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Abstract
Background: Deleted in malignant brain tumors 1 (DMBT1) is involved in innate immunity and epithelial differentiation. It has been proven to play a role in various states of inflammation or hypoxia of fetal gastrointestinal and pulmonary diseases. Discrimination of pathogenesis in necrotizing enterocolitis (NEC) based on cardiac status improves
the understanding of NEC in different patient subgroups. We aimed at examining DMBT1 expressions regarding their
association with cardiac status leading to impaired intestinal perfusion, intraoperative bacteria proof, and a fulminant
course of NEC.
Methods: Twenty-eight patients with NEC were treated surgically between 2010 and 2019 at our institution. DMBT1
expression was examined in intestinal sections using immunohistochemistry to detect DMBT1 protein. Associations of
clinical parameters and DMBT1 expression were analyzed.
Results: We examined DMBT1 levels in 10 patients without cardiac defects and 18 patients with persisting ductus
arteriosus (PDA) and congenital heart defects (CHD). Compared to patients without cardiac malformations, DMBT1
levels tended to score higher in patients with PDA/CHD (p = 0.2113) and were negatively correlated with C-reactive
protein in these infants (p = 0.0172; r = − 0.5533). The number of DMBT1-expressing macrophages was elevated in
the PDA/CHD-subgroup (p = 0.0399). Ratios of neutrophils and monocytes to lymphocytes were significantly higher
in infants with PDA/CHD (p = 0.0319 and 0.0493). DMBT1 expression was significantly associated with positive bacterial culture of intraoperative swabs (p = 0.0252) and DMBT1 expression of the serosa was associated with a fulminant
course of NEC (p = 0.0239).
Conclusions: This study demonstrates that DMBT1 expression may be influenced by cardiac anomalies with an
impaired intestinal perfusion in the neonatal intestine. NEC in PDA/CHD infants is associated with more DMBT1-positive macrophages and a significantly elevated neutrophil-to-lymphocyte ratio.
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Background
Necrotizing enterocolitis (NEC) is a very serious disease
in preterm and term infants. Incidence rates depend on
birth weight and prematurity with a maximum of up to
15% of affected neonates born at less than 30 weeks of
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gestational age or birth weight of < 1500 g [1]. In contrast,
almost 10% of all patients diagnosed with NEC are term
neonates, 50% of whom are presenting with persistent
ductus arteriosus (PDA) or/and congenital heart disease
(CHD) [2]. The increased risk for NEC in these cases is
caused by the steal phenomenon leading to reduced perfusion of the intestine and—at least in cyanotic CHD and
in preterm infants presenting multiple oxygen desaturations due to PDA—by additional hypoxia. NEC and CHD
are shown to be interrelated as main factors for morbidity and mortality in neonates. There is an increased
risk of mucosal ischemia due to circulatory alterations,
provoking intestinal necrosis [3]. Multiple factors are
additionally described as risk factors for NEC (e.g., chorioamnionitis, placental insufficiency, gut ischemia) [4].
The immature immune response of infants and particularly in preterm infants hereby substantially contributes
to NEC: intestinal innate and adaptive immunity and
inflammatory control are immature and lead to dysfunction of the intestinal barrier [5–7]. These risk factors
seem to alter the intestinal epithelial barrier, as a result of
which bacteria are able to translocate from the intestinal
lumen into the sub-epithelial tissue and induce inflammation [4]. NEC thus remains a multifactorial induced
disease. Research of the last decade therefore focused on
the separation of pathology of NEC in patient subgroups
[8–11]. Various publications were able to confirm differences in incidence, mortality, and clinical factors of
patients with CHD with concomitant steal phenomenon.
In these patients, pathophysiology is primarily based on
an impaired intestinal circulation with resulting ischemia
and elevated levels of circulating endotoxins and proinflammatory cytokines. A recent publication from Neu
proposed to completely separate this intestinal necrosis
due to hypoxic mechanisms seen in full-term neonates
from the classical NEC of preterm infants [12] as did the
most recent study of Klinke et al. [13]. We were recently
able to describe that infants with PDA/CHD had more
frequently macroscopic intestinal necrosis and positive
bacterial culture of intraoperative swabs compared to
preterm infants without PDA/CHD [11].
Deleted in malignant brain tumors 1 (DMBT1) is a
secreted protein with functions in innate immunity,
epithelial cell differentiation, angiogenesis, and tumorigenesis. As member of the secreted scavenger receptor
cysteine rich (SRCR) protein family it is involved in various processes of inflammation [14]. This includes binding
to various bacteria and interaction with several defense
factors (e.g., surfactant protein A/D, secretory IgA) [15,
16]. DMBT1 is expressed in the fetal gastrointestinal
tract and additionally in the small and large intestine
of preterm infants [17]. The basal and luminal localization in epithelial cells point to functions in epithelial
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differentiation (basal DMBT1) and local innate immunity
(luminal DMBT1). This was supported by the fact that
DMBT1 is enormously upregulated in inflammatory processes such as NEC independently from gestational age
[17]. The promotor of DMBT1 furthermore contains a
binding site for hypoxia-inducible factor 1α, which could
be observed with the upregulation of DMBT1 expression
in lung tissues and lung epithelial cells after hypoxia [18].
The aim of this study was to compare intestinal
DMBT1 expression, intraoperative bacterial detection
and the clinical course in infants with NEC according to
their cardiac anatomy and to provide new insides into the
pathophysiology of different NEC subtypes.

