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Objective
To examine the role of total parenteral nutrition (TPN) in pre-
disposing infants to infection caused by coagulase-negative
staphylococci.

Summary Background Data
Total parenteral nutrition is an important means of providing
essential nutrients to newborn infants. However, its use has
been associated with complications, particularly infection
caused by coagulase-negative staphylococci. Recent data
suggest that TPN may modulate immune function; however,
reports directly indicating impaired immunity against coagu-
lase-negative staphylococci during TPN are limited.

Methods
Study 1 involved 31 infants younger than 4 months who had
undergone surgery and were not receiving antibiotics; 20
were receiving TPN and 11 were receiving a normal enteral
diet. An in vitro whole blood model was used to measure the
host bactericidal activity against coagulase-negative staphylo-
cocci. Bacterial killing and phagocytosis were measured after
a 45-minute challenge with viable coagulase-negative staphy-
lococci. In study 2, whole blood killing and intracellular killing
of coagulase-negative staphylococci were measured in five
newborn infants (younger than 2 months) who were receiving

long-term TPN (.10 days), five control infants receiving a nor-
mal enteral diet, and five healthy adults.

Results
In study 1, infants receiving a normal enteral diet showed a
high capacity to ingest and kill coagulase-negative staphylo-
cocci. In contrast, the blood of infants receiving long-term
TPN showed a reduction in coagulase-negative staphylococci
phagocytosis and killing. There were significant negative linear
correlations between the duration of TPN and killing of coagu-
lase-negative staphylococci and phagocytosis of coagulase-
negative staphylococci. In study 2, infants receiving long-term
TPN had lower whole blood killing and intracellular killing than
infants receiving a normal enteral diet and healthy adult volun-
teers. These data seem to indicate a neutrophil dysfunction
mediated by TPN in infancy.

Conclusions
Host defense mechanisms, including phagocytosis and killing
of coagulase-negative staphylococci, are impaired during
long-term TPN. The impaired bactericidal activity seems to be
related to defective intracellular killing in neutrophils. These
findings may explain the high rate of septicemia caused by
coagulase-negative staphylococci in infants receiving TPN.

Total parenteral nutrition (TPN) has contributed to the
recent improvement in the care of newborn infants. How-
ever, this form of nutritional support is associated with

complications, particularly infection. Five percent to 37% of
infants receiving TPN become bacteremic,1–3 most fre-
quently with coagulase-negative staphylococci.4 Infection
may result in impairment of liver function or systemic
inflammatory response syndrome, necessitating the removal
of central venous catheters. It therefore represents a major
clinical problem of TPN in infancy.

It is generally believed that infection with coagulase-
negative staphylococci results from contamination of in-
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dwelling catheters by bacteria of the skin flora during han-
dling of intravenous catheters. It has also been suggested
that TPN itself may impair host defense mechanisms and
contribute to the occurrence of infection. In preliminary
studies, predominantly in adults, the lipid component of
TPN has been shown to affect several immunologic param-
eters, including cytokine production,5,6 bactericidal activi-
ty,7 and neutrophil function.8 To date, data on human in-
fants are limited.

In this study, we demonstrate that long-term TPN in
infants has a direct effect on the capacity to eradicate
coagulase-negative staphylococci in vitro. We also postu-
late that this impairment in host defense contributes to the
high incidence of TPN-associated bacteremia in infants with
coagulase-negative staphylococci.

PATIENTS AND METHODS

Patients

Study 1

Whole blood bactericidal activity and the phagocytic
activity of neutrophils were assessed in 20 infants younger
than 4 months who were receiving TPN after surgery for
gastroschisis (n 5 7), necrotizing enterocolitis (n 5 6),
intestinal atresia (n 5 3), congenital diaphragmatic hernia
(n 5 2), and esophageal atresia (n 5 2). None of these
patients was receiving enteral feeding at the time of the
study. Eleven control infants not affected by gastrointestinal
problems and receiving a normal enteral diet were studied
before operations such as inguinal hernia repair or lensec-
tomy. Patients receiving antibiotics after surgery were stud-
ied at least 36 hours after cessation of antimicrobial therapy.
Nine patients were studied on more than one occasion,
resulting in a total of 33 studies in this group. Immunocom-
promised patients and infants with a neutrophil count less
than the normal range (1.83 109/L) were excluded from the
control group.9

