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Blood transcriptomic markers of necrotizing enterocolitis in
preterm pigs
Xiaoyu Pan1, Tik Muk1, Shuqiang Ren1, Duc Ninh Nguyen1, Rene L. Shen1, Fei Gao1,2 and Per Torp Sangild1,3,4

BACKGROUND: Necrotizing enterocolitis (NEC), a severe gut disorder in preterm infants, is difficult to predict due to poor specificity
and sensitivity of clinical signs and biomarkers. Using preterm piglets as a model, we hypothesized that early development of NEC
affects blood gene expression, potentially related to early systemic immune responses.
METHODS: A retrospective analysis of clinical, tissue, and blood data was performed on 129 formula-fed piglets with NEC diagnosis
at necropsy on day 5. Subgroups of NEC (n= 20) and control piglets (CON, n= 19) were analyzed for whole-blood transcriptome.
RESULTS: Preterm piglets had variable NEC lesions, especially in the colon region, without severe clinical signs (e.g. normal growth,
activity, hematology, digestion, few piglets with bloody stools). Transcriptome analysis showed 344 differentially expressed genes
(DEGs) between NEC and CON piglets. Validation experiment showed that AOAH, ARG2, FKBP5, PAK2, and STAT3 were among the
genes affected by severe lesions on day 5, when analyzed in whole blood and in dried blood spots (DBS).
CONCLUSION: Whole-blood gene expressions may be affected in preterm pigs before clinical signs of NEC get severe. Blood gene
expression analysis, potentially using DBS samples, is a novel tool to help identify new early biomarkers of NEC.
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IMPACT:

● Preterm pig model was used to investigate if blood transcriptomics could be used to identify new early blood biomarkers of
NEC progression.

● Whole-blood transcriptome revealed upregulation of target genes in NEC cases when clinical symptoms are subtle, and mainly
colon regions were affected.

● Differential NEC-associated gene expressions could be detected also in dried blood spots, potentially allowing easy collection of
small blood volumes in infants.

INTRODUCTION
Every year, 15 million infants are born preterm (<37 weeks
gestation). About 5–10% of preterm infants with very low birth
weight (<1500 g) are affected by necrotizing enterocolitis (NEC), a
severe intestinal disease with high mortality.1 NEC develops rapidly
and unpredictably during the first weeks after preterm birth and
often leads to sepsis. Currently, NEC diagnosis relies on a
combination of clinical symptoms, including bowel obstruction,
abdominal distention, pain and discoloration, bloody stools, and
radiological signs. Patients with suspected NEC are initially treated
with broad-spectrum antibiotics and enteral feeding restriction. If
clear symptoms develop, up to 50% of infants will require surgical
intervention to remove the necrotic parts of the intestine.2 However,
lack of sensitive and specific early diagnostic markers of NEC limits
timely intervention, and 12–36% of patients die after NEC surgery.3,4

Therefore, there is a great need to identify biomarkers that can assist
early diagnosis or help to predict the severity of NEC lesions.
Previous studies have identified non-specific systemic biomarkers

of NEC, which are inflammation mediators, such as acute phase

proteins, cytokines, chemokines, and cell surface antigens. A major
drawback of these biomarkers would be their inability to
differentiate NEC from sepsis or inflammatory states not originating
from the gut.5 Fecal proteins related to gut inflammation (e.g.
calprotectin, S100A12) are more indicative of intestinal injury, but
adequate and timely stool samples can be difficult to collect. Some
proteins that are released by damaged intestinal tissue into the
bloodstream (e.g. L-FABP, I-FABP, and TFF-3) are increased in surgical
NEC cases.6 These may provide vital information for identifying
infants who need surgery, although they are unlikely to be useful for
predicting early and mild NEC cases. A recent study showed that a
resistin-like molecule β (RELMβ), which is important for gut barrier
function and regulates local immunity, was elevated in suspected
NEC cases.7 Recent advances in multi-omic technologies have
revolutionized the potential to identify early biomarkers of many
diseases, including NEC.8 Combined microbiome and metabolome
analysis of fecal samples show that firmicute dysbiosis, together with
the urinary alanine-to-histidine ratio, can be used as NEC biomarkers9