Patients and methods
Patients

The study’s cohort of NEC patients was treated throughout the years 2008 to 2019 at the University Hospital
Erlangen. Formalin-fixed and paraffin-embedded sections were available after surgical resection of affected
intestinal segments. Gestational ages were defined as
time elapsed between the first day of the last menstrual
period and the day of birth, ranging from 23 to 39 weeks.
We documented different clinical factors within the
course of NEC (vital parameters, laboratory findings,
medication, and recovery), concomitant diseases, and
surgical approach. Diagnosis of reduced intestinal perfusion in patients with PDA or CHD was made based on
sonography and Doppler. The definition of a relevant
PDA included hereby a modified intestinal perfusion,
the lack of pressure separation between both circuits
and the size increase of the left atrium. Neutrophil-tolymphocyte ratio (NLR) and monocyte-to-lymphocyte
ratio (MLR) were calculated using the following formulas at the time of indication for surgical therapy of NEC:
NLR = absolute neutrophil count/absolute lymphocyte
count; MLR = absolute monocyte count/absolute lymphocyte count. C-reactive protein was also determined at
time of diagnosis. An intraoperative swab was performed
during surgery to enable bacterial culture. NEC was diagnosed and staged by modified Bell’s criteria [19]. Decision
for a surgical approach was made based on the German
AWMF clinical guidelines on NEC including the confirmation of intestinal perforation or the infant’s deterioration during the conservative treatment course [20]. In the
latter, velocity of progression into a septic clinical picture
led to indication for immediate surgery. In a minor part
of very immature preterm infants with severe cardiac
malformations, immediate surgery was performed in
NEC IIb to enable survival. In these cases, a high possibility of unstoppable intestinal necrosis and irreversible
deterioration was predictable without surgery. The following criteria were included in the diagnosis: changes in
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blood pressure and respiratory parameters, need of fluids
to maintain circulation, and need for catecholamines and
advanced mechanical ventilation to achieve satisfying
oxygen levels. There were no differences in surgical indication between preterm patients and patients with cardiac concomitant diseases, as the same surgical team led
diagnostic and therapeutic management in all patients
within the whole study time.
Fulminant NEC was retrospectively defined based on
clinical experience as there is no consistent definition in
literature: definition included NEC with extensive necrosis, requiring multiple surgical interventions or intestinal
resection of > 20 cm. The study was approved by the local
ethical committee (University of Erlangen-Nürnberg,
Germany; No 281_19Bc) and was performed in accordance with the 1964 Helsinki Declaration and its later
amendments or comparable ethical standards. Infants
were divided into two groups to analyze differences in
NEC according to impaired intestinal perfusion due to
cardiac abnormalities (see above). The first group comprised infants without cardiac anomalies. The second
group included infants with relevant PDA or CHD.
Immunohistochemistry

Formalin-fixed and paraffin-embedded intestinal sections of 28 neonates (10 infants without cardiac anomalies and 18 infants with PDA/CHD) were analyzed by
immunohistochemistry to detect DMBT1 (one section
for each patient). The sections were stained by the Tissue Bank of the National Center for Tumor Diseases Heidelberg, Germany, in accordance with the regulations of
the tissue bank. Immunohistochemistry was performed
using the rabbit polyclonal antiserum anti-DMBT1p84
as previously described [16, 17, 21–23]. Each tissue section was analyzed with a magnitude of 1:40, 1:100, and
1:200. A score for determining the intensity and extent
of DMBT1 signals was established. DMBT1-positive tissues were scored semi-quantitatively from 0 (no staining), 1 (weak staining), 2 (moderate staining) to 3 (highly
intense staining). Additionally, we semi-quantitatively
analyzed the number of DMBT1-positive macrophages:
0 (no DMBT1-positive macrophages), 1 (few DMBT1positive macrophages), 2 (moderate number of DMBT1positive macrophages), and 3 (many DMBT1-positive
macrophages). An average score of the parts with high
inflammation and/or perforation was determined for
each infant, combining the results of all inflammatory
regions. Each section was scored independently by two
blinded investigators (SD, HM) and the average score
was used for statistics. A score of total DMBT1 expression as well as separate DMBT1 scores of macrophages,
endothelia, and serosa were determined.

Page 3 of 10

Statistical analysis

Quantitative variables and DMBT1 score are presented as median together with minimum and maximum values. For qualitative factors, absolute and
relative frequencies are given. In order to compare
two groups, exact Mann-Whitney U test or Fisher’s exact test has been used, as appropriate. Each
2-group comparison was conducted as a 2-sided
test. Correlation coefficients according to Pearson
have been assessed to quantify the strength of correlation between two quantitative variables.
Test results with p values smaller than 0.05 were
regarded as statistically significant. SAS software,
release 9.4 (SAS Institute Inc., Cary, NC, USA), was
used for all statistical calculations.

Results
Baseline clinical variables of patients

Within the study period (2008–2019), 97 neonates
were treated with NEC in our perinatal center. Of
these, 19 patients (20%) were confirmed with a
very low birth weight of < 1000 g (VLBW) and 36
patients (37%) were diagnosed with concomitant
CHD or PDA. Thirty-six of these 97 patients (37%)
underwent surgery due to diagnosis of progressed
intestinal inflammation and are focused on this
study. In 28 of these patients, parts of the intestine
were resected. Gestational age at birth of the 28
infants ranged between 23.6 and 39.6 weeks (median
32.7 weeks). Diagnosis of SGA (small for gestational
age) was made in 7 patients (25%). Surgical intervention was performed between day 3 and 74 of
life (median 19 days), corresponding to gestational
ages of 29.6 to 39.6 weeks (median 35.5 weeks). In
57% of cases, sonographic or radiological signs of
an intestinal perforation could be observed. In the
remaining patients (43%), immediate surgery was
conducted in cases of a high possibility of unstoppable intestinal necrosis and irreversible deterioration without surgery. Two groups of infants
were determined according to cardiac anatomy:
The first group contained 10 infants without cardiac anomalies, the second group consisted of 18
infants, 5 patients of which presented with PDA and
13 infants with CHD, both resulting in impaired
intestinal perfusion and—at least in a part of theses
infants—in an impaired oxygenation due to recurrent oxygen desaturations or continuous reduced
oxygen saturation. In all of these patients, an impact
on intestinal diastolic flow could be seen in Doppler
sonography (reduced or even reversed end-diastolic
flow). Basic demographic and clinical data of both
groups are detailed in Table 1.
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Table 1 Basic demographic and clinical data of the study population. Significant values are highlighted
Clinical parameter

