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Introduction: Necrotizing Enterocolitis (NEC) is the most impactful

gastrointestinal disease of premature neonates and preclinical evidence shows

that the event of platelet activation is an important pathophysiological

contributor during NEC-like injury in murine neonates. Integrin αIIb/β3

(glycoprotein [GP]IIb/IIIa) is the primary platelet activation marker showing

increased platelet-monocytes aggregation during NEC-like injury. The present

study investigates whether platelet lineage-specific deletion of integrin-β3

reduces NEC-like injury in murine neonates.

Methods: C57BL/6 and integrin-β3−/− mouse pups were subjected to

trinitrobenzene sulfonic acid (TNBS)-induced NEC-like injury (n= 6/each

group). Monocyte-platelet aggregation was measured by flow cytometry and

immunofluorescence. Plasma levels of intestinal injury markers (FABP2, CRP,

CXCL2 and SAA) and inflammatory cytokines (TNF-α, IL-1β, IL-6 and IL-1α)

were measured by ELISA and multiplex array respectively. Intestinal

inflammatory responses were confirmed by qRT-PCR.

Results: Integrin-β3-associated platelet-monocyte aggregation was significantly

observed in the intestine and blood of murine NEC-like injury and in the human

NEC intestine. Platelet-specific deletion of integrin-β3’s exon-1 leads to

inhibition of platelet-monocyte aggregation in circulating blood and intestine,

thus reducing the resulting intestinal injury and the level of inflammatory

activation cytokines in the blood.

Conclusion: Monocyte-platelet aggregation is an important pathophysiological

event and the blockade of integrin-β3 merits a potential therapeutic target

in NEC.
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1 Introduction

Necrotizing Enterocolitis (NEC) is the most impactful

gastrointestinal disease of premature neonates, affecting 5%–15%

of infants with a birth weight <1,500 g (1–4). NEC is a leading

cause of death in infants born at 22–28 weeks gestation (5).

Nearly 75%–90% of infants with confirmed NEC develop

thrombocytopenia (<150 × 109/L) within a few hours of disease

onset and the degree and duration of thrombocytopenia correlate

with the severity of bowel injury (6–16). In mice, NEC-like

injury is associated with thrombocytopenia that occurs despite

increased megakaryopoiesis, indicating that platelet consumption

is the likely kinetic mechanism of thrombocytopenia, rather

than decreased production (11, 12). Platelets contain large

amounts of inflammatory mediators such as platelet activation

factor (PAF), various chemokines, reactive oxygen species,

β-thromboglobulin, platelet-derived growth factor, thromboxane,

hydroxyeicosatetraenoic acid (5-HETE), 5HT, and transforming

growth factor-β, to name a few (17–22). Activated platelets

release these and other inflammatory and vasoconstrictive

factors, and therefore, constitute a plausible cellular mechanism

for bowel injury and the development of histopathological

changes pathognomonic of NEC (inflammation and coagulation

necrosis, indicative of microvascular ischemia) (23).

Integrin-β3 (Itgb3) is a cell-surface receptor on platelets and

also a subunit that can bind with Itga2b (αIIb) to form integrin

αIIbβ3 (also known as glycoprotein IIb/IIIa or CD61), which is

the most abundant integrin on the platelet surface (24), and this

higher expression projects platelet activation within 3 h after

TNBS (trinitrobenzene sulfonic acid)-induction for murine NEC-

like injury (12, 16). The αIIbβ3 complex protects glycoproteins

from proteolytic digestion; thus, if either integrin αIIb or

integrin-β3 is absent or defective, the other subunit will be

rapidly degraded (25–27). Based on these studies, we posited that

platelet-specific depletion of integrin-β3 inhibits the formation of

αIIbβ3 complex thus reducing the platelet-activation-associated

inflammatory response.

We showed recently that platelet activation is the central

pathophysiological NEC event that causes platelet depletion, as

well as platelet hyperaggregability due to dense granule discharge

that augments mucosal damage and the associated systemic

inflammatory response (11, 12, 16). We have also reported that

NEC is marked by the recruitment of monocyte/macrophage-rich

leukocyte infiltrates that display signs of inflammatory activation

and produce inflammatory cytokines (28–31). Platelets can attach

to and activate leukocytes (22) and platelet–monocyte aggregates

have been associated with various diseases, especially in neonatal

sepsis (32). However, our understanding of their role in NEC is

limited. Given the crucial role of platelet activation and its

hyperaggregability in NEC, we now tested whether activated

platelets may aggregate with monocytes through activation

marker integrin β3-involved αIIbβ3 complex and whether

targeting by silencing platelet-specific integrin β3 expression thus

inhibits the formation of αIIbβ3 complex and attenuates NEC-

like injury and systemic inflammatory response.