but optimal fecal sampling and fast analyses remain challenging.
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Numerous studies have been done to investigate the mechan-
isms of NEC development but it is difficult to differentiate
between the tissue and blood factors that associate with gut NEC
lesions, and the causes and consequences of NEC. Regardless,
there is no doubt that NEC development is closely related to
immune responses both in the gut and blood, at least for severe
cases. On the intestinal side, uncontrolled activation of the
receptor for Gram-negative bacteria, TLR4, has been suggested to
be a critical contributor to NEC.10 However, cause–effects
relationships are unclear, especially when extrapolating from
animal models to infants. In young mice, TLR4 activation affects
epithelial integrity by increasing enterocyte apoptosis and
controlling enterocytes proliferation and migration,11 which in
turn allows pathogens to enter the circulation resulting in
systemic inflammation. TLR4 activation may also mediate lym-
phocyte influx into tissues, leading to an induction of Th17 cells
and a reduction in Treg cells. Release of the inflammatory cytokine
IL-17 by Th17 cells causes mucosal injury by impairment of tight
junctions during NEC.12 Characterizing NEC-associated gene
expression changes in blood collected during NEC progression
may help to identify early biomarkers, despite the difficulties in
separating gut-specific effects from systemic gut-independent
factors. Systemic responses may also differ between lesions in
different parts of the gut (intestine, colon).
Blood samples remain the most easily accessible biofluid from

patients in hospitals but for fragile, small preterm infants it
remains challenging to preserve blood volume and avoid
removing too much blood for analyses. Earlier studies on blood
miRNA expression showed that plasma miR-1290 was specific to
NEC, thus helping to differentiate NEC from sepsis or other
inflammatory conditions.13 Dried blot spots (DBS) have been
routinely used for decades to detect inborn errors of metabolism
(metabolites by chromatographic techniques, e.g. phenylketo-
nuria, PKU) in both preterm and term newborn infants, using only
80 µL of whole blood dried on filter paper. Recently, it has been
suggested that such DBS samples could be used for whole blood
gene expression analyses to better understand systemic inflam-
matory conditions.14 Partly related to the low incidence of NEC,
and the challenge in performing fast analyses of such infant blood
samples or DBS, these potentials are yet to be explored and
validation studies in appropriate animal models are required.
Preterm piglets (90% gestation) are valuable biomedical models

due to their similarity with preterm infants in size, anatomy,
physiology, and many clinical conditions.15 They are sensitive to
systemic infection and spontaneously develop NEC after formula
feeding, especially in the first 1–2 weeks of life,16,17 and they show
clinical symptoms such as lethargy, bloody stools and abdominal
distension and discoloration that require discontinuation of
feeding and antibiotics treatment to avoid NEC progression. Mild
NEC cases often show lesions exclusively in the colon region while
in more severe cases the small intestine is usually affected, with
more robust clinical signs18 and damage to the developing
brain.19 Using preterm piglets as a highly NEC-sensitive model of
preterm infants, we hypothesized that early NEC development
affects expression of blood genes, reflecting an early systemic
immune responses. Thus, we aimed to characterize the whole
blood transcriptome in preterm piglets with and without signs of
NEC progression after the first few days of life. Key genes
expression changes were validated in both whole blood and DBS
by a more rapid tool, quantitative PCR (qPCR), to further
investigate if specific blood gene expression changes in DBS
samples could be a future tool for early NEC diagnosis.

MATERIALS AND METHODS
Animal experimental procedure
All animals used in this study originated from four previous animal
experiments, including two published studies20,21 and two

unpublished studies, where animal procedures were approved
by the Danish National Committee on Animal Experimentation.
One hundred and twenty-nine piglets from eight sows (Danish
Landrace × Large White × Duroc) were delivered in these four
experiments by cesarean section at preterm (day 106, 90% of
gestation) and kept until day 5 of life. Immediately after cesarean
section, piglets were transferred to our piglet neonatal intensive
care unit, fitted with orogastric and umbilical arterial catheters,
and reared in individual incubators. The piglets received
parenteral nutrition (2–4mL/kg/h) plus a gradually increasing
amount of enteral nutrition with infant formula (24–120mL/kg/
day) for 5 days to predispose them to NEC development.
Depending on the study design of the four experiments, the milk
formula diet was either commercially available infant formula or
prepared by blending commercially available infant formula
ingredients, providing varying nutrient (15–73 g/L protein,
42–65 g/L carbohydrate, and 35–56 g/L fat), variable lactose-to-
maltodextrin ratio, and energy densities (2730–3990 kJ/L). Piglets
were weighed once daily and clinically assessed twice daily. Feces
were scored according to following criteria: 1= firm feces, 2=
pasty feces, 3= droplets of watery feces/diarrhea, 4=moderate
diarrhea, 5= intense diarrhea. The presence of bloody diarrhea
and/or abdominal distension was recorded. Physical activity of
each pig was recorded by an infrared video surveillance camera
and proportion of active time within each hour recorded.22 On day
5, intestinal permeability was measured by the lactulose–mannitol
technique shortly before euthanasia.23 Blood samples were
collected by cardiac puncture at the time of euthanasia and
immediately transferred into EDTA tubes for later hematology
analysis. Plasma were analyzed for tumor necrosis factor-α (TNFα)
by enzyme-linked immunosorbent assay (ELISA, R&D Systems,
Abingdon, UK).
At necropsy, the entire small intestine was evenly divided into

