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Background: Information on cytokine profiles in fungal 
sepsis (Fs), an important cause of mortality in extremely low 
birthweight (eLBW) infants, is lacking. We hypothesized that 
cytokine profiles in the first 21 d of life in eLBW infants with Fs 
differ from those with bacterial sepsis (Bs) or no sepsis (Ns).
Methods: In a secondary analysis of the National Institute of 
child health and human Development cytokine study, three 
groups were defined—Fs (≥1 episode of Fs), Bs (≥1 episode 
of Bs without Fs), and Ns. association between 11 cytokines 
assayed in dried blood spots obtained on days 0–1, 3 ± 1, 7 ± 2, 
14 ± 3, and 21 ± 3 and sepsis group was explored.
results: Of 1,066 infants, 89 had Fs and 368 had Bs. as com-
pared with Bs, Fs was more likely to be associated with lower 
birthweight, vaginal delivery, patent ductus arteriosus, postna-
tal steroids, multiple central lines, longer respiratory support 
and hospital stay, and higher mortality (P < 0.05). analyses 
controlling for covariates showed significant group differences 
over time for interferon-γ (IFN-γ), interleukin (IL)-10, IL-18, trans-
forming growth factor–β (TGF-β), and tumor necrosis factor–α 
(TNF-α) (P < 0.05).
conclusion: significant differences in profiles for IFN-γ, IL-10, 
IL-18, TGF-β, and TNF-α in Fs, Bs, or Ns in this  hypothesis-generating 
secondary study require validation in rigorously designed pro-
spective studies and may have implications for diagnosis and 
treatment.

although advances in neonatal intensive care have led to 
improved survival, sepsis continues to be a major cause 

of mortality in extremely low birthweight (ELBW) infants 
(1). Fungal sepsis (FS) is particularly problematic because of 
difficulty in diagnosis and poor prognosis among infected 
infants. As compared with infants with bacterial sepsis (BS), 
infants with FS have a higher mortality rate and higher inci-
dences of severe retinopathy of prematurity, periventricular 
leukomalacia, bronchopulmonary dysplasia, and significant 

neurodevelopmental impairment (57%), resulting in increased 
length of stay and hospital costs of ~$30,000,000/y in the 
United States (2–4).

ELBW infants are at risk for invasive FS because of an imma-
ture protective layer of skin, the need for invasive medical 
devices, and defects in cellular and humoral responses (1). 
A definitive diagnosis, based on blood, cerebrospinal fluid 
(CSF), or urine culture, is usually reached only after a delay 
of 2–3 d (5). Rapid progression of an untreated infection may 
greatly increase morbidity and mortality. Although cytokine 
levels and acute-phase reactants have been used as markers of 
neonatal sepsis in general, the response of these biomarkers to 
FS has not been studied.

The first step in the innate immune response to fungal infec-
tions is recognition of fungal polymers (β-1, 3/β-1, 6 glucans, 
glucuronoxylomannan, phospholipomannan, and galactoman-
nan) by innate immune effector cells (6). In animal models and 
human adults, adaptive antifungal immunity includes T helper 
(Th)1–biased responses, which are protective, and Th2-biased 
responses, which are maladaptive or deleterious (7). Although 
CD4+ T cells have been classically divided as either Th1 or Th2, 
a new T helper effector subset, Th17, has been reported to play 
a seminal role in antifungal defense (8–13). Knowledge of the 
cytokine response in ELBW infants with and without FS is 
important to corroborate the information from animal mod-
els and human adults, to understand immune regulation and 
host defense in these infants, and to develop novel methods for 
diagnosis and treatment of FS.

The primary objective of this study was to assess cytokine 
levels and their temporal trends in dried blood spots (DBSs) 
collected over the first 3 wk after birth in ELBW infants with 
FS, BS, or no sepsis (NS). Eleven cytokines identified as being 
important in the development of FS were investigated: (i) Th-1  
cytokines and their inducers, tumor necrosis factor-α  
(TNF-α), interleukin (IL)-1β, IL-12, IL-18, interferon-γ (IFN-γ);   
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(ii) Th-2 cytokines and their inducers, IL-4, IL-5, IL-6, IL-10; 
and (iii) Th-17 cytokines and their inducers, IL-17, transform-
ing growth factor-β (TGF-β). We hypothesized that FS in 
ELBW infants would be associated with decreased Th-1 cytok-
ines, IL-17 or TGF-β, and/or elevated Th-2 cytokines in the 
first 3 wk of life as compared with infants with BS or NS.