Study 2

Whole blood bactericidal activity and neutrophil intracel-
lular killing of coagulase-negative staphylococci were stud-
ied in five infants undergoing surgery and receiving TPN for
more than 10 days (mean age 18 days, range 16–37; mean
body weight 2.4 kg, range 1.8–3.1), five infants receiving a
normal enteral diet (mean age 23 days, range 7–48; mean
body weight 3.4 kg, range 2.0–3.7), and five healthy adult
volunteers (mean age 30 years, range 29–32; mean body
weight 65 kg, range 55–80). Infants receiving TPN were
clinically stable with no symptoms of sepsis and were not
receiving enteral feeding at the time of the study. The
clinical indications for TPN in this group of infants were
gastroschisis (n 5 4) and necrotizing enterocolitis (n 5 1).
Patients were studied at least 10 days after surgery or after
the onset of necrotizing enterocolitis and at least 36 hours
after cessation of the antimicrobial therapy. Control infants

were studied before minor operations performed under
general anesthesia, such as inguinal hernia repair or
lensectomy. They were receiving a normal enteral diet,
had no gastrointestinal anomalies, and were not receiving
antibiotics.

Both studies were approved by the Ethical Committee of
Great Ormond Street Hospital for Children NHS Trust, and
informed written consent was obtained from parents before
each study.

Total Parenteral Nutrition

A standardized protocol for intravenous nutrition was
used in all patients. Children received TPN through a central
venous catheter. Daily intake was 100 to 180 mL/kg and
consisted of carbohydrate, amino acids, fat, electrolytes,
vitamins, and trace elements10 prepared in the hospital
pharmacy under aseptic conditions. Daily intravenous car-
bohydrate intake was 15 to 18 g/kg. Intravenous amino
acids were contained in the Vamin 9 solution (Pharmacia &
Upjohn, Milton Keynes, Buckinghamshire, UK); daily in-
take was 2 to 3 g/kg. The source of intravenous fat was
Intralipid 20%, an emulsion based on long-chain fatty acids
(Pharmacia & Upjohn), given at a rate of 4 g/kg per day.

Bacterial Suspension

A single strain of coagulase-negative staphylococci iso-
lated from the blood of a patient receiving TPN was used for
the bacterial challenge. The strain was inoculated into brain-
heart infusion broth (Oxoid; Unipath Ltd., Basingstoke,
UK) for 18 hours at 37°C and was prepared as suspensions
containing 108 organisms per milliliter. The bacterial sus-
pension was mixed with sterile glycerol in a ratio of 1:10.
After this, 300mL was placed in Eppendorf tubes and held
at 240°C for use in the study.

Whole Blood Model of Bacteremia

An in vitro whole blood model11,12 of bacteremia was
used to measure host–pathogen interactions in coagulase-
negative staphylococci infection. Blood samples were taken
from patients who were not clinically septic and were not
receiving antibiotic therapy. Blood samples were withdrawn
from the central venous catheter or a peripheral vein without
stasis and were anticoagulated with heparin (1 u/mL). Five
microliters of the bacterial suspension described above was
added to 500mL whole blood and was incubated at 37°C on
a rocking table at nine revolutions per minute.

Bacterial Killing

To assess in vitro killing of coagulase-negative staphy-
lococci, 100mL patient blood was examined after 45 min-
utes of incubation. The number of viable organisms was
determined using a modification of the Miles and Misra
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technique.12,13Tenfold dilutions of the samples were made
in sterile water, and five 20-mL samples of each dilution
were spotted onto blood agar. After 18 hours of incubation
at 36°C in 6% carbon dioxide, the number of colonies was
counted and expressed as colony-forming units per millili-
ter. The viable count of the original bacterial suspension
was also measured to calculate the percentage of coagulase-
negative staphylococci killed.

Phagocytic Activity of Neutrophils

Fifty microliters patient blood was used to assess the
phagocytic activity of neutrophils after 40 minutes of
incubation. Phagocytosis was measured by inoculating
the blood with bacteria labeled with fluorescence isothio-
cyanate (FITC; Sigma, St. Louis, MO).13 Red cells were
lysed with 2 mL FACS lysing solution (Becton-Dickin-
son, Mountain View, CA) for 10 minutes. Samples were
then spun at 1200 rpm for 5 minutes, and the pellets were
washed with phosphate-buffered saline and fixed in 500
mL 0.5% formaldehyde. The percentage of neutrophils
containing labeled bacteria (phagocytosis of coagulase-
negative staphylococci) was measured by flow cytometry
using FACScan (Becton-Dickinson, Mountain View, CA)
and analyzed using Lysis II and CELLQuest software
(Becton-Dickinson, Cowley, UK).