2 Methods

2.1 Animals

Animal studies were approved by the Institutional Animal Care

and Use Committee at Johns Hopkins University and University of

Nebraska Medical Center. To generate mouse pups with the

deletion of integrin β3 in the platelet lineage, the mice with

floxed alleles (C57BL/6-Itgb3tm1.1Wlbcr/Jax) were crossed with

mice carrying Cre recombinase under the control of the platelet

factor-4 (PF4) (C57BL/6-Tg(Pf4-icre)Q3Rsko/Jax) promoter. The

sample size was estimated for intestinal inflammation at

α = 0.05% and 80% power (Lehmann’s method for non-Gaussian

data). Pups were housed with and nursed by the dam throughout

the study period. As described previously (12, 29), TNBS

(trinitrobenzene sulfonic acid)-enterocolitis was induced in

10-day-old C57BL/6 and transgenic mice of PF4-Cre+ and

integrin-β3 mice by administering trinitrobenzene sulfonic acid

(TNBS, catalog #92822, Sigma; 2 doses of 50 mg/kg in 30%

ethanol, wt/vol) by gavage and rectal instillation, respectively.

C57BL/6 controls and PF4-Cre controls received vehicle alone

(30% ethanol) by gavage and rectal instillation. Pups from each

litter were randomly assigned to these two study groups. Animals

were monitored every 3 h and were euthanized if they developed

physical distress or at 24 h using carbon dioxide inhalation

followed by cervical dislocation. Blood was collected at 0, 3, 9

and 24 h, intestine and spleen tissue were harvested at 24 h

after induction of NEC-like injury for further analysis.

Histopathological grading of intestinal injury has been previously

described (12, 29, 33).

2.2 Human intestinal tissue samples

De-identified, archived paraffin-embedded tissue specimens

of human NEC and uninflamed human premature intestine

resected for indications other than NEC were obtained from

existing biorepositories at Yale University with approval of the

institutional board (IRB# 2000028415).

2.3 Immunofluorescence

We used our previously described protocols (12, 33). Formalin-

fixed paraffin-embedded tissues were deparaffinized and processed

for antigen retrieval (EZ-AR Common solution, Biogenex, San

Remon, CA, catalog #HK545-XOK), digested with Proteinase K

(20 µg/ml, 10 min; Promega, Madison, WI; catalog #EO0491),

and blocked for 30 min (SuperBlock T20 blocking buffer,

ThermoFisher, Waltham, MA; catalog #37516). Tissue sections

then were incubated overnight at 4°C with rabbit anti-mouse

Ly6C (dilution 1:200; Abcam catalog #ab77766) and rat anti-

mouse/human CD41 (dilution 1:200; ThermoFisher catalog

#MA5-16875). Human intestine tissue sections were stained with

mouse anti-CD14 (dilution 1:100; Abcam, catalog #ab182032)
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and rat anti-mouse/human CD41 (dilution 1:200; ThermoFisher

catalog #MA5-16875). Antibodies were selected after reviewing

the validation information provided on the manufacturers’

websites. Secondary staining was performed with Alexa 488,

Alexa 546 or Alexa 633-conjugated antibodies × 60 min

(Invitrogen, San Diego, CA). Nuclear staining was obtained with

4’,6-diamidino-2-phenylindole (DAPI; Prolong Gold Antifade

Mountant, ThermoFisher; catalog #P36930). Imaging was

performed in Nikon C2 Confocal microscopy equipped with

Nikon LUN4 and analyzed using Nikon NIS elements software.

2.4 Flow cytometry

Blood was collected from anterior facial vein puncture or at

sacrifice using a 25G needle on a syringe containing 1 vol ACD

buffer (acid-citrate-dextrose) for 6 vol blood. Red blood cells

were immediately lysed by incubating with 1X RBC lysis

buffer (ThermoFisher, catalog #00-4333-57) for 10 min at

room temperature, then washed with phosphate buffered

saline (PBS; ThermoFisher, catalog #J67670-K2) and

centrifuged at 300 × g (10 min) to obtain cell pellets. Cells

were resuspended in Cells Staining Buffer (Biolegend; catalog

#420201). Intestinal single-cell suspensions were prepared as

per previously described (33). Briefly, intestinal tissue was

washed with Hank’s balanced salt solution (ThermoFisher,

catalog #88284) containing 1 mM dithiothreitol (Millipore

Sigma, catalog #646563) to remove mucus, and then treated

with HBSS containing 1 mM EDTA (Millipore Sigma, catalog

#20-158) for 20 min at 37°C. Next, it was treated with

HBSS containing 1 mM collagenase type IV (Millipore Sigma,

catalog #C4-BIOC) for 2 h at 37°C. The digested intestinal

suspensions passed through 70 µm filters and were centrifuged

at 400×g for 10 min. Cell pellets were then resuspended in

Cell Staining Buffer (Biolegend; catalog #420201). Blood,

spleen, and intestinal derived cells were stained with the

Hoechst 33342 ready flow reagent (ThermoFisher, catalog

#R37165) for DNA and antibodies with CD11b (dilution 1:25;