RESULTS
Of 1,066 eligible infants, 89 developed FS, 368 developed BS 
without FS, and 609 did not have any episode of  culture-positive 
sepsis (Figure 1). DBSs were available for 684 infants on day 
(d)0, 847 infants on d3, 940 infants on d7, 892 infants on d14, 
and 735 infants on d21. Sepsis was diagnosed on basis of posi-
tive blood culture in 91 to 92%, CSF culture in 5 to 6%, and 
both blood and CSF culture in 2 to 3% of infants in both the 
BS and FS groups. In the FS group, 61 infants also had positive 
bacterial cultures (68.5%) either before (n = 32) or after (n = 
29) after the first positive fungal blood and/or CSF culture.

The most commonly identified bacteria included coagulase-
negative staphylococci (n = 189), Staphylococcus aureus (n = 
34), Streptococci (n = 35; Group B Streptococcus = 4), Escherichia 
coli (n = 20), and Klebsiella (n = 17). Identified fungal elements 
included Candida albicans (n = 44), Candida parapsilosis (n = 
33), Candida (species not specified, n = 9), Candida glabrata (n 
= 2), and Saccharomyces (n = 1).

Maternal and Neonatal Characteristics
Median (interquartile range) age at first sepsis episode was 18 
(11–30.5) d in the BS group and 20 (14–32) in the FS group. In 
55% of infants, sepsis was diagnosed between d7 and d21 of age. 
Maternal characteristics that differed significantly across sepsis 
group included preterm labor, hypertension, use of intrapar-
tum antibiotics, and mode of delivery (Table 1). As compared 
with infants with NS, infants with BS or FS were more likely 
to have lower birthweight and gestational age, require delivery 
room intubation, require treatment with postnatal steroids, 
have three or more central lines, undergo assisted ventilation 

and treatment with supplemental oxygen, have higher mor-
tality, and have longer hospital stays in survivors. They were 
also more likely to develop necrotizing enterocolitis and pat-
ent ductus arteriosus and receive treatment with histamine-2 
receptor (H2) blockers.

Bivariate Analysis of Mean Cytokine Levels by Sepsis Group 
at Each Time Point
For each infant with BS or FS, DBSs were classified as being 
“preinfection” if obtained before the microbiologic confirma-
tion of sepsis and as “postinfection” if obtained after micro-
biologic confirmation of sepsis (Table 2). Bivariate analysis of 
mean cytokine levels in the preinfection phase revealed sig-
nificant group differences for IL-10 (d3, d14, d21); IL-18 (d14, 
d21); IFN-γ (d21), and TGF-β (d14) (Figures 2 and 3). In the 
postinfection phase, mean cytokine levels were significantly 
different between the three groups for IL-10 (d7, d14, d21), 
IL-18 (d14, d21), TGF-β (d14, d21), and TNF-α (d21). IL-10, 
IL-18, IFN-γ, and TNF-α levels were higher and TGF-β levels 
were lower in infants with FS as compared with infants with BS 
or NS (data for TNF-α not presented in Figure 2).

Mixed-Model Analysis: Interaction of Sepsis Group and Cytokines 
Over Time
On mixed-model analysis with adjustment for confounding 
variables, significant group differences, and postnatal time 
trends were observed for IFN-γ, IL-10, IL-18, TGF-β, and 
TNF-α, with significant interaction between group and age at 
cytokine evaluation (Table 3). There were significant differ-
ences in IFN-γ, IL-10, IL-18, and TGF-β between the pre- and 
postinfection periods, with a significant interaction for sepsis 
group. Table 4 summarizes the cytokines that were signifi-
cantly different between sepsis groups in the pre- and postin-
fection periods on adjusted analyses.

