and IL-12 p40 by monocytes was highly corre-
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lated (r = 0.693; P < .001). When only patients developing
postoperative sepsis were considered, age (P = .004) and
monocyte production of either IL-12 p70 (P = .025) or
IL-12 p40 (P = .014) were also identified as independent
predictive factors for lethal outcome. For the total popula
tion of patients as well as for the patient subgroup devel-
oping postoperative sepsis, monocyte IL-10 production,
gender, underlying disease, neoadjuvant tumor therapy, and
surgical procedures were not predictive for the development
of lethal postoperative sepsis.

In contrast to IL-12, preoperative monocyte IL-10 secre-
tion did not significantly differ between sepsis survivors and
nonsurvivors, suggesting that defective monocyte IL-12 p70
and IL-12 p40 release in patients with lethal postoperative
sepsisis not caused by an overproduction of 1L-10 (see Fig.
2). Monocyte TNF production was also not different be-
tween survivors and nonsurvivors, thereby arguing against a
general monocyte paralysis in these patients. Considered
together, these findings are consistent with our previous
observations™ and show that patients developing lethal

. Sepsis

postoperative sepsis exhibit a significantly reduced preop-
erative monocyte production of 1L-12 p70 and IL-12 p40.

Correlation of Monocyte IL-12
Production With Clinical Parameters

To further examine the association of impaired preoper-
ative monocyte IL-12 production with the development of
lethal postoperative sepsis, monocyte cytokine release was
correlated with various clinical parameters. A multivariate
analysis was performed to control for possible influences by
gender, age, underlying disease, and neoadjuvant tumor
therapy. The results indicate that production of IL-12 p70
(P = .063) and IL-12 p40 (P = .010) correlated with
gender. Figure 3 depicts a univariate comparison of mono-
cyte IL-12 production in male and female patients and
demonstrates that both IL-12 p70 release and IL-12 p40
release were significantly elevated in male versus femae
patients. In contrast, the other parameters tested did not
significantly correlate with monocyte IL-12 production.
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DISCUSSION

The present results establish a direct correlation between
impaired preoperative monocyte IL-12 production and the
development of lethal sepsis after major visceral surgery.
The results confirm and substantially extend our previous
study™* by showing that monocyte production of both I1L-12
p70 and IL-12 p40 is markedly reduced in these patients.

Sep.Surv.

by specific enzyme-linked immunosor-
bent assay. Sep.Surv., sepsis survivors;
Leth.Sep., lethal sepsis. *P < .001; #P =
.002.

Leth.Sep.

Moreover, impaired monocyte IL-12 production was identified
as an independent predictive factor for the development of
lethal postoperative sepsis. In the present study, monocytes
were primed with IFN-y before LPS stimulation, because
IFN-v is known to augment production of inflammeatory cyto-
kines, including 1L-12, and because IFN-y treatment may
restore some aspects of monocyte paralysis or deactiva

Table 2. SEPSIS MORTALITY AND MONOCYTE IL-12 PRODUCTION

No. of Patients (Total)

Cytokine Secretion (pg/mL)

Sepsis Incidence Sepsis Mortality

Percentile IL-12 p70 IL-12 p40 IL-12 p70 IL-12 p40 IL-12 p70 IL-12 p40 IL-12 p70 IL-12 p40
0-20 221 223 0-48 0-2,414 4(1.8%) 4(1.8%) 5 (2.3%) 7 (3.1%)
20-40 222 222 48-84 2,414-3,640 8 (3.6%) 8 (3.6%) 8 (3.6%) 3(1.4%)
40-60 227 223 84-140 3,640-4,732 4 (1.8%) 4 (1.8%) 3(1.3%) 5 (2.2%)
60-80 219 220 140-226 4,732-6,655 13 (5.9%) 14 (6.3%) 0 1 (0.5%)
80-100 224 223 >226 >6,655 9 (4.0%) 8 (3.6%) 0 0

IL, interleukin.
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tion.22 However, we observed defective 1L-12 production
despite costimulation of monocytes with IFN-y and LPS.
Based on these studies, we therefore propose that in surgical
patients, 1L-12 may represent a crucia component of host
resistance against postoperative infection.

Association of a single cytokine defect with lethal out-
come of postoperative sepsis was observed, although a
complex array of both pro- and antiinflammatory mediators
is thought to regulate host defense against a septic chal-
lenge. It should be considered, however, that IL-12 is a key
cytokine in immune regulation with an important role for
instructing the immune response to infection and directing it
toward a Th1 phenotype.?®2® Consistent with this notion,
numerous studies have shown that IL-12 deficiency, even
when present as a single cytokine defect, severely impairs
host defense against alarge number of pathogens, including
viruses, intracellular bacteria, and parasites.*°?® |n mod-
els of polymicrobial septic peritonitis or E. coli-induced
peritoneal sepsis, host defense was also found to be depen-
dent on I1L-12 and the IL-12-regulated cytokine IFN-v.*274
Further, it was observed that suppressed IL-12 production
after burn injury was associated with an increased death rate
from septic peritonitis and that I1L-12 therapy after injury
restored resistance to infection.*>*® The available data are
therefore consistent with the concept that a reduced preop-
erative monocyte 1L-12 production may severely impair
host defense against postoperative infection and therefore
may contribute to the development of lethal sepsis. None-
theless, it is conceivable that in addition to IL-12, other as
yet unknown immune mediators will be discovered that are
associated with sepsis outcome and may therefore allow for
an improved risk prediction.