Whole population
(n = 28, 100%)

Preterm patients without Patients with
cardiac disease (n = 10)
cardiac disease
(n = 18)

p value

17 (71%)
11 (39%)

6 (60%)
4 (40%)

1.000

Sex [n (%)]
Male
Female

11 (61%)
7 (39%)

Gestational age [weeks [median (range)]]

32.7 (23.6–39.6)

31.1 (25.3–35.6)

36.5 (23.6–39.6)

0.142

Weight at birth [g [median (range)]]

1940 (550–3300)

1670 (780–2160)

2205 (550–3300)

0.245

Leading cardiac malformations [n (%)]
Persisting ductus arteriosus
Atrial/ventricular septal defect
Pulmonary stenosis with double outlet ventricle
Transposition of the great arteries
Hypoplastic left heart syndrome
Tetralogy of Fallot
Ebstein’s anomaly

18 (64%)
5 (18%)
2 (7%)
2 (7%)
3 (11%)
3 (11%)
2 (7%)
1 (3%)

0

18 (100%)
5 (28%)
2 (11%)
2 (11%)
3 (17%)
3 (17%)
2 (11%)
1 (6%)

< 0.0001
0.128
0.524
0.524
0.533
0.533
0.524
1.000

10 (36%)
2 (7%)
16 (57%)

4 (40%)
1 (10%)
5 (50%)

6 (33%)
1 (6%)
11 (61%)

0.854

16 (57%)
12 (43%)

5 (50%)
5 (50%)

11 (61%)
7 (39%)

0.698

10 (36%)
11 (39%)
7 (25%)

5 (50%)
3 (30%)
2 (20%)

5 (28%)
8 (44%)
5 (28%)

0.602

12 (43%)
16 (57%)

1 (10%)
9 (90%)

11 (61%)
7 (39%)

0.016

3 (11%)
1 (4%)
4 (14%)
7 (25%)
1 (4%)
1 (4%)

1 (10%)
1 (10%)

3 (17%)
1 (6%)
3 (17%)
6 (33%)
1 (6%)
1 (6%)

0.533
1.000
1.000
0.364
1.000
1.000

8 (29%)
20 (71%)

2 (20%)
8 (80%)

6 (33%)
12 (67%)

0.669

5 (18%)
23 (82%)

2 (20%)
8 (80%)

3 (17%)
15 (83%)

1.000

20 (71%)
8 (29%)

9 (90%)
1 (10%)

11 (61%)
7 (39%)

0.194

pH at diagnosis [median (range)]

7.32
(7.04–7.53)

7.31
(7.10–7.53)

7.33
(7.04–7.50)

0.488

Base excess at diagnosis [mmol/l [median (range)]]

− 4.3 (− 17.0 to 6.3)

− 6.9 (− 17.0 to − 2.1)

BELL-stage [n (%)]
IIb
IIIa
IIIb
Perforation [n (%)]
Yes
No
Localization of NEC [n (%)]
Small bowels
Colon
Both localizations
Proof of bacteria (intraperitoneal swabs) [n (%)]
Yes
No

Proof of bacteria (intraperitoneal swabs) [n (%), multiple answers possible/patient]
E. coli
Enterobacter cloacae
Enterococcus
Staphylococcus
Serratia marcescens
Citrobacter koseri
Fulminant NEC [n (%)]
Yes
No
Short bowel syndrome [n (%)]
Yes
No
Survival [n (%)]
Yes
No

Lactate at diagnosis [mmol/l [median (range)]]
White blood cell count at diagnosis [n × 109/l [median (range)]]

2.5 (1.0–11.4)

2.3 (1.4–8.8)

− 2.1 (− 9.3 to 6.3)

3.0 (1.0–11.4)

0.013
0.924

4.5 (0.5–23.1)

4.5 (0.5–9.3)

4.5 (1.3–23.1)

0.796

Platelet count at diagnosis [n/μl [median (range)]]

193.0 (22.0–571.0)

214.0 (22.0–314.0)

188.0 (51.0–571.0)

0.832

CrP at diagnosis [mg/l [median (range)]]

40.9 (0.6–259.0)

10.2 (0.6–259.0)

52.7 (10.8–220.3)

0.160

Includes basic demographic and clinical data of the 28 included patients
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NLR and MLR in dependence of cardiac anatomy

Both ratios (NLR and MLR) were significantly higher
in infants with PDA/CHD in comparison to infants
with normal cardiac anatomy (p = 0.0319 and 0.0493,
respectively; see Fig. 1 and Table 2), even though there
was no significant difference in C-reactive protein levels between both groups (p = 0.1599 two-tailed test;
Table 1).
Total DMBT1 expression of inflamed intestine during NEC