Receiver Operating Characteristic Analysis
Receiver operating characteristic analysis revealed that three 
cytokines—IL-10, IL-18, and TGF-β—had significant ability to 
discriminate between sepsis groups in the pre- and postinfec-
tion phases on d14 and d21 (Table 5). We did not attempt to 
determine cutoff values for these cytokines at different time 
points, because in this study DBSs were obtained at predefined 
postnatal ages and not in relation to timing of onset of clinical 
suspicion of infection or positive blood culture. We computed 
area under the curve, which showed that all three cytokines 
had moderate to high accuracy (area under the curve ≥0.7) for 
differentiating between FS vs. NS and FS vs. BS in the postin-
fection phase on d14 and d21 DBS samples (Figure 4). Results 
in the preinfection phase for these cytokines were less robust.

DISCUSSION
To our knowledge, this is the first population study evalu-
ating cytokine profiles in ELBW infants with NS, BS, or FS. 
Although cytokine levels and acute-phase reactants have been 
used as markers of neonatal sepsis, the response of these bio-
markers to FS has not been systematically studied (14). In this 
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Figure 1. Flow diagram of preterm neonates with available DBSs by 
sepsis group. DBS, dried blood spot.
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exploratory, hypothesis-generating study, we identified a panel 
of five inflammatory markers significantly associated with sep-
sis group in the first 3 wk of life on adjusted analysis—IFN-γ, 
IL-10, IL-18, TGF-β, and TNF-α. These cytokines are potential 
candidate biomarkers of neonatal BS and FS that may allow 
early diagnosis before blood cultures become positive and that 
may also differentiate between BS and FS. Cytokines were not 
significantly different between groups on d0, suggesting that 
fetal inflammatory response syndrome is neither a marker for 
nor predisposes to neonatal sepsis and that systematic differ-
ence in cytokine profiles do not exist between infants who later 
acquire sepsis (BS or FS) and those who do not. Significant 

group differences in cytokines in the preinfection period sug-
gest that changes in levels of these cytokines may precede 
clinical signs and symptoms and microbiologic confirmation 
of diagnosis. After the microbiologic diagnosis of sepsis, group 
differences in cytokine levels became more prominent as com-
pared with values before microbiologic confirmation, suggest-
ing that these differences reflect a response to infection rather 
than conferring an inherent predisposition to infection.

In keeping with our hypothesis, IL-10 (Th-2 cytokine) was 
increased and TGF-β decreased in infants with FS as compared 
with those with BS or NS. However, contrary to our hypoth-
esis, Th-1 cytokines, IFN-γ, IL-18, and TNF-α, were increased 

table 1. Maternal and neonatal characteristics

Characteristic

Sepsis

Pa Pb
None  
N = 609

Bacterial  
N = 368

Fungal  
N = 89

Preterm labor (%) 65 72 81 0.0013 0.0939

Hypertension (%) 28 23 7 <0.0001 0.0004

Maternal antibiotics before delivery (%) 66 71 81 0.0087 0.0603

Mode of delivery–cesarean section (%) 61 58 44 0.0067 0.0147

Gestational age (wk) (mean ± SD) 26 ± 2 26 ± 2 25 ± 2 <.0001 0.0001

Birth weight (gm) (mean ± SD) 777 ± 138 749 ± 141 699 ± 138 <.0001 0.0022

Five-minute Apgar ≤5 (%) 6 11 7 0.0329 NS

Delivery room intubation (%) 73 77 87 0.0143 0.0465

Postnatal steroids (%) 20 31 39 <0.0001 NS

Ventilator days (mean ± SD) 20 ± 23 33 ± 2 46 ± 29 <.0001 <0.0001

Days in oxygen (mean ± SD) 48 ± 38 64 ± 39 74 ± 34 <.0001 0.0306

Early sepsis (%) 0 4 3 <0.0001 NS

Late sepsis (%) 0 96 97 <0.0001 NS

Three or more central lines (%) 44 63 83 <0.0001 0.002

Grade III or IV IVHc (%) 15 18 24 0.0991 NS

BPD (%) 42 56 63 <0.0001 NS

NEC (≥stage 2) (%) 8 15 10 0.0025 NS

Deaths (%) 16.2 19.6 29.2 0.0100 0.0480

Age at discharge for survivors (d) (mean ± SD) 90 ± 32 113 ± 49 129 ± 54 <0.0001 0.0241

Patent ductus arteriosus (%) 42 57 75 <0.0001 0.0014

H2 blockers (%) 33 47 49 <0.0001 NS

Age at first positive culture (d) (mean ± SD) 25 ± 20 20 ± 16 0.033

characteristics that did not show significant differences across sepsis groups included premature prolonged rupture of membranes, use of antenatal corticosteroids or tocolytics, 
gender, race, and cystic PVL.