three regions (proximal, middle, and distal intestine) and NEC was
evaluated in both small intestine and colon according to a
macroscopic NEC scoring system (for pictures, see Fig. 1 and
refs. 18,24) 1= absence of lesions, 2= local hyperemia, 3=
hyperemia, extensive edema, and local hemorrhage, 4= extensive
hemorrhage, 5= local necrosis and/or pneumatosis intestinalis,
6= extensive transmural necrosis and/or pneumatosis intestinalis.
Piglets with a score ≥3 in any of the intestinal regions (including
small intestine and colon) were diagnosed as “NEC”. Piglets with
scores 3–4 in any intestinal or colon region were categorized as
suffering from “mild NEC lesions” while those having scores 5–6 in
any region were categorized as “severe NEC lesions”. The 129
piglets that survived until day 5 from all four experiments were
used for retrospective analysis of their clinical data, and colon
tissues from 79 piglets in two experiments were collected for
analysis of cytokine (IL-1b and IL-8) levels as well as mucin-
containing goblet cells density as previously described.20 A further
20 NEC piglets (NEC) and 20 litter-mate healthy controls (CON)
were randomly selected from six sows as a discovery cohort and
were used for the transcriptome analysis. Forty-one piglets from
the other two sows were used as a validation cohort to perform
blood qPCR analyses.

Transcriptome analysis
Blood samples from the discovery cohort were collected by
cardiac puncture at euthanasia and 50 µL of whole blood was
stored in a lysis/binding solution (MagMax 96 blood RNA isolation
kit, Thermo Fisher, Waltham, MA) at −20 °C. Total blood RNA was
extracted using MagMax 96 blood RNA isolation kit according to
the manufacturer’s instructions, no more than 6 months after
storage. RNA-seq libraries were constructed using 500 ng RNA and
VAHTS mRNA-seq V3 Library Prep Kit for Illumina (Vazyme, China).
The libraries were sequenced on the Illumina Hiseq X Ten platform
(Illumina, San Diego, California) to generate 150 bp paired-end
reads. Quality and adapter trimming of raw reads were performed
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using TrimGalore (Babraham Binoinformatics, UK). The remaining
clean reads (~26M per sample) were aligned to the porcine
genome (Sscrofa11.1) using Tophat2.25 The annotated gene
information of porcine genome was obtained from Ensembl
(release 91). The script htseq-count26 was used to generate gene
count matrix, followed by gene-level expression analyses using
DESeq2.27

qPCR analyses
Blood samples from the validation cohort were collected by
cardiac puncture at euthanasia and stored by two methods for up
to 1 year before analysis: (1) stored as whole blood (WB) in the
lysis/binding solution as described above and (2) stored as dried
blood spots (DBS). For both storage methods, 50 µL of whole
blood was used. For the DBS sample, blood was spotted onto a
filter paper (Statens Serum Institut, Denmark) using a pipette, and
was air-dried at room temperature for about 3 h before storage at
−20 °C. Total blood RNA from the first storage method was
extracted using MagMax 96 blood RNA isolation kit, according to
the manufacturer’s instructions. Total blood RNA from DBS was
extracted using Monarch Total RNA Miniprep Kit (New England
Biolabs, Ipswich, MA) with a modified protocol. Briefly, one full DBS
was cut into small pieces and incubated in 600 µL 1× DNA/RNA
protection reagent at room temperature. During incubation, the
DBS sample was homogenized by continuous vortexing with a
stainless steel bead (Sigma-Aldrich, # Z763829, St. Louis, MO) for
15min, followed by Prot K reaction at 55 °C for 30 min. The

supernatant was collected using Qiashredder (Qiagen, Germany)
by centrifugation at 10,000g for 2 min and RNA was extracted
following the rest of protocol.
Blood RNA after extraction was quantified using a NanoDrop

1000 spectrophotometer (Thermo Fisher, Waltham, MA). For WB
and DBS samples, 500 and 50 ng RNA were converted into cDNA,
respectively, using High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher, Waltham, MA). qPCR was performed using
LightCycler 480 SYBR Green I Master kit (Roche, Switzerland) on
LightCycler 480 (Roche, Switzerland) and results were analyzed
according to the double delta Ct method. Relative expression of
target genes was normalized to the housekeeping gene HPRT1. All
primers were designed using Primer-Blast28 and the sequences of
primers are listed in Supplementary Table S1.