clone #M1/70), Ly6C (dilution 1:25; clone #HK1.4), CD41

(dilution 1:25; clone #MWReg30) and CD61/integrin β3

(dilution 1:20; clone 2C9.G2). Data was acquired on a BD

LSR-II flow cytometer and analyzed using the software

package FlowJo version 10.5.3 (Becton Dickinson, Franklin

Lakes, NJ) with our existing flow gating strategies (33). Some

of the stained cells were acquired on an AMNIS Flowsight

Imaging Flow Cytometer with bright field and multiple

fluorescent images of each cell, image analyzed with

IDEAS software.

2.5 ELISA and Multiplex assay

Commercially available enzyme immunoassays were used to

measure murine FABP2, CXCL2, CRP, and SAA (MyBioSource,

San Diego, CA; catalog #MBS1751561, MBS824972, MBS264470

and MBS2500351) in plasma of experimental transgenic animal

groups based on the manufacturer’s protocol. The level of

major inflammatory cytokines Tumor Necrosis Factor-alpha

(TNF-α), Interleukin-1 beta (IL-1β), Interleukin-6 (IL-6)

and Interleukin-1 alpha (IL-1α) were quantified in the plasma

by using the Magnetic Bead Kit (Millipore Sigma). Samples

were run in the MAGPIX instrument (Luminex Corp.) and

the results were analyzed using xPONENT software

(Luminex Corp.).

2.6 qPCR

We used a standard reverse transcriptase-polymerase chain

reaction (RT-PCR) to measure mRNA expression of the

inflammatory cytokines (TNF-α, IL-1β, IL-6 and IL-1α) in the

intestine (29). Primers were designed using the Beacon Design

software (Bio-Rad, Hercules, CA). Data from transgenic mice

experiments were compared against the 18S rRNA by the 2–

ΔΔCT method and normalized with Wild Type controls.

2.7 Statistical analyses

Statistical analysis was performed using GraphPad Prism

software, version 9.4.1 (GraphPad Software, La Jolla, CA).

Differences were considered significant at P < 0.05.

3 Results

3.1 Platelet-monocyte aggregates in human
NEC

To localize platelet-monocyte aggregates in Necrotizing

Enterocolitis (NEC) lesions, we first immunostained the tissue

samples of uninflamed premature intestine (that had been

surgically resected for conditions other than NEC) as well as

human NEC samples for the platelet antigen CD41/GPIIb, CD14,

and integrin-β3. As shown in representative photomicrographs

and summarized in the bar diagram (Figure 1), human NEC was

characterized by a significantly higher density of inflammatory

monocyte infiltrate (total CD14+ monocyte) than control

intestinal tissue (5.5 ± 0.5 cells/HPF in control tissue vs.

42.5 ± 0.4 cells/HPF in NEC; P < 0.001). Tissue resected for

human NEC showed stronger CD41 immunoreactivity, which

was localized on CD14+ monocytes, and not in microthrombi in

the gut microvasculature (2.0 ± 0.4 cells/HPF in control tissue

vs. 36 ± 0.9 cells/HPF in NEC; P < 0.001). We (29–31, 33, 34)

and others (35, 36) have previously described that NEC

was associated with a prominent inflammatory monocyte/

macrophage infiltrate. Because monocytes do not synthesize

CD41, any CD41 staining on monocytes is believed to be due

to adherent platelets (37). Moreover, we found a strong co-

localization of CD14+ monocyte with integrin-β3 expressing

CD41+ platelets indicating the presence of monocyte-platelet

interactions through integrin-β3.
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3.2 Platelet-monocyte aggregates in murine
NEC-like injury

To investigate the hypothesis that platelet activation leads to

hyperaggregability with monocytes and triggers a characteristic

inflammatory response in murine NEC-like injury, we have

used our murine model of intestinal injury from TNBS

(trinitrobenzene sulfonic acid) by gavage and enema in 10-day-

old mouse pups and observed these animals for up to 24 h. We

first examined cell suspensions from enzymatically digested

intestinal tissue samples, blood, and spleen by flow cytometry.