BPD, bronchopulmonary dysplasia; h2, histamine-2 receptor; IVh, intraventricular hemorrhage; Nec, necrotizing enterocolitis Ns, not significant; PVL, periventricular leukomalacia.
acomparison of all three sepsis groups. bBacterial vs. fungal sepsis.

table 2. Number of infants with DBSs obtained before and after first episode of bacterial and fungal sepsis

Infection phase

Bacterial sepsis Fungal sepsis

d0 d3 d7 d14 d21 d0 d3 d7 d14 d21

Preinfection 240 283 320 209 136 52 69 78 65 40

Postinfection   1  14  19 104 163  1  1  4 16 35

Total 241 297 339 313 199 53 70 82 81 75

d, day; DBs, dried blood spot.
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in infants with FS. IL-1β, IL-12, IL-4, IL-5, IL-6, and IL-17 did 
not show any association with sepsis group in our study. Our 
hypotheses were based on cytokine profiles described in sepsis in 
experimental models and adults. Only one observational study 
of FS and BS in a small group of term and preterm neonates has 
shown significant differences in C-reactive protein and IL-6 levels 
(15). Our results support the complexity of the immune response 
involving multiple cytokines with divergent functions and sug-
gest that the immune response may differ in ELBW neonates.

TNF-α, initiator of the inflammatory response, has been 
reported to be increased early in neonatal sepsis. These stud-
ies included small numbers of patients, did not differentiate 
between FS and BS (16–18), were not limited to ELBW infants 
(19,20), and included infants with culture-negative sepsis 
(21,22). In our study TNF-α was significantly higher in ELBW 
infants with FS as compared with BS and NS.

IL-6, one of the most studied cytokines in neonatal sep-
sis, increases early, but its half-life is short and its sensitivity 
decreases after 12 to 24 h of infection. Most studies included 
small numbers of patients, did not differentiate between FS 
and BS (16,18,23–25), were not limited to ELBW infants 
(19,20,26–32), and included infants with culture-negative 
sepsis (33). In one study, IL-6 levels were significantly ele-
vated in BS as compared with FS in a cohort of term and 
preterm infants (15). The lack of association of IL-6 with cul-
ture-proven BS and FS in our large homogeneous population 
of ELBW infants suggests that IL-6 may not play a role in 
immune response to sepsis in ELBW infants. Alternatively, 
imprecision in timing of collection of samples in relation 
to clinical suspicion of infection in our study may have led 
to spuriously negative results because of the short half-life 
of IL-6.
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Figure 2. Mean concentrations (pg/ml) of cytokines significantly higher in fungal sepsis group before and after first episode of infection. (a) Data for pre-
infection phase; (b) data for postinfection phase. Data for d0 and d3 not presented for postinfection period as there were very few cases. Refer to table 2 
for number of cases in each group at various time points. Vertical lines represent ±1 SE. *P < 0.05, **P < 0.01, †P < 0.001, ‡P < 0.0001. White squares, bacterial 
group; black squares, fungal group; black circles, no sepsis group. D, day, IL, interleukin; IFN-γ, interferon-γ.
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IL-17, the signature cytokine of TH-17 cells, has an impor-
tant role in the induction of neutrophil-mediated protective 
immune response against extracellular bacterial or fungal 
pathogens such as Klebsiella pneumonia and Candida albicans 
in experimental models (11,34,35). However, in ELBW sub-
jects of our study, IL-17 levels were not significantly different 
across sepsis group.