Neutrophil Intracellular Killing

For the analysis of neutrophil intracellular killing, 50mL
bacteria/blood suspension was taken at 0, 15, 30, 45, and 60
minutes from the bacterial challenge. Red blood cells were
lysed with 2 mL of a red cell lysis solution. Samples were
then spun at 1200 rpm for 5 minutes, and pellets were
washed twice with phosphate-buffered saline. After red cell
lysis, 200mL 1% 3-[(3-cholamidopropyl)-dimethyl-ammo-
nio]-1-propane sulfonate (CHAPS; BDH, Lutterworth, UK)
solution was added to destroy the neutrophil membranes.
After 5 minutes of incubation, 800mL distilled water was
added and incubated for a further 5 minutes. Then the
samples were fixed in 500mL 0.5% formaldehyde.14 The
survival rate of bacteria in the neutrophils was measured by
flow cytometry using a FACS-Calibur and analyzed using
CELLQuest software. The changes in median fluorescence
intensity after 15, 30, 45, and 60 minutes of bacterial
challenge were analyzed in comparison with time 0 (100%
survival) and expressed as the percentage of organisms
killed by neutrophils.

Data Analysis

Results are expressed as median and range. Differences
between study groups were analyzed using the Mann-Whit-
ney test. SAS Proc Mixed15 was used to quantify the rela-
tion with duration of TPN while accounting for the non-
independence of repeat measurements within patients.

Least-squares linear regression was used to investigate re-
lations among the control infants.

RESULTS

Study 1

There was no difference between patients receiving TPN
and control patients in terms of gestational age and postnatal
age (Table 1). Body weight was significantly lower (P ,
.01) in patients receiving TPN, reflecting their impaired
nutritional status. Twelve patients received TPN for less
than 2 weeks; the remaining eight patients received long-
term TPN.

When coagulase-negative staphylococci were added to
whole blood from control patients receiving enteral feed-
ing, the median killing of coagulase-negative staphylo-
cocci was 65% (range 54 – 88). In contrast, blood from
patients receiving long-term TPN failed to kill this or-
ganism as effectively. Indeed, there was a significant
negative linear correlation between the duration of TPN
in days and killing of coagulase-negative staphylococci
(P 5 .002) (Fig. 1). For every additional week of TPN,
there was a 7% reduction in killing of coagulase-negative
staphylococci. The percentage of neutrophils that phago-
cytosed coagulase-negative staphylococci in vitro was
43% (range 26 – 67) in the control group. In contrast,
patients receiving long-term TPN had reduced phagocy-
tosis. There was a significant negative linear correlation
between the duration of TPN in days and phagocytosis of
coagulase-negative staphylococci (P 5 .008) (Fig. 2).
Coagulase-negative staphylococci septicemia developed
in three infants (38%) receiving long-term TPN (coagu-
lase-negative staphylococci killing 20%, 34%, 57%).
None of the infants receiving short-term TPN (coagulase-
negative staphylococci killing 52– 82%) developed sep-
ticemia.

There was no correlation between gestational age, post-
natal age, and body weight with killing and phagocytosis of
coagulase-negative staphylococci.

There was no significant difference in neutrophil count

Table 1. CLINICAL DATA OF PATIENTS
IN STUDY 1

TPN
Patients (n

5 20)

Control
Infants (n 5

11)

Gestational age
(weeks)

36.5 (27–42) 37 (27–42)

Postnatal age
(days)

32 (5–111) 73 (5–144)

Body weight
(kg)

2.9* (1.1–
6.0)

4.7 (2.0–6.5)

Data are expressed as median and range. *P , 0.01 versus control
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between patients receiving TPN (mean 4.1, range 1–12) and
control enterally fed infants (mean 2.9, range 2–6). There
was a significant positive correlation between neutrophil
count and killing of coagulase-negative staphylococci (r 5
.8, P 5 .001) in control infants receiving enteral feeding;
this correlation was not observed in patients receiving TPN,
implying a lack of normal neutrophil function in these
patients (Fig. 3).

Study 2

To explore the effects of TPN on neutrophil function in
infancy, we studied the intracellular killing of coagulase-
negative staphylococci and correlated this with the whole
blood killing. Figure 4 shows the whole blood killing and
the intracellular killing in the three study groups. The high-
est levels of whole blood killing and intracellular killing
were observed in control infants receiving enteral feeding
and in healthy adult volunteers. Infants receiving long-term
TPN had the lowest levels of both whole blood killing and
intracellular killing, indicating that the reduced killing of
coagulase-negative staphylococci in whole blood is at least
in part due to a defect in neutrophil function.