Statistical analysis
All data were analyzed in the software R (version 4.0.2). For clinical
outcomes, continuous variables (birth weight, daily weight gain,
physical activity, gut permeability, gastric residuals, hematology
data, cytokines, and goblet cells density) were analyzed using
linear models with lm() function. Ordered categorical outcomes
(NEC severity scores) were analyzed using the ordinal regression
model with clm() function from package ordinal. These models
were adjusted for litter, diet, and sex, followed by post hoc Tukey’s
test for pairwise comparison between groups. Categorical
variables (sex, presence of diarrhea, bloody stool, and abdominal
distension) were analyzed using Fisher’s exact test. For qPCR
analysis, comparison between two groups was made using t-test.
A P value of <0.05 was considered statistically significant, and a P
value <0.10 was considered a tendency to an effect. Transcrip-
tome data were analyzed by negative binomial generalized linear
model in DESeq2, where model was adjusted for litter and diet.
Significant differentially expressed genes (DEGs) between NEC and
CON groups were identified by DESeq2 using
Benjamini–Hochberg (BH)-adjusted P value, with <0.1 as cut-off.
Correlation between gene expression was performed using
Spearman’s rank correlation based on normalized counts pro-
duced from DESeq2, and the correlation with absolute spearman
rho >0.6 as well as BH-adjusted P value <0.05 was considered
statistically significant. Gene ontology and KEGG pathway enrich-
ment analysis were performed using DAVID29 and a BH-adjusted
P value of <0.05 was considered statistically significant.

RESULTS
Clinical outcomes
A total of 129 preterm piglets from eight sows were euthanized on
postnatal day 5 for NEC diagnosis and 74 was diagnosed as NEC
and 55 as healthy controls (CON). According to NEC severity
(defined as the maximum NEC score among all intestinal regions),
the 74 NEC piglets included 49 mild (score 3–4) and 25 severe
cases (score 5–6, Fig. 1). Macroscopic NEC lesions were found
primarily in the colon (n= 64), rather than small intestine (n= 10,
6, and 16 for proximal, middle, and distal intestine, respectively).
Consistently, severity score for the colon and distal small intestine,
but not proximal and middle small intestine, was significantly
higher for NEC, especially severe NEC, relative to CON piglets
(Table 1). As NEC lesions occurred primarily in the colon, cytokines
(IL-1b and IL-8) levels in the colon were analyzed. Results showed
significant increase of IL-1b and IL-8 in NEC, especially severe NEC
piglets (Table 1), and these cytokine levels were positively
correlated with NEC scores in the colon (spearman rho= 0.61
and 0.54 for IL-1b and IL-8, both P < 0.05). Moreover, reduced
goblet cells in the colon were observed in severe NEC (P < 0.05)
and mild NEC piglets (P < 0.1, Table 1). The density of goblet cells
was negatively correlated with colon NEC scores (spearman rho=
−0.51, P < 0.05). Clinical outcomes of all 129 preterm piglets are
summarized in Table 1. The average birth weight of preterm

Score 1–2

Score 3–4

Score 5–6

Fig. 1 Representative photographs of small intestine and colon
with NEC score. Photographs of small intestine and colon are
presented in left and right panels, respectively. According to
macroscopic NEC scoring system (1= absence of lesions, 2= local
hyperemia, 3= hyperemia, extensive edema and local hemorrhage,
4= extensive hemorrhage, 5= local necrosis and/or pneumatosis
intestinalis, 6= extensive transmural necrosis and/or pneumatosis
intestinalis), piglets with a score ≥3 in any of the intestinal regions
(including small intestine and colon) were diagnosed as “NEC”.
Piglets with scores 3–4 in any intestinal or colon region were
categorized as “mild NEC” cases, while those with scores 5–6 in any
region were categorized as “severe NEC” cases.
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piglets was 1017 g and was similar for NEC and CON groups.
During the first 3 days, diarrhea (feces score >2) was observed
only in few piglets (up to 6 per group). On day 4 and 5, 67 and 90
out of 129 piglets had diarrhea, but the overall incidence of
diarrhea during the first 5 days was similar among groups
(75–88%). Bloody stool was observed in 14 NEC piglets but absent
in CON piglets (P < 0.05). Most piglets that had bloody stools were
later diagnosed with severe NEC (12/14, only two piglets with mild
NEC lesions had also bloody stool). Three NEC piglets and four
CON piglets showed abdominal distention (P > 0.05), the remain-
ing piglets did not show such signs. By day 5, NEC and CON piglets
showed similar growth rates (14 ± 1 g/day) and physical activity, as
detected by surveillance camera (16.0% active time per hour),