IL-18 is a proinflammatory cytokine that reduces poly-
morphonuclear cell apoptosis, potentiates IFN-γ produc-
tion, and induces production of TNF-α, IL-1β, and IL-8 
(36). IL-18 is protective against infection caused by a num-
ber of intracellular and extracellular pathogens. In a recent 
comprehensive study of >140 serum analytes from neonates 
evaluated for late-onset sepsis (including BS, FS, and cul-
ture-negative clinical sepsis), IL-18 was elevated in infected 
vs. noninfected neonates and in FS (37). In our study as well, 
IL-18 emerged as a potential biomarker to differentiate FS 
from NS and BS.

IL-10 is an anti-inflammatory cytokine responsible for 
downregulation of the inflammatory process and maintaining 
homeostasis in vital organs (36). Elevated levels of IL-10 indi-
cate infectious disease in neonates, and IL-10 remains elevated 
until 24 h after the beginning of sepsis (5,26,38). In our study, 
IL-10 discriminated not only between BS and NS but also 
between FS and BS or NS.

No previous studies have investigated levels of TGF-β, 
a bipolar cytokine that can both trigger and inhibit the 
immune system, in neonatal sepsis (39). In our study, ELBW 
infants with sepsis had lower levels of TGF-β on d14 as com-
pared with infants with NS in the preinfection period. In the 
postinfection period, TGF-β levels were significantly differ-
ent on d14–d21 between FS and BS or NS and between BS 
and NS.

On receiver operating characteristic analysis, three cytok-
ines demonstrated moderate to high accuracy in discriminat-
ing between FS and NS or BS after microbiologic confirmation 

table 3. Mixed-model analysis for cytokines showing significant sepsis group and time interaction after controlling for significant covariates

Cytokine

Effect – F value (probability > F)

Significant  
covariates (P)Group Postnatal age Group*agea

Pre- vs. 
postinfection 

status
Pre-/postinfection 

status* groupb

IFN-γ 0.011 <0.0001 <0.0001 0.0005 0.0001 Center‡  
Preterm labor*

IL-10 0.0002 <0.0001 <0.0001 0.0075 0.0067 Center‡  
Oxygen**  
NEC*

IL-18 0.0097 <0.0001 0.0283 0.0009 0.0265 Center‡  
GA**  
Hypertension**

TGF-β 0.0024 <0.001 0.0007 <0.0001 0.0013 Center‡  
GA**  
Preterm labor**  
PDA† NEC**

TNF-α 0.0162 0.0025 0.0064 NS NS Center‡  
PDA*

Ga, gestational age; IFN-γ, interferon-γ; IL, interleukin; Ns, not significant; PDa, patent ductus arteriosus; TGF-β, transforming growth factor–β; TNF-α, tumor necrosis factor–α.
aInteraction of group and age. bInteraction of pre- or postinfection status and group. *P < 0.05. **P < 0.01. †P < 0.001. ‡P < 0.0001.
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Figure 3. Mean concentrations (pg/ml) of cytokines significantly lower in fungal sepsis group before and after first episode of infection. (a) Data for pre-
infection phase; (b) data for postinfection phases. Data for d0 and d3 not presented for postinfection period because there were very few cases. Refer to 
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of diagnosis despite the fact that DBSs were obtained at pre-
defined postnatal ages and not timed in relation to first positive 
blood culture. These robust trends suggest that these cytokines 
may be biomarkers of neonatal FS and BS and need to be vali-
dated in prospective studies with blood samples obtained in 
relation to time of clinical suspicion of infection and first posi-
tive blood culture.

The majority of clinical characteristics that were strongly 
associated with sepsis group in our study have been previously 
reported (1). Center difference was a significant covariate in 
most of the analyses. This could be related to differing ethnic 

populations, proportions of inborn/outborn infant, clinical 
practices, or other unidentified factors. Wide variation in the 
incidence of invasive fungal infections between neonatal inten-
sive care units has been shown in multiple publications (3,40). 
Of note, even after controlling for these covariates, the asso-
ciation between FS and five cytokines remained significant, 
suggesting their role in the pathogenesis of FS. Postnatal time 
trends and gestational age differences for cytokines have been 
described by our group previously (41).