DISCUSSION

The association of TPN and impairment of immune func-
tion has been known for some time. Animal studies have
demonstrated that TPN can modulate the phagocytosis by
neutrophils and monocytes, macrophage function, bacteri-
cidal activity, and cytokine production.16–18Studies in hu-
man adults are less clear, but effects on several immune
parameters have been observed.5,6

In this study, we have shown for the first time that infants
receiving long-term TPN have impaired bactericidal activity
against coagulase-negative staphylococci, the major cause
of TPN-associated bacteremia in children.19 Killing of co-
agulase-negative staphylococci closely correlated with neu-
trophil counts in healthy controls but not in patients receiv-
ing TPN (Fig. 3). In addition, the phagocytosis of
coagulase-negative staphylococci after 40 minutes of incu-
bation was significantly decreased in patients receiving
long-term TPN compared with either controls or patients
receiving short-term TPN (Fig. 2). Both of these findings
support previous data that implicate an important role for
neutrophils in the killing of coagulase-negative staphylo-
cocci20 and suggest that the decrease in killing of coagulase-

Figure 1. (Left) Killing of coagulase-negative staph-
ylococci (CNS; %) in a control infant receiving enteral
feeding. (Right) Correlation between the duration of
TPN (days) and killing of coagulase-negative staphy-
lococci (%) (y 5 20.96x 1 74.0; P 5 .002).

Figure 2. (Left) Phagocytosis of coagulase-negative
staphylococci (percentage of neutrophils that phago-
cytosed coagulase-negative staphylococci) in a con-
trol infant receiving enteral feeding. (Right) Correlation
between the duration of TPN (days) and phagocytosis
of coagulase-negative staphylococci. (y 5 20.32x 1
41.2; P 5 .008).
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negative staphylococci is due to impaired neutrophil func-
tion. This was investigated further in the second part of this
study, in which we examined the capacity of neutrophils to
kill ingested coagulase-negative staphylococci. We showed
that killing of coagulase-negative staphylococci by neutro-
phils from infants fed exclusively with long-term TPN was
impaired compared with enterally fed infants and a group of
healthy adults. Taken together, our findings show that TPN
impairs the capacity of whole blood to kill coagulase-
negative staphylococci and that this is at least in part due to
an effect of TPN on neutrophil function.

The possible causes of the reduction in bactericidal ac-
tivity in vitro include malnutrition, specific nutrient defi-
ciency, and deleterious effects of TPN components on cells
of the immune system or other organs, particularly the liver.

Malnutrition has been related to impairment of host de-
fenses against invading pathogens, resulting in an increased
incidence and severity of infection. Protein energy malnu-
trition and deficiencies of micronutrients such as zinc, iron,
vitamin A, and vitamin B6 have all been implicated. How-
ever, modern intravenous regimens include all these nutri-
ents and are capable of both correcting nutritional deficien-
cies and promoting normal growth. In this study, no
correlation between body weight and bactericidal activity
was found. It is possible, however, that the lack of specific
nutrients such as glutamine, not currently included in TPN
regimens, may influence immune function.21,22

Impairment of the host defenses directly by the TPN
solution has been suggested as an important factor in the
high rate of TPN-associated infections. Previous studies in
human adults have shown that the administration of lipid
emulsions containing long-chain fatty acids results in a
depletion in the host defense mechanisms, particularly in
neutrophil bactericidal activity and migration.5–7 Con-
versely, TPN regimens containing short-chain fatty acids
and medium-chain triglycerides seem to be beneficial in
reducing the TPN-associated immunosuppression in rats
undergoing major surgery.6,23,24The exact mechanisms by
which lipid solutions may influence immune function are
yet to be determined. However, in a recent study, we
showed that the production of the proinflammatory cytokine
tumor necrosis factor-alpha was reduced in response to a

challenge with coagulase-negative staphylococci in blood
from TPN-fed infants.25 This may indicate that cytokine
hyporesponsiveness is a factor in TPN-mediated immuno-
suppression.26

The central venous catheter has been assumed to be the
major portal of entry for microorganisms causing septice-
mia in patients receiving TPN.2,27 However, recent data
indicate that bacteria, including coagulase-negative staphy-
lococci, may gain access to the circulation from other sites,
including the gastrointestinal tract.28–31 Whatever the
source of the organism, the results of this study indicate that
host factors are also important in determining susceptibility
to infection with this organism. Current strategies to prevent
bacteremia during TPN are directed toward avoiding con-
tamination of infusion lines and TPN solutions. In light of
our findings, therapy directed toward modulating bacteri-
cidal activity may be a useful adjunct to management of
coagulase-negative staphylococci infections in infants re-
ceiving TPN.
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Figure 3. (Left) Correlation between neutrophil count
and killing of coagulase-negative staphylococci in a
control infant (y 5 5.6x 1 46.6; r 5 .8, P 5 .001).
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count and killing of coagulase-negative staphylococci
in TPN patients.

Figure 4. Correlation between whole blood killing and intracellular kill-
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killing and intracellular killing were observed in infants receiving long-
term TPN.
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