Similarly to human NEC, the murine CD41+ platelets have

strong immunoreactivity localized with Ly6C+ monocytes in the

intestine (0.56 ± 0.06% of cells in control tissue vs. 77.5 ± 2.52%

of cells in murine NEC-like injury; P < 0.001) and blood

(5.16 ± 0.33% of cells in control blood vs. 42.01% ± 1.53% of cells

in blood of murine NEC-like injury; P < 0.001); and minimal

reactivity in spleen (0.08% ± 0.04% of cells in control tissue vs.

12.6% ± 0.42% of cells in murine NEC-like injury; P < 0.001)

(Figures 2A,B). Accordingly, the Amnis imaging flow cytometer

detected the aggregation of CD41+ platelets with Ly6C+

monocytes in blood during TNBS-induced NEC-like injury

FIGURE 1

Platelet-monocyte aggregates in human NEC. Representative fluorescence photomicrographs (200×) of the uninflamed premature intestine (Top) and

inflamed mucosa of NEC lesions (Bottom) show immunoreactivity for CD41 (red) in intestinal recruited monocytes (CD14+, green) with integrin β3

(purple). CD41 immunoreactivity was more extensively co-localized in monocytes with integrin β3 (Scale bar, 20 μm) in NEC inflamed intestine.

Scatter plots below summarize the total monocytes (CD14+)’ fluorescence intensity with the CD41+ platelets and integrin β3 in control and NEC

intestine, respectively. N= 8 patient samples/group; Mann–Whitney U-test; ***P < 0.001.
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FIGURE 2

Platelet-monocyte aggregates in murine NEC-like injury. (A) Representative scatter plots and gating strategy from the intestine, blood, and spleen cells

of control and NEC-like injury show the platelet-monocyte aggregation by the presence of both CD41 + Ly6C+ fractions which were enriched in NEC-

like injury. (B) Scatter plots (Right) summarize the percentage of CD41 (+) and Ly6C (+) cells in each group. Šídák’s multiple comparisons tests,

***P < 0.001 vs. respective controls. Data represents 6 mice per group. (C) Representative image of circulating platelet-Ly6C+ monocyte cell

aggregates that are seen in NEC-like injury as obtained from imaging flow cytometry. Platelets are recognized by anti-CD41 (green) while Ly6C is

recognized by anti-monocyte (orange) and nuclei DNA (red) with bright fields. (D) Fluorescence-activated cell-sorting histograms show platelet

expression of integrin-β3 at different time points after NEC-like intestinal injury in the blood. Controls did not change over time and have not

been depicted; N= 6 mice/group, Kruskal–Wallis H test with Dunn’s posttest. **P < 0.01 vs. control (0 h). (E) Fluorescence photomicrographs

(ileocecal; magnification ×800) showed the presence of numerous Ly6C monocytes (red) with CD41+ platelets (green) and with integrin-β3

(purple) in NEC-like injury than control. Scale bar = 25 µm.
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(Figure 2C). Regarding the time kinetics of platelet activation

during NEC-like injury, we investigated blood samples

collected at various time points (0, 3, 9 and 24 h) after TNBS

induction using flow cytometry analysis, which showed that

activation occurs between 3 and 9 h with higher expression of

integrin-β3 (identified by using clone JON-A antibody) on

CD41+ platelets and steadily increased until 24 h (Figure 2D).

These findings were also confirmed by immunofluorescence

imaging, which showed newly recruited Ly6C+ monocytes co-

localized strong immunoreactivity with CD41+ along with

integrin-β3 (Figure 2E).

3.3 Platelet-specific knockdown of integrin-
β3 prevents platelet-monocyte aggregates
in murine NEC-like injury

To ascertain the role of platelet-monocyte aggregates in murine

NEC-like injury, we used platelet factor-4 (PF4)-Cre-recombinase-

mediated excision to delete the exon 1 on integrin-β3 gene

specifically in the platelet lineage (Figure 3A). To confirm

platelet-specific gene deletion, we used flow cytometry analysis

and found successful deletion of integrin-β3 on CD41+ platelets

in both blood and intestinal cells of TNBS-induced NEC-like

FIGURE 3

Platelet-specific knockdown of integrin-β3 prevents platelet-monocyte aggregates in murine NEC-like injury. (A) Schematic of gene targeting

strategy. Exon 1 of the integrin-β3 gene, flanked by LoxP sites, was excised by PF4 promoter-driven expression of Cre recombinase. (B) FACS

analysis demonstrating that integrin-β3 deletion was specific to the platelets of integrin-β3fl/fl PF4-Cre+ (integrin β3−/−) mice (continuous line) in

both blood and intestine during NEC-like injury, no deletion occurred (dotted line) in integrin-β3fl/wtPF4-Cre+ (integrin-β3+/−). (C) Representative

flow cytometry scatter plots with gating strategy and scatter plots from blood and intestine cells of PF4-Cre+ and integrin-β3fl/fl PF4-Cre+