This is the first population based study to compare cytokine 
concentrations in the first 3 wk of life in ELBW infants with 
FS, BS or NS. Two small studies have previously explored the 
cytokine signature of host response to different microbiologic 
agents in neonates with elevated IL-18 and C-reactive protein 
and lower IL-6 levels as being hallmarks of fungal infections 
(15,37). Strengths of our study include a large sample size; pro-
spectively collected data permitting a thorough investigation 
of the association of sepsis group and cytokine response at pre-
defined time points; standardized collection of repeated, timed 
blood samples for 3 wk starting from birth; assay of multiple 
cytokines from small volumes of blood using the Luminex 
assay; and multivariate adjustment for control of clinical 
variables.

Despite the important findings of this study, there are limi-
tations. Although infants with BS represented a pure group 
with no positive fungal blood/CSF cultures, 68.5% of infants 
with FS also had positive blood/CSF bacterial cultures before 
or after the first episode of FS. Positive blood cultures for 
bacteria during the period of fungal infection are character-
istic of the natural history of disease of invasive fungal infec-
tions in ELBW infants (1). Contamination of FS group with 
BS should have underestimated differences between the two 

table 5. Area under the curve for cytokines significantly different between groups in the pre- and postinfection phases

Cytokine Analysis

d14 d21

BS vs. NS FS vs. NS BS vs. FS BS vs. NS FS vs. NS BS vs. FS

Preinfection phase

 IL-10 Unadjusted 0.56 (0.51–0.60)** 0.59 (0.51–0.67)** 0.54 (0.45–0.62)** 0.61 (0.51–0.72)*

Adjusted 0.72 (0.69–0.77)† 0.81 (0.76–0.86)‡ 0.80 (0.74–0.86)* 0.70 (0.61–0.79)*

 IL-18 Unadjusted 0.56 (0.52–0.61)* 0.68 (0.59–0.76)*

Adjusted 0.61 (0.56–0.65)*

 TGF-β Unadjusted 0.56 (0.51–0.60)* 0.64 (0.57–0.71)** 0.67 (0.58–0.77)*

Adjusted

Postinfection phase

 IL-10 Unadjusted 0.73 (0.59–0.87)** 0.71 (0.56–0.86)* 0.58 (0.45–0.69)**

Adjusted 0.87 (0.76–0.98)** 0.79 (0.65–0.92)* 0.85 (0.78–0.91)* 0.81 (0.73–0.89)**

 IL-18 Unadjusted 0.58 (0.51–0.64)* 0.72 (0.62–0.82)* 0.59 (0.54–0.64)* 0.78 (0.72–0.85)‡ 0.70 (0.61–0.79)**

Adjusted 0.66 (0.61–0.72)* 0.61 (0.56–0.66)* 0.85 (0.79–0.91)** 0.80 (0.73–0.87)*

 TGF-β Unadjusted 0.60 (0.53–0.66)* 0.79 (0.66–0.92)** 0.60† 0.85‡ 0.78‡

Adjusted 0.91 (0.82–1.0)* 0.63* 0.92‡ 0.85†

Numbers represent aUc (95% confidence limits).

aUc, area under the curve; Bs, bacterial sepsis; Fs, fungal sepsis; IL, interleukin; Ns, no sepsis; TGF-β, transforming growth factor–β.

*P < 0.05. **P < 0.01. †P < 0.001. ‡P < 0.0001.

table 4. Summary of cytokines that show statistically significant 
differences by age and sepsis group on adjusted analyses

Before first episode of sepsis After first episode of sepsis

d3 d7 d14 d21 d7 d14 d21

BS vs. NS IL-10  
IL-18  
TGF-β

IL-10 IL-10  
IL-18  
TGF-β

IL-18  
TGF-β

FS vs. NS TGF-β IL-10  
IL-18  
TGF-β

IFN-γ  
IL-10  
IL-18  
TNF-α

IL-10  
TGF-β

IL-10  
IL-18  
TGF-β  
TNF-α

IL-10  
IL-18  
TGF-β  
TNF-α

FS vs. BS IL-10 IFN-γ  
IL-10  
TNF-α

IL-10  
IL-18  
TGF-β  
TNF-α

IL-10  
IL-18  
TGF-β  
TNF-α

In analysis before first episode of infection, no group differences in cytokines on 
D0 observed. In analysis after first episode of infection, group differences were not 
evaluated at d0 and d3 because of the small numbers of subjects at these time points. 
all cytokines except TGF-β were elevated in Bs or Fs vs. Ns and in Fs vs. Bs. TGF-β was 
decreased in Bs or Fs vs. Ns and in Fs vs. Bs.