Compared to infants with normal cardiac anatomy,
infants with PDA/CHD tended to show higher total
DMBT1 score without reaching statistical significance
(median score: 2.71 versus 2.00; p = 0.2113). The total
DMBT1 score was negatively correlated with C-reactive
protein in infants with PDA/CHD (p = 0.0172; r = −
0.5533), which was not observed in the group without
cardiac anomalies (p = 0.4357; r = 0.2786). DMBT1 score
was significantly associated with positive bacterial culture of intraoperative swabs (p = 0.0252), in which staphylococcus and streptococcus species as well as a variety of
stool bacteria were detectable: the median total DMBT1
score in infants without bacterial proof was 2.00 and with
proof of bacteria 3.00 (Fig. 2a–c). However, a fulminant
NEC course was not significantly correlated with total

DMBT1 scores (p = 0.163), even though the median
total DMBT1 score was slightly higher in comparison to
infants without fulminant NEC (3.00 versus 2.25). This
difference was even more highlighted when excluding
preterm infants with cardiac malformations from the
analysis (median scores: 3.0 versus. 2.00), although it
slightly failed to reach statistical significance (p = 0.0830).
DMBT1 expression of intestinal macrophages during NEC

We analyzed the number of DMBT1-expressing macrophages. DMBT1 expression in submucosal macrophages in infants with PDA/CHD anomalies showed
significantly more DMBT1-positive macrophages in
comparison to infants without PDA or cardiac malformations (median DMBT1 score of macrophages: 2.00 versus
1.38; p = 0.0399; Fig. 2d–f ). To ensure statistical accuracy without influences of prematurity of 10 infants with
cardiac malformations, we performed another analysis,
excluding these 10 newborns. Event then, this difference
remained significant (p = 0.0459). DMBT1 scores in macrophages showed no association with a fulminant course
(median DMBT1 score of macrophages: 1.88 in patients
with a fulminant course versus 1.71 in patients with nonfulminant NEC; p = 0.4438).

Fig. 1 Neutrophil-to-lymphocyte ratio (NLR) and monocyte-to-lymphocyte ratio (MLR). NLR and MLR were significantly higher in infants with
persistent ductus arteriosus (PDA)/congenital heart disease (CHD) in comparison to infants with normal cardiac anatomy

Table 2 Neutrophil-to-lymphocyte ratio (NLR) and monocyte-to-lymphocyte ratio (MLR) distribution within the study population.
Significant values are highlighted
Clinical parameter

Whole population (n = 28,
100%)

Preterm patients without cardiac
disease (n = 10)

Patients with cardiac disease
(n = 18)

p value

NLR [median (range)]

1.7220 (0.125–25.000)

1.0393 (0.300–6.700)

2.1976 (0.125–25.000)

0.032

MLR [median (range)]

0.2917 (0–2.000)

0.2289 (0–0.667)

0.3828 (0.063–2.000)

0.049
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Fig. 2 DMBT1 expression in infants with necrotizing enterocolitis (NEC) depending on cardiac status. Representative illustration of high
DMBT1-expression levels in NEC infants with intraoperative bacteria detection with normal cardiac status (a) and with CHD/PDA (b and c,
respectively). d–f Infants with PDA/CHD (e and f, respectively) show significantly more DMBT1-positive macrophages (arrows) in comparison to
preterm infants with normal cardiac status (d). Insert in e: higher magnification of DMBT1-positive macrophages. g/h DMBT1-expression of serosa
(arrows) was higher in NEC infants with fulminant course (h) in comparison to infants with non-fulminant course (g). i The invasion of leukocytes
into the intestinal wall (arrows) in an infant with CHD and NEC. k DMBT1 expression in endothelial cells in some neutrophils

DMBT1 expression of intestinal endothelia during NEC

We analyzed DMBT1 expression of endothelial cells
in the affected intestine of infants with NEC (Fig. 2k).
DMBT1 expression of intestinal endothelial cells
was significantly associated with NLR (p = 0.0352;
r = 0.3994; Fig. 3) but not with MLR (p = 0.1467). However, there were no significant associations between

DMBT1 expression and cardiac anomalies (p = 0.5384),
a positive bacterial culture of intraoperative swabs
(p = 0.5652) or a fulminant NEC course (p = 0.1658).
Furthermore, invasion of leukocytes, mainly neutrophils, into the intestinal wall was observed (Fig. 2i).
Some
neutrophils
showed
DMBT1-expression
(Fig. 2k).

Fig. 3 DMBT1 expression in association with neutrophil-to-lymphocyte ratio (NLR). A significant correlation of DMBT1 expression
(scored semi-quantitatively from 0 (no staining), 1 (weak staining), 2 (moderate staining) to 3 (highly intense staining) with NLR could be
confirmed (p = 0.0352; r = 0.3994)
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DMBT1 expression of intestinal serosa during NEC

Infants with fulminant NEC showed a higher DMBT1
expression score of the serosa in comparison to infants
without fulminant NEC course (median DMBT1 score of
serosa: 2.88 versus 2.00). This difference slightly failed to
reach statistical significance (p = 0.0239; Fig. 2g/h). Positive bacterial culture of intraoperative swabs (p = 0.5172)
or cardiac status (p = 0.2467) did not correlate with
DMBT1 expression of the serosa.