(integrin β3−/−) mice show the reduced platelet-monocyte aggregation in NEC-like injury.
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injury in integrin β3fl/fl PF4-Cre + (integrin-β3−/−) murine pups

than integrin β3fl/wtPF4-Cre + (integrin β3+/−) (Figure 3B). Based

on emerging information that platelet activation leads to

expression of integrin-β3 on their surface and leads to formation

of monocyte-platelet aggregates, we next performed flow

cytometry analysis for blood and intestine cells from TNBS-

induced PF4-Cre+ (control) and integrin-β3−/− pups. A greater

percentage of platelet-monocyte aggregation (CD41+ Ly6C+) was

observed in blood (0.62 ± 0.02% of cells in NEC-like injury

controls vs. 0.11 ± 0.005% of cells in NEC-like injury induced

integrin-β3−/−; P < 0.001) and intestine cells (3.00 ± 0.03% of cells

in NEC-like injury controls vs. 0.20 ± 0.004% of cells in NEC-like

injury induced integrin-β3−/−; P < 0.001) of control PF4-Cre+

mice after TNBS-induced NEC-like injury, whereas integrin

β3−/− murine pups showed significantly reduced platelet-

monocyte aggregates after TNBS-induction (Figure 3C). Based on

these data, we postulated that integrin-β3 is able to

heterodimerize with αIIb (CD41) and leads to platelet activation

which then causes platelet-monocyte aggregation, and therefore,

we next sought to define the role of platelet-monocyte

aggregation in NEC-like injury.

3.4 Inhibition of platelet-monocyte
aggregations reduces NEC-like intestinal
injury in murine neonates

We have described earlier that TNBS-induced NEC-like injury

cause more severe injury marked by coagulative necrosis,

inflammation, submucosal edema/separation and interstitial

hemorrhages in C57BL6 murine pups (12, 29). A similar pattern

of injury was noted in PF4-Cre+ mice during NEC-like injury.

Interestingly, integrin-β3−/− mouse pups showed improved

survival and reduced severity of NEC-like injury without an

increase in hemorrhages in the injured intestine (Figures 4A–C).

Consistent with these histopathological findings, there was

additional evidence for reduced epithelial injury evidenced by

lower plasma FABP2 (Figure 4D). Attenuation of the systemic

inflammatory response was also observed with lower plasma

levels of CRP, CXCL2, and SAA (Figures 4E–G).

3.5 Murine NEC-like injury-associated
inflammatory response is reduced in
platelet-specific integrin-β3
knockdown mouse pups

We next sought to evaluate the inflammatory responses in

integrin-β3−/− mouse pups by Milliplex cytokine array in plasma

and qPCR assay for inflammatory cytokines in intestinal tissue

after NEC-like injury. Existing data suggest that platelet-

monocyte aggregates may show increased inflammatory response

in the blood circulation of various diseases (24). Indeed, TNBS-

induction acutely increased the inflammatory cytokines (IL-1β,

IL-6 and IL-1α) within 3 h (TNF-α increased at 6 h) post TNBS

administration in PF4-Cre+ murine pups, which might have been

due to stronger platelet-monocyte aggregation in these mice.

Notably, integrin-β3−/− murine pups showed no/minimal

changes within 3 h and inflammatory cytokine levels were

unchanged until sacrifice at 24 h, indicating that platelet-

monocyte aggregation is the major contributor to NEC-like

injury-associated inflammatory response (Figure 5A). In addition,

integrin-β3−/− mouse pups showed significant reduction of key

inflammatory genes in intestinal tissues compared to PF4-Cre+

mice (Figure 5B) indicating that inhibition of platelet-monocyte

aggregates reduces the severity of mucosal inflammation, which

is the key event occurring during the incidence of NEC.

4 Discussion

We present a detailed preclinical investigation of integrin β3

and its imperative role in platelet-monocyte aggregation during

NEC, with evidence of its importance demonstrated by the

paucity of inflammation in its absence. This study confirms the

findings of prior work showing that the interaction of platelets

with monocytes has physiological inflammatory consequences

and contributes to the increasing body of evidence indicating

that they participate in the propagation of inflammatory damage.