The heterodimeric cytokine IL-23 was recently reported
to be composed of a novel p19 protein associated with the
IL-12 p40 subunit.?* 1L-23 therefore shares the p40 protein
with the biologically active IL-12 p70 heterodimer, which
consists of p35 and p40 subunits.**?°2® Moreover, 1L-23
binds to the IL-12 receptor 31 chain and exhibits important
biologic activities that are similar to those of I1L-12, includ-

N

Male Female

ing stimulation of IFN-vy production and T-cell activation.?*
It is therefore conceivable that some of the functionsin host
defense previously attributed to IL-12 might in fact be
mediated or at least affected by IL-23. Because our data
show that preoperative monocyte IL-12 p40 production is
significantly diminished in patients developing lethal post-
operative sepsis, it seems possible that 1L-23 production is
also impaired in these patients. If proven to be correct, the
proposed 1L-23 deficiency could substantially aggravate
preoperative immunosuppression. Direct analysis of this
assumption, however, has to await the availability of assays
specific for IL-23.

Although not correlating with the death rate, preoperative
monocyte 1L-10 production was impaired in patients with
postoperative sepsis. This observation supports the view
that endogenous IL-10 plays an important role for the im-
mune response against a septic challenge.?”® Due to the
known function of IL-10 as a potent antiinflammatory cy-
toking,?°~3! impaired production of IL-10 during sepsis
could lead to an unopposed inflammatory response similar
to the cytokine release syndrome induced by bacterial tox-
ins, which is mitigated by 1L-10.32-¢ The antiinflammatory
activity of IL-10 was also suggested to be necessary for
maintaining the balance of inflammatory mediators during
experimental septic peritonitis.>?® An alternative role for
IL-10 in sepsis might be deduced, however, from data
showing that IL-10 exhibits various proinflammatory activ-
ities. For example, NK cell proliferation, cytotoxicity, and
production of cytokines such as IFN-y are markedly aug-
mented by IL-10 when it is combined with IL-2, IL-12, or
IL-18.3739 Infection of SCID mice with a recombinant
Vaccinia virus expressing IL-10 resulted in greater NK cell
activity and lower virus replication than infection with
control virus,*® suggesting that the immunostimulatory ac-
tivities of 1L-10 may operate in vivo and promote host
defense. Consistent with this view, IL-10 was recently
shown to promote the differentiation of immature dendritic
cells into macrophage-like cells and to inhibit the intracel-
lular growth of Mycobacterium tuberculosis in these cells.*
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Moreover, administration of IL-10 to healthy human volun-
teers was found to increase the serum levels of cytokines
such as IFN-y and IL-12 and to activate cytotoxic T cells
and NK cells during endotoxemia.? It is therefore tempting
to speculate that in addition to its antiinflammatory activi-
ties, IL-10 might also exhibit critical proinflammatory func-
tionsin sepsis. According to this hypothesis, reduced IL-10
production in surgical patients might result in an increased
susceptibility to postoperative sepsis. Under certain condi-
tions during the course of infection, IL-10 might act in
concert with other cytokines, such as IL-12 and IFN-v, to
promote efficient pathogen clearance and immune defense.

Impaired monocyte cytokine production may result from
a large number of different factors (e.g., immunosuppres-
sive mediators, cytokine gene polymorphisms, disease pro-
cesses, age, or gender differences). To elucidate potential
mechanisms that may explain the association of a mitigated
preoperative |L-12 production with lethal postoperative sep-
sis, the influence of various clinical conditions on monocyte
cytokine secretion was examined. However, the results sug-
gest that clinical conditions such as underlying disease,
neoadjuvant tumor therapy, age, or gender-associated fac-
tors do not account for the defects observed. Although male
patients were found to produce more IL-12 than female
patients, they developed sepsis more frequently. The results
of the present report further indicate that reduced preoper-
ative IL-12 production in patients developing lethal postop-
erative sepsis does not reflect a general monocyte paralysis,
because monocyte TNF release was not atered in these
patients. Normal TNF production despite diminished secre-
tion of IL-12 also argues against a genera role for immu-
nosuppressive mediators other than IL-10 (e.g., transform-
ing growth factor-B). Thus, as an alternative explanation for
our present and previous findings, partial defects in LPS
signaling may have to be considered that affect only a
subset of cytokines. An example of such an alteration may
be provided by recent work showing that CD11b/CD18
deficiency of murine macrophages substantially reduces
LPS-stimulated production of 1L-12 but not TNF.*® It re-
mains to be determined, however, whether impaired 1L-12
production in surgical patients developing lethal postoper-
ative sepsis is caused by defects in CD11b/CD18 function
or by other, as yet unknown, factors.

In summary, our results are consistent with the concept
that immunosuppression before surgery predisposes patients
to a severe course and lethal outcome of postoperative
sepsis. Detection of impaired preoperative IL-12 production
might thus be useful to identify high-risk patients. In con-
junction with immunomodulatory strategies, the incidence
and course of infection in these patients might be reduced
by less aggressive surgical procedures that are associated
with fewer complications, by split operations applying sec-
ond-step reconstruction procedures after initial resection, or
by alternate regimens of tumor therapy.
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