Discussion
Different studies support the critical role of DMBT1
in epithelial differentiation, fetal, and neonatal innate
immunity [16, 17] and especially functions of DMBT1
in the intestine [23]. Accordingly, increased DMBT1
expression with increasing gestational ages has been previously demonstrated in the small intestine of human
fetus (gestational age of 14–35 weeks) and in neonates.
An upregulation of DMBT1 has been proven in neonatal gastrointestinal diseases to be associated with inflammation (e.g., necrotizing enterocolitis) and infection in
preterm patients (e.g., severe sepsis) independent from
gestational age [17]. In this study, we focused on NEC in
preterm and term neonates with different cardiac anatomy to analyze potential new pathophysiological mechanisms of different NEC subgroups. We postulate that
DMBT1 might be differentially expressed regarding the
immaturity of the innate immunity alone versus in combination with impaired intestinal perfusion and consecutive cellular hypoxia, since inflammation and hypoxia
are known factors which influence DMBT1 expression
[17, 18]. Elevated circulating cytokines are described as
part of the systemic inflammatory response during NEC,
which may also play a direct or indirect role in augmenting the mucosal injury [4].
DMBT1 acts as a binding protein to multiple bacteria, such as group A and B Streptococci, Staphylococcus
aureus, and E. coli [16]. The binding results in suppression of bacterial invasion and hindrance of bacterial
infections [24]. NEC develops in response to an abnormal interaction of exaggerated bacterial signaling in the
premature intestine [4], in which E. coli plays a major
role. The results of our study confirm an association of
positive intraabdominal swabs and the presence of CHD/
PDA, as demonstrated in a recent study [11] and show a
predominance of E. coli and Staphylococcus in intraabdominal swabs. DMBT1 addresses a critical factor in
the pathogenesis of NEC. Upregulation of DMBT1 in
response to bacterial invasion is supported by our observation that the total DMBT1 score was significantly associated with positive bacterial culture of intraoperative
swabs. However, an association between different bacterial species and DMBT1 levels could not be confirmed.
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DMBT1 is able to bind various species of bacteria. Higher
levels of DMBT1 can bind a higher load of bacteria [24,
25]. The elevated total DMBT1 expression of the serosa
in fulminant NEC also emphasized the positive relation
between intense and pronounced inflammation of the
intestinal wall and DMBT1 expression.
The total intestinal DMBT1 expression level was
slightly but not significantly higher in infants with PDA/
CHD compared to infants without cardiac anomalies.
This corresponds to the higher inflammation and supports the results of our own data indicating that infants
with PDA/CHD had more frequently macroscopic intestinal necrosis and positive bacterial culture of intraoperative swabs compared to preterm infants without PDA/
CHD [11]. Cellular hypoxia may also lead to higher
DMBT1 expression in intestinal epithelium. This observation has already been made in the respiratory epithelium [18]. Even though the gestational ages between both
groups (preterm infants versus infants with PDA/CHD)
were slightly different (31.1 versus 36.5 weeks), this cannot explain the differences in DMBT1 expression as
shown in our previous study, as upregulation of DMBT1
is independent from gestational age and only the basal
level of intestinal DMBT1 expression depends on immaturity [17].
The reduced perfusion and reduced nutrition of the
intestine in infants with PDA/CHD may represent an
explanation for the negative correlation between DMBT1
levels and CRP. Even cases with the highest DMBT1
expression did not show CRP values > 50 mg/l in every
case. This demonstrates that there is a very intense local
inflammation with high induction of DMBT1 expression,
but the systemic reaction with CRP production is often
less intense compared to local DMBT1 expression in
infants with impaired intestinal perfusion and impaired
systemic circulation due to cardiac anomalies. The initiation of systemic CRP requires intestinal perfusion to
induce the systemic reaction.
Intestinal macrophages appear at 11–12 weeks of gestational age in human fetal development followed by a rapid
increase of the resident macrophage population during
the 12–22-week period [26–28]. Intestinal macrophages
represent an important host defense mechanism. As the
first phagocytic cells of the innate immune system, they
encounter luminal bacteria that translocate the intestinal
epithelium into the lamina propria. The inflammatory
responses of the mucosal macrophages contribute to the
risk of mucosal injury during NEC [4]. A macrophagerich infiltrate is involved in the cellular inflammatory
response in NEC [29]. It was shown that intestinal macrophages are normally maintained through continuous
recruitment of circulating monocytes followed by in situ
differentiation in the lamina propria [30, 31]. The higher
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amount of DMBT1-positive intestinal macrophages in
infants with PDA/CHD in comparison to NEC patients
with sufficient intestinal perfusion demonstrated a higher
inflammatory response of macrophages in the first mentioned NEC subgroup. Even if our results are only able
to represent the absolute numbers of DMBT1-positive
macrophages and fail at presenting relative numbers of
DMBT-1 positive macrophages, this information might
contribute to the extended macroscopic intestinal necrosis and positive bacterial culture of intraoperative swabs
observed in infants with PDA/CHD [11].
We further analyzed the NLR and MLR in dependence
of cardiac anatomy. Both NLR and MLR are discussed as
outcome parameter in adult intensive care unit patients
[32]. A rise in blood neutrophils is part of an appropriate
inflammatory response [4]. NLR is a simple parameter for
easy assessment of a patient’s inflammatory status [33].
Yang et al. reported that the NLR may be a useful marker
for early NEC diagnosis and could allow to distinguish
the severity of NEC [34]. During NEC, neutrophils emigrate into the intestines and peritoneum, and increased
margination of neutrophils in the microvasculature is
known [4], which was also seen in our study population
(Fig. 2i/k).
Intestinal macrophage populations are recruited from
circulating monocytes followed by in situ differentiation
in the lamina propria [30, 31]. Accordingly, monocytes
guarantee that macrophage-rich infiltrates are present in
NEC [29]. We observed higher MLR in infants with PDA/
CHD compared to infants with normal cardiac anatomy,
supporting the role of monocytes/macrophages in NEC
of infants with PDA/CHD.
There are different aspects due to inflammation
in NEC. First, the limited mucosal immune system
increases the risk of inflammatory injury and NEC in
preterm infants. Second, elevated circulating cytokine
levels due to intestinal inflammation and increased
inflammatory status increase intestinal injury [4]. There
is an underlying elevation of circulating endotoxins and
proinflammatory cytokines in term and predominantly
preterm neonates, which predisposes neonates to intestinal necrosis [6]. The stimulation of nuclear factor κB
(NF-κB) is induced by pro-inflammatory stimuli, which
subsequently induces the transcription of pro-inflammatory mediators such as interleukin 6 and 8 (IL-6/
IL-8), tumor necrosis factor alpha (TNFα), interferon
γ, and platelet-activating factor (PAF), ultimately leading to intestinal necrosis. The role of IL-6 in neonatal
sepsis or intestinal necrosis has additionally been well
established, presenting itself as a promising new biomarker [35]. A correlation of DMBT1-/- mice and
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colitis could be confirmed, in which elevated levels for
IL-6 and TNF during inflammation could be seen [23].
It remains unclear if the increased DMBT1 levels in
NEC patients may augment the intestinal injury or may
help to bind bacteria [25] and to suppress inflammation
as already observed in gut and lung epithelial cells [23,
36]. It may also be possible that DMBT1 has different
functions in different time windows.
The study has some limitations: First, both subgroups
include preterm infants. To exactly define the exclusive role of gestational age and cardiac malformation
on DMBT1 expression as well on NEC manifestation, it
may be useful to examine greater study populations and
create subgroups enabling examination of the distinct
role of prematurity and cardiac malformation. Second,
improvement of the pathologic handling of resected
intestinal tissue (e.g., longitudinal versus transverse
cutting) may enable accurate comparability of tissue
samples in terms of assessment of DMBT1-positive
structures and in terms of the ratio of DMBT1-positive
macrophages.