We detected a marked increase in the number of monocytes in

our tissue samples of human NEC and nearly all monocytes co-

localized with CD41 staining. We have previously reported that

leukocyte infiltration consists primarily of monocyte/macrophage

infiltration, and that activation of these infiltrates is a prominent

pathophysiological feature in human pathological specimens of

NEC (29–31). The detection of CD41 and integrin-β3 staining

on monocytes thereby provides evidence for platelet-monocyte

aggregation during NEC as CD41 is not naturally expressed on

monocytes (37). Existing studies demonstrate that the primary

pathophysiology of NEC is transmural inflammation of the

intestine leading to intestinal perforation as well as bacterial

translocation, with ensuing systemic inflammation and/or sepsis.

The clinical (38) and pre-clinical (39) observation in sepsis have

shown circulating platelet-monocyte aggregates significantly

elevated with 20-fold elevated mean fluorescence intensity of

CD41 on monocytes. Our findings support the phenomenon of

inflammation-related platelet-monocyte aggregation in blood and

this study shows the same aggregation in the intestinal tissue

section of NEC.

We recently described (12) that platelet activation was observed

with higher expression of αIIb/β3 (glycoprotein [GP] IIb/IIIa),

CD31/platelet endothelial cell adhesion molecule (PECAM)-1,

and P-selectin (CD62P) at 3 h after TNBS administration, and

that platelet activation was an early event during murine NEC-

like injury. Activated platelets release a variety of inflammatory

and vasoconstrictive factors, and therefore, constitute a plausible

cellular mechanism for bowel injury and the development of

histopathological changes pathognomonic of NEC (coagulation

necrosis, which indicates microvascular ischemia, and

inflammation) (23). In this study, we detected platelet-monocyte

aggregation predominantly in the intestine of NEC-like injury

that might be due to acute expression of integrin-β3 only on
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activated platelets. Integrins α2b and β3 constitute the glycoprotein

GPIIb/IIIa, which is the common mediator in inside-out signaling

cascades activated by thrombin, ADP, and Txa2 (39). Interestingly,

the median fluorescence intensity of surface expression of integrin-

β3 rose nearly 2× within 3–9 h in NEC-like injury platelets

compared to resting platelets from P10 pups. As we reported (12)

earlier increased expression of the high-affinity conformation of

GPIIb/IIIa (binds JON/A antibody) at 3 h after initiating the NEC

protocol, our findings indicate that neonatal platelets can rapidly

mobilize intracellular GPIIb/IIIa to the surface during NEC. Our

findings with intestinal tissue immunostaining of monocyte,

platelet, and its activation marker integrin-β3 during NEC-like

injury resembles the human NEC pathophysiology in the context

of platelet-monocyte aggregation.

FIGURE 4

Inhibition of platelet-monocyte aggregates reduces the NEC-like intestinal injury in murine neonates. (A) Representative photographs show ileal and

colonic injury in PF4-Cre+, but not in the integrin-β3fl/fl PF4-Cre+ (integrin β3−/−) mice during NEC-like injury. (B) (top). Hematoxylin and eosin (H&E)-

stained photomicrographs of the ileum and colon from PF4-Cre+ show increased inflammatory cellularity in the lamina propria, but not in the

integrin-β3fl/fl PF4-Cre+ (integrin β3−/−) mice after NEC-like injury. Scale bars = 25 µm. (bottom) Scatter plots summarize ileocecal injury in grade.

N= 8 animals per group of PF4-Cre+ and integrin-β3fl/fl PF4-Cre+ (integrin β3−/−) with NEC-like injury. (C) Kaplan–Meier curves below show

survival with NEC-like intestinal injury of integrin-β3fl/fl PF4-Cre+ (integrin β3−/−) and PF4-Cre mice; N= 8 mice each group, Mantel-Cox log-rank

test, **P < 0.01. (D–G) Plasma FABP2, CRP, CXCL2, and SAA in the two groups of PF4-Cre+ and integrin-β3fl/fl PF4-Cre+ (integrin β3−/−) mice after

TNBS induced NEC-like injury. N= 8 mice/group; Mann–Whitney U test, ***P < 0.001 vs. PF4-Cre+ intestinal injury.
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We report successful specific deletion of integrin-β3 on platelets

using PF4-cre mice to prevent monocyte-platelet aggregation thus

ameliorating NEC-like injury. PF4-cre transgenic mice have been

widely used for the generation of lineage-restricted gene knockouts

for studying megakaryocytes and platelets (40). Integrin-β3 is

expressed on platelets and megakaryocytes in association with

integrin αIIb (CD41) or integrin αV (CD51) on endothelial cells,

monocytes and osteoclasts (41). Monocytes may express low levels

of integrin-β3 on their surface and component of the vitronectin

receptor (VNR) complex which mediates the binding of platelets to

FIGURE 5

Murine NEC-like injury-associated inflammatory response is reduced in platelet-specific integrin-β3 knockdown mouse pups. (A) Scatter plots show

plasma TNF-α, IL-1β, IL-6 and IL-1α) levels at different time intervals after TNBS-induction in PF4-Cre+ (red line) and integrin-β3fl/fl PF4-Cre+ (integrin