supporting that the NEC lesions observed at autopsy had not yet
affected the piglet clinical condition notably. At the time of
euthanasia, the three groups of piglets had similar gut perme-
ability, gastric residual volume, plasma TNFα level and hematology
results, except for increased neutrophils and decreased lympho-
cytes in severe NEC pigs (both P < 0.05, Table 1). In summary,
limited clear clinical NEC symptoms were evident prior to the time
of autopsy, except in the 48% of severe NEC piglets showing
bloody stool. Mild NEC piglets could not be differentiated from
CON piglets by their clinical conditions or blood values (Table 1).

Blood transcriptome reveals NEC-associated DEGs
To examine whether whole blood gene expressions changed
during the pre-clinical NEC stages, blood samples were collected
at euthanasia and 40 piglets from six sows were randomly
selected for RNA-seq as a discovery cohort. One sample failed its
RNA-sequencing, resulting in 39 transcriptome data (20 for NEC
and 19 for CON). Of 25,880 genes annotated in the Ensembl
database (Sscrofa11.1, release 91), 18,894 of the genes were
detected in at least one pig. Based on the individual expression
of these genes, principal component analysis (PCA) showed no
clear separation between NEC and CON groups (Fig. 2a). To
identify DEGs between the two groups, a threshold of adjusted
P < 0.1 was used. This resulted in 344 DEGs with ascertainable
gene symbols, including 158 and 186 DEGs that were up- and
down-regulated in NEC, and equivalent to 1.8% of analyzed
genes (Fig. 2b and Supplementary Table S2). The results suggest
that whole-blood gene expression is not markedly affected at
early (mild) stage of NEC. A detailed look at the relationship
between DEGs and NEC severity was investigated partly in the
20 NEC cases in our discovery cohort (11 mild+ 9 severe NEC
cases). By comparing these two subgroups to CON piglets, we
found that only 8 out of the 344 DEGs showed significant
difference between mild NEC and CON groups, while the
majority of DEGs (70%) were significantly altered by severe
NEC. Therefore, changes in whole-blood gene expressions were
mainly associated with severe NEC lesions, less with mild NEC
lesions, according to our score system.
To understand the functional significance of these NEC-

associated DEGs, KEGG pathway enrichment analysis was
performed according to DAVID database. This resulted in six
significant pathways (Fig. 2c, FDR < 0.05), including “T cell
receptor signaling pathway”, “Chemokine signaling pathway”,
“Endometrial cancer”, “Ras signaling pathway”, “Signaling path-
ways regulating pluripotency of stem cells”, and “Natural killer cell
mediated cytotoxicity”. Next, to explore whether any of the DEGs
might play a role in NEC development, a subsequent PubMed
literature search was performed. We defined 10 NEC-related
keywords, including NEC, colitis, necrotic, hemorrhage, pneuma-
tosis, epithelial apoptosis, intestinal inflammation, inflammatory
bowel disease (IBD), Crohn’s disease, and ulcerative colitis. Then
for each DEG, we searched PubMed record using the “Text Word”
field tag to identify co-occurrence of keywords and genes. Result
showed no DEGs co-occurred with pneumatosis but revealed 123
DEGs that co-occurred with at least one of the other 9 keywords
(Fig. 2d). Moreover, we sought to characterize the relationships
among all DEGs. To do this, pairwise correlation was performed to
determine possible co-expressed gene pairs.30 A total of 6830 out
of 58,996 gene pairs having absolute Spearman rho >0.6 and FDR
< 0.05 were selected to conduct a putative co-expression gene
network (Fig. 2e). Among the top 10 hub genes (Fig. 2f) that had
the highest number of connection to other genes, ATP6V1A,
FOXN2, PAK2, ZAP70, and ZEB2 were found in PubMed record and
related to hemorrhage, IBD, or colitis.31–35 Finally, 10 DEGs
including PAK2 and 9 DEGs (AOAH, ARG2, FKBP5, GSK3B, PTGS1,
SP1, STAT3, TGFB1, and TOLLIP) that co-occurred with NEC and
other keywords in PubMed literature were selected for validation
(Fig. 2g).

Table 1. Clinical outcomes of preterm pigs.