Conclusions
In conclusion, we confirm that DMBT1 expression
may be influenced by various states of inflammation or cellular hypoxia in the neonatal intestine.
The hypothesis of different pathologic conditions in
various NEC subtypes is supported by the observation that DMBT1 expression depends on NEC subgroup and that NEC in infants with PDA/CHD is
characterized by a significantly increased number
of DMBT1-positive macrophages. Furthermore, the
neutrophil-to-lymphocyte ratio is significantly higher
in infants with an impaired intestinal perfusion due
to cardiac anomalies.
Acknowledgements
Not applicable.
Authors’ contributions
All the authors contributed to the realization of the study and its publication.
Initially, the concept of the study was designed and adjusted in progress (SD,
MB, HM, JM). Patients’ data were acquired and included in a database (SD, VW,
JM). Immunohistochemical analyses were conducted and analyzed (MR, VW,
AH, SD, HM). Statistical analysis and interpretation of data was conducted (CW,
SD, HM), and finally, the manuscript was originally drafted by SD and revised
and approved by all authors. The project was supervised by HM. Submission
of manuscript was conducted by corresponding author SD. The author(s) read
and approved the final manuscript.
Funding
Open Access funding enabled and organized by Projekt DEAL.
Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Diez et al. Molecular and Cellular Pediatrics

(2022) 9:1

Declarations
Ethics approval and consent to participate
This study was approved by the local ethical committee (University of
Erlangen-Nürnberg, Germany; No 281_19Bc) and was performed in line with
the principles of the 1964 Helsinki Declaration and its later amendments or
comparable ethical standards.
Consent for publication
Not applicable
Competing interests
The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest.
Author details
1
Pediatric Surgery, Department for General Surgery, University Hospital Erlangen, Friedrich-Alexander-Universität Erlangen-Nürnberg (FAU), Loschgestraße
15, 91054 Erlangen, Germany. 2 Institute of Pathology, Friedrich-Alexander-Universität Erlangen-Nürnberg (FAU), Krankenhausstraße 8‑10, 91054 Erlangen,
Germany. 3 Department of Pediatric Cardiology, Friedrich-Alexander-Universität Erlangen-Nürnberg (FAU), Loschgestraße 15, 91054 Erlangen, Germany.
4
Department of Medical Statistics & Biomathematics, Medical Faculty
Mannheim, Heidelberg University, Theodor‑Kutzer‑Ufer 1‑3, Haus 3, Ebene 4,
68167 Mannheim, Germany. 5 Institute of Pathology, Heidelberg University, Im
Neuenheimer Feld 224, 69120 Heidelberg, Germany. 6 Division of Neonatology
and Pediatric Intensive Care, Department of Pediatrics, Friedrich-AlexanderUniversität Erlangen-Nürnberg (FAU), Loschgestraße 15, 91054 Erlangen, Germany. 7 Neonatology and Pediatric Intensive Care, Department of Pediatrics,
University of Marburg, Baldingerstraße, 35033 Marburg, Germany.
Received: 8 June 2021 Accepted: 15 December 2021