β3−/−) mice (blue line) and measured by the Milliplex cytokine array. N= 8 mice per group. Šídák’s multiple comparisons tests, ***P < 0.001 vs.

respective timed PF4-cre control with NEC-like injury. (B) Scatter bar diagrams summarize inflammatory cytokine expression in the PF4-Cre+ and

integrin-β3fl/fl PF4-Cre+ (integrin β3−/−) mice, measured by reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR). N= 8 mice

per group; Šídák’s multiple comparisons tests, *P < 0.05, **P < 0.01.
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immobilized vitronectin without prior activation (42). PF4 (CXCL4)

is expressed in monocytes and macrophages, in this case, either PF-

cre-based deletion of integrin-β3 on platelets or monocytes might

facilitate the inhibition of either αIIb/IIIa complex or αIIb/αV

complex respectively leading to inhibition of platelet activation

followed by aggregation.

The finding that inhibition of platelet-monocyte aggregation

reduces intestinal injury during NEC is intriguing. These findings

are consistent with existing information that blocking the

platelet-leukocyte (monocyte or neutrophil) aggregation either

P-selectin (CD62P) (43) and CD40 ligand (CD40l) (44) or

PSGL-1 (45), CD40 and Mac-1 (integrin αMβ2, CD11b/CD18) on

leukocytes, markedly dampens the pathological hemostasis and

inflammation including vascular inflammation and thrombosis

which are key events in NEC. These findings have important

implications for the development of therapeutics to treat diseases

in which platelet–monocyte aggregations are implicated in the

pathogenesis of NEC.

Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material, further inquiries can be

directed to the corresponding author.

Ethics statement

The studies involving humans were approved by Liza

Konnikova, Yale University School of Medicine. The studies were

conducted in accordance with the local legislation and

institutional requirements. Written informed consent for

participation in this study was provided by the participants’ legal

guardians/next of kin. The animal study was approved by Johns

Hopkins University, University of Nebraska Medical Center. The

study was conducted in accordance with the local legislation and

institutional requirements.

Author contributions

MB: Methodology, Writing – review & editing. BR:

Methodology, Writing – review & editing. SD: Methodology,

Writing – review & editing. AS: Methodology, Writing – review

& editing. JG: Methodology, Writing – review & editing. MF:

Methodology, Writing – review & editing. ZL: Methodology,

Writing – review & editing. OO: Methodology, Writing – review

& editing. LK: Methodology, Writing – review & editing. KM:

Writing – original draft, Writing – review & editing.

Funding

The author(s) declare that financial support was received for

the research and/or publication of this article. The study was

supported by the National Institutes of Health (NIH) awards

R01HL133022, R01HL163043 and R21HD105880 (to KM) and

LK is supported by Yale University start-up funds, Yale Program

for the Promotion of Interdisciplinary Science, Binational Science

Foundation award number 2019075 and NIH grants

R21TR002639, R21HD102565, and R01AI171980.

Acknowledgments

This paper is dedicated to the memory of our dear co-worker

and friend Dr. Kopperuncholan Namachivayam, who passed

away while this paper was prepared and peer reviewed. We

acknowledge Sysmex America Inc. for loaning the XN-1000TM

Hematology Analyzer (Sysmex Corp, IL).

Conflict of interest

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.

Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

References

1. Denning PW, Maheshwari A. Necrotizing enterocolitis: hope on the horizon. Clin
Perinatol. (2013) 40(1):xvii–xix. doi: 10.1016/j.clp.2013.01.001

2. Kasivajjula H, Maheshwari A. Pathophysiology and current management of
necrotizing enterocolitis. Indian J Pediatr. (2014) 81(5):489–97. doi: 10.1007/
s12098-014-1388-5

3. Lin PW, Nasr TR, Stoll BJ. Necrotizing enterocolitis: recent scientific advances in
pathophysiology and prevention. Semin Perinatol. (2008) 32(2):70–82. doi: 10.1053/j.
semperi.2008.01.004

4. Neu J, Walker WA. Necrotizing enterocolitis. N Engl J Med. (2011)
364(3):255–64. doi: 10.1056/NEJMra1005408

Balamurugan et al. 10.3389/fped.2025.1560242

Frontiers in Pediatrics 10 frontiersin.org

https://doi.org/10.1016/j.clp.2013.01.001
https://doi.org/10.1007/s12098-014-1388-5
https://doi.org/10.1007/s12098-014-1388-5
https://doi.org/10.1053/j.semperi.2008.01.004
https://doi.org/10.1053/j.semperi.2008.01.004
https://doi.org/10.1056/NEJMra1005408
https://doi.org/10.3389/fped.2025.1560242
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