CON
(score 1-2,
n=55)

Mild NEC
(score 3-4,
n=49)

Severe NEC
(score 5-6,
n=25)

Mean NEC score

Proximal intestine 1.2±0.1 1.4±0.1 1.4±0.2

Middle intestine 1.1±0.0 1.2±0.1 1.4±0.2

Distal intestine 1.2±0.1a 1.4±0.12a 2.8±0.4b

Colon 1.2±0.1a 3.1±0.1b 5.0±0.3c

Colon IL-1b, ng/g£ 3.8±1.2a 8.6±1.6b 22.7±3.0c

Colon IL-8, ng/g£ 6.0±1.0a 9.5±1.6a 22.7±5.4b

Colon goblet cell density, %£ 7.5±0.7a 5.6±0.6a 2.1±0.7b

Birth weight, g 1003±32 1007±38 1066±64

Daily weight gain, g/d 13±2 16±2 11±3

Female, n (%) 25 (45%) 26 (53%) 12 (48%)

Diarrhea, n (%) 41 (75%) 37 (76%) 22 (88%)

Bloody stool, n (%) 0 (0%)a 2 (4%)a 12 (48%)b

Abdominal distention, n (%) 4 (7%) 2 (4%) 1 (4%)

Active time per hour (%) 16.6±0.9 16.1±0.7 14.4±1.2

Gut permeability, L/M ratio 0.1±0.0 0.1±0.0 0.2±0.1

Gastric residuals, g/kg 19.8±1.3 22.4±1.5\0 22.7±2.2

Plasma TNFα, pg/mL§ 59.8±9.7 68.7±11.3 47.3±3.6

Hematology

Total leukocytes, 10^9/L 2.6±0.2 2.1±0.2 3.2±0.5

Total erythrocytes, 10^12/L 3.8±0.1 3.9±0.1 3.4±0.2

Hemoglobin, mmol/L 5.2±0.1 5.3±0.1 4.6±0.2

Hematocrit, L/L 0.3±0.0 0.3±0.0 0.3±0.0

MCV, fL 73.0±0.6 70.9±0.5 73.1±1.1

MCHC, mmol/L 18.5±0.2 19.0±0.1 18.5±0.3

Platelets, 10^9/L 323.8±23.9 222.1±15.4 358.5±47.6

MPV, fL 13.4±0.4 12.5±0.3 13.7±0.6

MPC, g/L 223.6±1.7 223.9±1.5 226.0±1.8

Neutrophil, % 44.4±1.8a 43.3±1.6a 53.6±3.0b

Lymphocyte, % 50.7±1.9a 52.0±1.7a 41.9±2.8b

Monocyte, % 2.7±0.2 2.6±0.3 2.4±0.3

Eosinophil, % 0.9±0.2 1.5±0.2 0.7±0.2

Basophil, % 0.2±0.0 0.2±0.1 0.2±0.0

LUC, % 1.1±0.2 0.6±0.1 1.1±0.2

Data are presented as means ± SEMs or numbers. LUC large unstained cells,
MCHC mean corpuscular hemoglobin concentration, MCV mean corpus-
cular volume, MPC mean platelet component, MPV mean platelet volume.
a,b,cLabeled means in a row without a common superscript letter differ,
P < 0.05. †Number of animals (n = 31/31/17 for CON/Mild/Severe NEC
groups for colon goblet cells and cytokine data). ‡Number of animals (n=
27/21/12 for CON/mild/severe NEC groups for plasma TNFα data).
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Validation of NEC-associated DEGs in whole blood and DBS
To validate the selected NEC-associated DEGs, 41 piglets
delivered from two separate sows were used as validation
cohort. This included 13 CON and 28 NEC piglets (incl. 22 mild
and 6 severe NEC cases). We first examined the expression of

10 selected DEGs in whole blood using qPCR. As a result, five
genes (AOAH, ARG2, FKBP5, PAK2, and STAT3) were increased in
expression in severe NEC cases, relative to expression in mild
NEC cases or CON piglets (Fig. 3a). When combining both mild
and severe NEC cases into one NEC group, none of the selected
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DEGs showed significant differential expression between NEC
and CON.
We next evaluated whether the expression pattern of these

NEC-associated DEGs remained detectable in DBS, thus providing
evidence for developing NEC biomarkers based on infant DBS
samples. We found that an average of 1.6 µg total RNA could be
extracted using 50 µL of whole blood, while DBS containing the
same amount of blood revealed an average of 336 ng total RNA,
equivalent to 21% RNA amount in the whole blood. Nevertheless,
qPCR quantification showed that the five target genes (AOAH,
ARG2, FKBP5, PAK2, and STAT3) in DBS were consistently increased
in severe NEC cases (Fig. 3a). The expression levels of these genes
in DBS were well correlated with those in whole blood (Fig. 3b)
with expression levels for four genes (AOAH, ARG2, FKBP5, STAT3)
having a Pearson’s R > 0.94. The PAK2 gene had the lowest
Pearson’s R (0.58) for the whole blood to DBS comparison, but also
the lowest expression level among the five genes (Fig. 3b).
Moreover, expression level of ARG2 and STAT3, but not AOAH,
FKBP5, and PAK2, were positively correlated with neutrophil-to-
lymphocyte ratio (P < 0.05), likely associated with systemic
inflammatory status.