Bs, bacterial sepsis; d, day; Fs, fungal sepsis; IFN-γ, interferon-γ; IL, interleukin; Ns, 
no sepsis; TGF-β, transforming growth factor–β; TNF-α, tumor necrosis factor–α.
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groups; in spite of that we were able to detect significant dif-
ferences between groups for five cytokines, suggesting that 
these reflect true differences in cytokine response in BS and 
FS. Second, blood samples were timed in relation to post-
natal age and not to clinical suspicion of infection. It has 
been shown that cytokine levels decline rapidly after onset of 
infection. Therefore DBSs obtained at specified postnatal ages 
may have occurred at different time intervals before or after 
onset of infection. Despite this imprecision, we obtained con-
sistent and significant predictive values for three cytokines 
at 14–21 d of age, which is close to the median age of onset 
of confirmed sepsis, suggesting dramatic effects. Although 
the study design of collection of protocol-driven samples at 
predefined postnatal ages in this hypothesis-generating sec-
ondary study was not ideal to assess response to infection, 
it did allow evaluation of cytokine levels before diagnosis of 

sepsis, which may not be possible to assess in a study design 
in which sample collection is dictated by clinical suspicion 
of infection. Although these results may reflect true differ-
ences between FS, BS, and NS because of the robust trends 
and biologic plausibility, they need to be validated in care-
fully designed large longitudinal cohort studies with prospec-
tive blood collection in relation to sepsis evaluation. Third, 
it is difficult to distinguish between primary and secondary 
mediators in the cytokines described. In addition, circulat-
ing cytokine concentrations may not reflect their biologic 
activity. Although we included 11 biomarkers, other markers 
(procalcitonin, C-reactive protein) that have been shown to 
be useful for the early detection of neonatal sepsis were not 
studied (5,37). Last, we did not correct for multiple compari-
sons because the post hoc subgroup analysis in this study is 
exploratory in nature and hypothesis-generating. Therefore, 
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Figure 4. ROC curves for cytokines significantly different between sepsis groups in the postinfection period on d21. Gray and bold black lines represent 
ROC curve in analyses unadjusted and adjusted for significant covariates, respectively. BS, bacterial sepsis; d, day; FS, fungal sepsis; IL, interleukin; NS, no 
sepsis; ROC, receiver operating characteristic; TGF-β, transforming growth factor–β.



Volume 72  |  Number 2  |  august 2012       Pediatric ReseaRch 219copyright © 2012 International Pediatric Research Foundation, Inc.

ArticlesCytokines in neonatal fungal sepsis

reliance should be placed on the observed effect size rather 
than on statistical significance testing as a basis for decision 
making (42).

In conclusion, in this prospective study, IL-10, IL-18, TGF-β, 
and TNF-α were found to be the most promising indicators of 
FS vs. BS or NS in ELBW infants. These findings offer insight 
into immune regulation in ELBW infants with sepsis, offering 
the prospect of rapid differentiation of neonatal BS and FS, 
early institution of targeted antimicrobial therapy, and devel-
opment of new treatments for this disease by enhancing the 
production of cytokines that confer protection. These novel 
findings will require validation in larger rigorously designed 
prospective studies.

METHODS
We conducted a secondary exploratory analysis using clinical and 
biologic data collected as part of the multicenter National Institute 
of Child Health and Human Development Cytokine Study, a pro-
spective study assessing biomarkers for adverse neurodevelopmen-
tal outcomes in preterm infants with a birthweight of 401–1,000 g 
(43). This study was approved by the institutional review boards 
at all 17 participating centers, and written informed consent was 
obtained from parent(s).