References
1. Fitzgibbons SC, Ching Y, Yu D, Carpenter J, Kenny M, Weldon C, Lillehei
C, Valim C, Horbar JD, Jaksic T (2009) Mortality of necrotizing enterocolitis expressed by birth weight categories. J Pediatr Surg 44:1072–1075.
https://doi.org/10.1016/j.jpedsurg.2009.02.013 discussion 1075-1076
2. Velazco CS, Fullerton BS, Hong CR, Morrow KA, Edwards EM, Soll RF, Jaksic
T, Horbar JD, Modi BP (2017) Morbidity and mortality among “big” babies
who develop necrotizing enterocolitis: a prospective multicenter cohort
analysis. J Pediatr Surg. https://doi.org/10.1016/j.jpedsurg.2017.10.028
3. Giannone PJ, Luce WA, Nankervis CA, Hoffman TM, Wold LE (2008)
Necrotizing enterocolitis in neonates with congenital heart disease. Life
Sci 82:341–347. https://doi.org/10.1016/j.lfs.2007.09.036
4. Maheshwari A (2015) Immunologic and hematological abnormalities in
necrotizing enterocolitis. Clin Perinatol 42:567–585. https://doi.org/10.
1016/j.clp.2015.04.014
5. Denning TL, Bhatia AM, Kane AF, Patel RM, Denning PW (2017) Pathogenesis of NEC: role of the innate and adaptive immune response. Semin
Perinatol 41:15–28. https://doi.org/10.1053/j.semperi.2016.09.014
6. Giannone PJ, Schanbacher BL, Bauer JA, Reber KM (2006) Effects of prenatal lipopolysaccharide exposure on epithelial development and function
in newborn rat intestine. J Pediatr Gastroenterol Nutr 43:284–290. https://
doi.org/10.1097/01.mpg.0000232572.56397.d6
7. Hodzic Z, Bolock AM, Good M (2017) The role of mucosal immunity in the
pathogenesis of necrotizing enterocolitis. Front Pediatr 5:40. https://doi.
org/10.3389/fped.2017.00040
8. Siano E, Lauriti G, Ceccanti S, Zani A (2019) Cardiogenic necrotizing
enterocolitis: a clinically distinct entity from classical necrotizing enterocolitis. Eur J Pediatr Surg 29:14–22. https://doi.org/10.1055/s-0038-16681
44
9. Bubberman JM, van Zoonen A, Bruggink JLM, van der Heide M, Berger
RMF, Bos AF, Kooi EMW, Hulscher JBF (2018) Necrotizing enterocolitis
associated with congenital heart disease: a different entity? J Pediatr
Surg. https://doi.org/10.1016/j.jpedsurg.2018.11.012

Page 9 of 10

10. Kessler U, Hau EM, Kordasz M, Haefeli S, Tsai C, Klimek P, Cholewa D, Nelle
M, Pavlovic M, Berger S (2018) Congenital heart disease increases mortality in neonates with necrotizing enterocolitis. Front Pediatr 6:312. https://
doi.org/10.3389/fped.2018.00312
11. Diez S, Tielesch L, Weiss C, Halbfass J, Müller H, Besendörfer M (2020) Clinical characteristics of necrotizing enterocolitis in preterm patients with
and without persistent ductus arteriosus and in patients with congenital
heart disease. Front Pediatr 8:257. https://doi.org/10.3389/fped.2020.
00257
12. Neu J (2020) Necrotizing enterocolitis: the future. Neonatology 117:240–
244. https://doi.org/10.1159/000506866
13. Klinke M, Wiskemann H, Bay B, Schäfer HJ, Pagerols Raluy L, Reinshagen
K, Vincent D, Boettcher M (2020) Cardiac and inflammatory necrotizing
enterocolitis in newborns are not the same entity. Front Pediatr 8:593926.
https://doi.org/10.3389/fped.2020.593926
14. Mollenhauer J, Herbertz S, Holmskov U, Tolnay M, Krebs I, Merlo A,
Schrøder HD, Maier D, Breitling F, Wiemann S, Gröne HJ, Poustka A
(2000) DMBT1 encodes a protein involved in the immune defense and
in epithelial differentiation and is highly unstable in cancer. Cancer Res
60:1704–1710
15. Madsen J, Tornøe I, Nielsen O, Lausen M, Krebs I, Mollenhauer J, Kollender G, Poustka A, Skjødt K, Holmskov U (2003) CRP-ductin, the mouse
homologue of gp-340/deleted in malignant brain tumors 1 (DMBT1),
binds gram-positive and gram-negative bacteria and interacts with lung
surfactant protein D. Eur J Immunol 33:2327–2336. https://doi.org/10.
1002/eji.200323972
16. Müller H, End C, Weiss C, Renner M, Bhandiwad A, Helmke BM, Gassler N,
Hafner M, Poustka A, Mollenhauer J, Poeschl J (2008) Respiratory deleted
in malignant brain tumours 1 (DMBT1) levels increase during lung maturation and infection. Clin Exp Immunol 151:123–129. https://doi.org/10.
1111/j.1365-2249.2007.03528.x
17. Muller H, Renner M, Helmke BM, Mollenhauer J, Felderhoff-Muser U
(2016) Elevated DMBT1 levels in neonatal gastrointestinal diseases. Histochem Cell Biol 145:227–237. https://doi.org/10.1007/s00418-015-1381-8
18. Müller H, Schmiedl A, Weiss C, Ai M, Jung S, Renner M (2020) DMBT1 is
upregulated in lung epithelial cells after hypoxia and changes surfactant
ultrastructure. Pediatr Pulmonol. https://doi.org/10.1002/ppul.25018
19. Bell MJ, Ternberg JL, Feigin RD, Keating JP, Marshall R, Barton L, Brotherton
T (1978) Neonatal necrotizing enterocolitis. Therapeutic decisions based
upon clinical staging. Ann Surg 187:1–7. https://doi.org/10.1097/00000
658-197801000-00001
20. AWMF-Guidelines (2017) Nekrotisierende Enterokolitis. AWMF-LeitlinienRegister Nr. 024/009. Site visited 01/01/21
21. Müller H, End C, Renner M, Helmke BM, Gassler N, Weiss C, Hartl D, Griese
M, Hafner M, Poustka A, Mollenhauer J, Poeschl J (2007) Deleted in
malignant brain tumors 1 (DMBT1) is present in hyaline membranes and
modulates surface tension of surfactant. Respir Res 8:69. https://doi.org/
10.1186/1465-9921-8-69
22. Muller H, Weiss C, Renner M, Felderhoff-Muser U, Mollenhauer J (2017)
DMBT1 promotes basal and meconium-induced nitric oxide production
in human lung epithelial cells in vitro. Histochem Cell Biol 147:389–397.
https://doi.org/10.1007/s00418-016-1493-9
23. Renner M, Bergmann G, Krebs I, End C, Lyer S, Hilberg F, Helmke B, Gassler
N, Autschbach F, Bikker F, Strobel-Freidekind O, Gronert-Sum S, Benner
A, Blaich S, Wittig R, Hudler M, Ligtenberg AJ, Madsen J, Holmskov
U, Annese V, Latiano A, Schirmacher P, Amerongen AVN, D’Amato M,
Kioschis P, Hafner M, Poustka A, Mollenhauer J (2007) DMBT1 confers
mucosal protection in vivo and a deletion variant is associated with
Crohn’s disease. Gastroenterology 133:1499–1509. https://doi.org/10.
1053/j.gastro.2007.08.007
24. Madsen J, Mollenhauer J, Holmskov U (2010) Review: Gp-340/DMBT1 in
mucosal innate immunity. Innate Immun 16:160–167. https://doi.org/10.
1177/1753425910368447
25. Bikker FJ, Ligtenberg AJ, End C, Renner M, Blaich S, Lyer S, Wittig R, van’t
Hof W, Veerman EC, Nazmi K, de Blieck-Hogervorst JM, Kioschis P, Nieuw
Amerongen AV, Poustka A, Mollenhauer J (2004) Bacteria binding by
DMBT1/SAG/gp-340 is confined to the VEVLXXXXW motif in its scavenger
receptor cysteine-rich domains. J Biol Chem 279:47699–47703. https://
doi.org/10.1074/jbc.M406095200
26. Braegger CP, Spencer J, MacDonald TT (1992) Ontogenetic aspects of the
intestinal immune system in man. Int J Clin Lab Res 22:1–4