DISCUSSION
Blood remains the most readily available biofluid from patients for
biochemical analyses to support disease diagnosis and treatment,
including NEC diagnosis and treatment in preterm infants. In this

proof-of-concept study, we used preterm piglets to investigate if
the whole blood transcriptome could be used to identify new
putative NEC biomarkers, especially markers that appear before
NEC symptoms are clinically evident. In preterm pigs, NEC lesions
affect all regions of the gut (“NEC totalis”) but often first appear in
the colon region, then in more severe cases also the small
intestine, especially the distal parts. Clinical symptoms and the
developing brain are most affected when the small intestine is
affected.18,19 Our previous studies indicate that some of milder
colon lesions may undergo spontaneous repair after day 5.36 While
the age- and region-dependent NEC development may differ
between pigs and infants, the predisposing factors and mechan-
ism leading to local and systemic effects may remain the same.
In the retrospective analysis, bloody stool was the only clinical

symptom that predicted NEC lesions at autopsy on day 5.
However, isolated rectal bleeding is not specific to NEC and could
be due to anatomical causes (e.g. strictures), other enteric
infections, or immunological responses related to immaturity or
allergies.37,38 Thus at this early stage, NEC is suspected and can
only be confirmed by visual tissue inspection at necropsy.
Consistent with our previous study,39 piglets at this stage and
with relatively mild feeding progression, also show tissue
inflammation but limited evidence of systemic inflammation,
supporting the need to look for blood biomarkers that may be
more sensitive. The whole-blood transcriptome analysis revealed
hundreds of DEGs that were associated with severe NEC,
according to our scoring system (see Fig. 1 and refs, 18,24) despite

Fig. 2 Whole-blood transcriptome in response to NEC. a Principal component analysis (PCA) was performed based on the individual
expression level of all analyzed genes. Scores of first two principle components from PCA are plotted. b Volcano plot illustrating the DEGs
between NEC and CON group. c Barplot showing significantly enriched KEGG pathways. d Heatmap illustrating co-occurrence of DEGs and
NEC-related keywords in literature identified on PubMed. Black and gray colors indicate for presence and absence of co-occurrence,
respectively. EA epithelial apoptosis, II intestinal inflammation, IBD inflammatory bowel disease, CD Crohn’s disease, UC ulcerative colitis.
e Putative co-expression network, where each node represents a gene and each edge represents a significant correlation between gene pairs.
Top 10 hub genes are labeled. f Heatmap showing relative expression level of the top 10 hub genes between NEC and CON groups. g Boxplot
of targeted DEGs that were selected for validation.
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that such lesions had not yet induced any clear clinical symptoms
in the animals (similar to advanced Bell stages for preterm
infants.40) The identified NEC-associated DEGs were detectable in
both whole blood and DBS. Our results suggest a potential to use
the blood transcriptome, potentially derived from DBS samples, to
develop new early biomarkers for infants with unclear clinical NEC
symptoms. Such biomarkers will help to avoid surgery on infants
who can be treated medically, and avoid delays in surgical
intervention for those that need this for recovery. Blood genes
relevant as NEC biomarkers may differ according to many factors,
including prenatal inflammatory stimuli (chorioamnionitis) and
older age at NEC onset, as indicated by our other blood
transcriptome studies in preterm pigs.41,42 Following such prenatal
immune priming or extended periods of NEC stimuli after birth,
blood gene expression changes may differ from those in the pre-
NEC stages, resulting in systemic immune suppression. We
acknowledge the challenges in direct translation between preterm
pigs and infants, yet the spontaneous preterm pig NEC model is
an excellent tool to provide proof of concept for new ways to
understand the complex interaction between NEC and systemic
factors in preterm infants.
In preterm pigs, three genes AOAH, FKBP5, and PAK2 were of

particular interest because they were confirmed to increase in
expression in severe NEC cases, likely independent of systemic
infections, as confirmed by our ex vivo blood stimulation
experiments (unpublished study). The expression of these three
genes were highest in the two pigs with most severe NEC lesions
(score 6 in both the small intestine and colon, reflecting extensive
hemorrhage and necrotic lesions). Both these piglets had bloody
stools after 4 days of life, but clinical record and hematology
results could not differentiate them from other animals with or
without NEC at autopsy. Thus, NEC-associated DEGs may be used
to indicate NEC severity and may supplement other clinical
parameters. Whether the same blood genes could be NEC
sensitive in infants remains to be shown.
Blood biomarkers of diseases that is located to specific organs