ELBW neonates who were enrolled in the National Institute of 
Child Health and Human Development Cytokine Study and had 
available DBSs were eligible for the study. Sepsis (including early 
and late-onset) was defined by a blood and/or CSF culture posi-
tive for bacteria or fungi and ≥5 d of treatment (or intent to treat 
in those who died before 5 d). The outcome variable was sepsis 
group—No (NS), bacterial (BS, (≥1 episode of bacterial sepsis 
without FS), and fungal (FS, ≥1 episode of FS). Infants with posi-
tive bacterial and fungal blood/CSF culture were included in the FS 
group as positive blood cultures for bacteria during the period of 
fungal infection are characteristic of the natural history of disease 
of invasive fungal infections in ELBW infants (1). Cultures positive 
for Corynebacterium spp., Propionibacterium spp., Alcaligenes spp., 
Penicillium spp., and diptheroids were considered contaminants and 
excluded. Cultures positive for coagulase-negative Staphylococcus 
were reviewed and categorized as a definite infection, possible 
infection, or probable contaminant as described previously (14). 
Definite and possible coagulase-negative Staphylococcus infections 
were included as sepsis whereas probable contaminants were not. 
Infants who had cultures positive only for pathogens considered 
contaminants were included in the noninfected group.

Whole blood was collected on filter paper and frozen at five time 
periods (d): 0–1 (d0), 3 ± 1 (d3), 7 ± 2 (d7), 14 ± 3 (d14), and 21 ± 
3 (d21). The treatment of blood samples was standardized. After the 
filter paper blood sample had dried, it was wrapped in a stock paper 
cover and placed in a plastic bag, which was stored in a −20 °C freezer 
as soon as possible after the specimen was dry, but no later than 24 h. 
Clinical information was collected by trained research nurses on all 
morbidities following preterm birth and their risk factors, permitting 
a thorough investigation of the association of inflammatory cytokines 
and sepsis group.

Cytokines were analyzed in stored blood spots using a multiplex 
Luminex assay (Luminex, Austin, TX) as described previously (44,45). 
This assay has low intra- (<10%) and inter-assay (7–23%) variation. 
It has been shown that cytokine measurements on DBSs stored at 
−24 °C for >20 y are stable over time. For this secondary analysis of 
the primary study, 11 cytokines were identified as being important in 
the development of FS (TNF-α, IL-1β, IL-4, IL-5, IL-6, IL-10, IL-12, 
IL-17, IL-18, IFN-γ, and TGF-β).

For each infant with BS or FS, DBS, and cytokine levels were clas-
sified as preinfection if they were obtained before the first episode of 
bacterial sepsis in the BS group or before the first episode of FS in 
the FS group and postinfection if they were collected after the first 
episode of infection.

Statistical Analyses
Statistical analyses were performed using SAS System 9.2 (SAS, Cary, 
NC). Unadjusted analysis was performed using χ2 tests for categori-
cal outcomes and ANOVA test (F-test) for continuous outcomes to 
study the association of several maternal and neonatal variables with 
sepsis group (NS, BS, and FS). Medians and interquartile ranges were 
computed for all cytokines at each of the five time points and bivari-
ate analyses used to assess differences across sepsis groups. For each 
cytokine, levels were plotted against time for each sepsis group to 
assess their temporal profiles over the first 3 postnatal wk. Differences 
in temporal profiles across sepsis groups were evaluated using mixed-
effect models for each cytokine independently to account for the mul-
ticenter design, repeated measurement of cytokine levels, significant 
clinical covariates, and interaction of postnatal age and sepsis group. 
Confounding variables included center, gestational age, birthweight, 
race, gender, premature prolonged rupture of membranes, antenatal 
steroids, postnatal steroids, days in oxygen, intraventricular hemor-
rhage (grades 3, 4), cystic periventricular leukomalacia, surgically 
treated patent ductus arteriosus, and necrotizing enterocolitis (Bell 
stage ≥2). A P value of <0.05 was considered statistically significant. A 
receiver operating characteristic curve was constructed to determine 
the cytokines that could predict sepsis group. Area under the curve 
was determined to measure accuracy of various cytokines in discrimi-
nating between sepsis groups.
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