Diez et al. Molecular and Cellular Pediatrics

(2022) 9:1

27. MacDonald TT (1996) Accessory cells in the human gastrointestinal tract.
Histopathology 29:89–92. https://doi.org/10.1046/j.1365-2559.1996.
d01-488.x
28. Rognum TO, Thrane S, Stoltenberg L, Vege A, Brandtzaeg P (1992)
Development of intestinal mucosal immunity in fetal life and the first
postnatal months. Pediatr Res 32:145–149. https://doi.org/10.1203/00006
450-199208000-00003
29. MohanKumar K, Kaza N, Jagadeeswaran R, Garzon SA, Bansal A, Kurundkar AR, Namachivayam K, Remon JI, Bandepalli CR, Feng X, Weitkamp
JH, Maheshwari A (2012) Gut mucosal injury in neonates is marked by
macrophage infiltration in contrast to pleomorphic infiltrates in adult:
evidence from an animal model. Am J Physiol Gastrointest Liver Physiol
303:G93–G102. https://doi.org/10.1152/ajpgi.00016.2012
30. Maheshwari A, Kurundkar AR, Shaik SS, Kelly DR, Hartman Y, Zhang W,
Dimmitt R, Saeed S, Randolph DA, Aprahamian C, Datta G, Ohls RK (2009)
Epithelial cells in fetal intestine produce chemerin to recruit macrophages. Am J Physiol Gastrointest Liver Physiol 297:G1–g10. https://doi.
org/10.1152/ajpgi.90730.2008
31. Smythies LE, Maheshwari A, Clements R, Eckhoff D, Novak L, Vu HL, Mosteller-Barnum LM, Sellers M, Smith PD (2006) Mucosal IL-8 and TGF-beta
recruit blood monocytes: evidence for cross-talk between the lamina
propria stroma and myeloid cells. J Leukoc Biol 80:492–499. https://doi.
org/10.1189/jlb.1005566
32. Djordjevic D, Rondovic G, Surbatovic M, Stanojevic I, Udovicic I, Andjelic
T, Zeba S, Milosavljevic S, Stankovic N, Abazovic D, Jevdjic J, Vojvodic D
(2018) Neutrophil-to-lymphocyte ratio, monocyte-to-lymphocyte ratio,
platelet-to-lymphocyte ratio, and mean platelet volume-to-platelet
count ratio as biomarkers in critically ill and injured patients: which ratio
to choose to predict outcome and nature of bacteremia? Mediators
Inflamm 2018:3758068. https://doi.org/10.1155/2018/3758068
33. Forget P, Khalifa C, Defour JP, Latinne D, Van Pel MC, De Kock M (2017)
What is the normal value of the neutrophil-to-lymphocyte ratio? BMC Res
Notes 10:12. https://doi.org/10.1186/s13104-016-2335-5
34. Yang Y, Cao ZL, Zhou XY, Chen XQ, Pan JJ, Cheng R (2019) Does neutrophil/lymphocyte ratio have good diagnostic value in neonatal necrotizing colitis? J Matern Fetal Neonatal Med 32:3026–3033. https://doi.org/
10.1080/14767058.2018.1455182
35. Cho SX, Berger PJ, Nold-Petry CA, Nold MF (2016) The immunological landscape in necrotising enterocolitis. Expert Rev Mol Med 18:e12.
https://doi.org/10.1017/erm.2016.13
36. Müller H, Nagel C, Weiss C, Mollenhauer J, Poeschl J (2015) Deleted in
malignant brain tumors 1 (DMBT1) elicits increased VEGF and decreased
IL-6 production in type II lung epithelial cells. BMC Pulm Med 15:32.
https://doi.org/10.1186/s12890-015-0027-x

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Page 10 of 10