(e.g. the gut in the case of NEC) would most often reflect a
consequence, rather than a cause, of the disease. Nevertheless,
some of our target genes warrant further investigation with
regards to their specific roles in NEC pathogenesis. It has been
hypothesized that TLR4 activation plays a crucial role in NEC
development.43 Rodent experimental models have shown that
TLR4-mediated Th17 lymphocyte influx, whereby release of IL-17
disrupts the intestinal barrier, leading to NEC. This process is
dependent on STAT3, which drives Th17 differentiation.12 Upon
activation, lymphocytes in the mucosal immune system travel
through mesenteric lymph nodes and thoracic duct, from where
they circulate in the blood before reentering mucosal tissues.
Thus, our observation of increased STAT3 in the whole blood in
piglets with severe NEC lesions may reflect pathogenic lympho-
cyte influx to the gut during the early phase of NEC that initially
activates immune responses. Moreover, one of our detected
genes, PAK2, was identified as a hub gene among all NEC-
associated DEGs. This gene was suggested as a driver of colitis in a
recent study of IBD, where multi-omics data from mouse and
human biopsies were used to generate this hypothesis.35 Both
PAK2 and STAT3 have been suggested as key genes of IBD and
inhibition of PAK signaling resolves pathological bleeding and
restores normal epithelial crypt morphology in IBD mice models.35

Whether PAK2 also drives NEC development or whether targeting
PAK signaling protects against NEC remains to be shown.
Another gene that increased in pigs with severe NEC lesions

was ARG2, for a gene encoding for arginase 2, a catabolizing
enzyme of arginine. It has been shown that low arginine
availability in the immature intestine is a risk factor for NEC, likely
due to the result of poor intestinal perfusion.44 Clinical trials in
preterm infants also showed that arginine supplementation
reduced the incidence of NEC.45 Finally, FKBP5 encodes for

FK506 binding protein 5, which is a regulator of the glucocorticoid
receptor (GR). Overexpression of FKBP5 is known to cause
glucocorticoid resistance, either by reducing affinity of GR for
glucocorticoids or by reducing nuclear translocation and activa-
tion of GR itself.46,47 As glucocorticoids are potent inhibitors of the
immune system, increased FKBP5 in severe NEC cases may be
related to inappropriate immune response.
In summary, we have demonstrated that in preterm piglets,

blood gene expression is indeed altered by early-stage NEC
lesions. Differential expression of genes may reflect different NEC
severities in different gut regions, and possibly different systemic
immunological effects in relation to NEC progression. In preterm
pigs, NEC severity scores are based on visible gut lesions at tissue
autopsy.18,24 This scoring is not directly comparable to the clinical/
radiographic symptoms of mild or definitive NEC in infants (early
and late Bell stages). We cannot exclude that blood transcriptomic
effects of NEC differ between infants and pigs, and it is important
to demonstrate if similar NEC-related blood transcriptomic
signatures can be found in infants. Given that we defined “NEC”
using our macroscopic scoring system, it is unclear to which
extent the NEC-associated blood gene expression changes
correlate closely with histopathological changes in the intestinal
and colonic tissue, although previous studies demonstrated
extensive loss of villi in piglets with severe NEC.48,49 Expressions
of candidate genes could be investigated in human infants with
NEC and evaluated for potential use as early NEC biomarkers to
help decision making in clinical neonatology. Blood transcriptome
is a high-throughput tool to screen for novel biomarkers and
validated biomarkers should be measured by more rapid
techniques (e.g., qPCR) to provide timely information in clinical
care. Considering the extended stability of mRNA stored as DBS,50

both acute DBS samples (at suspected NEC), as well as archived
neonatal DBS (already collected for other reasons), could be used
for developing diagnostic and prognostic biomarkers of NEC.
Further studies are required in both piglets and infants to
understand how blood gene expressions are affected by
development of NEC lesions in different regions of the gut,
interacting with many pre- and postnatal factors, and this
information should be integrated with other blood omics analyses
(e.g. genomics, metabolomics, proteomics) as well as results from
conventional blood analyses.
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