5. Patel RM, Kandefer S, Walsh MC, Bell EF, Carlo WA, Laptook AR, et al. Causes
and timing of death in extremely premature infants from 2000 through 2011. N Engl J
Med. (2015) 372(4):331–40. doi: 10.1056/NEJMoa1403489

6. Baer VL, Lambert DK, Henry E, Snow GL, Sola-Visner MC, Christensen RD. Do
platelet transfusions in the NICU adversely affect survival? Analysis of 1600
thrombocytopenic neonates in a multihospital healthcare system. J Perinatol. (2007)
27(12):790–6. doi: 10.1038/sj.jp.7211833

7. Christensen RD, Henry E, Del Vecchio A. Thrombocytosis and
thrombocytopenia in the NICU: incidence, mechanisms and treatments. J Matern
Fetal Neonatal Med. (2012) 25(Suppl 4):15–7. doi: 10.3109/14767058.2012.715027

8. Hutter JJ Jr, Hathaway WE, Wayne ER. Hematologic abnormalities in severe
neonatal necrotizing enterocolitis. J Pediatr. (1976) 88(6):1026–31. doi: 10.1016/
S0022-3476(76)81069-4

9. Kling PJ, Hutter JJ. Hematologic abnormalities in severe neonatal necrotizing
enterocolitis: 25 years later. J Perinatol. (2003) 23(7):523–30. doi: 10.1038/sj.jp.7210983

10. Maheshwari A. Immunologic and hematological abnormalities in necrotizing
enterocolitis. Clin Perinatol. (2015) 42(3):567–85. doi: 10.1016/j.clp.2015.04.014

11. Namachivayam K, MohanKumar K, Garg L, Torres BA, Maheshwari A.
Neonatal mice with necrotizing enterocolitis-like injury develop thrombocytopenia
despite increased megakaryopoiesis. Pediatr Res. (2017) 81(5):817–24. doi: 10.1038/
pr.2017.7

12. Namachivayam K, MohanKumar K, Shores DR, Jain SK, Fundora J, Everett AD,
et al. Targeted inhibition of thrombin attenuates murine neonatal necrotizing
enterocolitis. Proc Natl Acad Sci U S A. (2020) 117(20):10958–69. doi: 10.1073/
pnas.1912357117

13. O’Neill JA Jr. Neonatal necrotizing enterocolitis. Surg Clin North Am. (1981)
61(5):1013–22. doi: 10.1016/S0039-6109(16)42527-2

14. Patel CC. Hematologic abnormalities in acute necrotizing enterocolitis. Pediatr
Clin North Am. (1977) 24(3):579–84. doi: 10.1016/S0031-3955(16)33466-6

15. Ververidis M, Kiely EM, Spitz L, Drake DP, Eaton S, Pierro A. The clinical
significance of thrombocytopenia in neonates with necrotizing enterocolitis.
J Pediatr Surg. (2001) 36(5):799–803. doi: 10.1053/jpsu.2001.22964

16. Maheshwari A. Role of platelets in neonatal necrotizing enterocolitis. Pediatr
Res. (2021) 89(5):1087–93. doi: 10.1038/s41390-020-1038-8

17. Amer MD, Hedlund E, Rochester J, Caplan MS. Platelet-activating factor
concentration in the stool of human newborns: effects of enteral feeding and
neonatal necrotizing enterocolitis. Biol Neonate. (2004) 85(3):159–66. doi: 10.1159/
000075306

18. Collins CE, Rampton DS. Review article: platelets in inflammatory bowel
disease–pathogenetic role and therapeutic implications. Aliment Pharmacol Ther.
(1997) 11(2):237–47. doi: 10.1046/j.1365-2036.1997.153328000.x

19. Heijnen H, van der Sluijs P. Platelet secretory behaviour: as diverse as the
granules .. or not? J Thromb Haemost. (2015) 13(12):2141–51. doi: 10.1111/jth.13147

20. Hyman PE, Abrams CE, Zipser RD. Enhanced urinary immunoreactive
thromboxane in neonatal necrotizing enterocolitis. A diagnostic indicator of
thrombotic activity. Am J Dis Child. (1987) 141(6):686–9. doi: 10.1001/archpedi.
1987.04460060102046

21. Rabinowitz SS, Dzakpasu P, Piecuch S, Leblanc P, Valencia G, Kornecki E.
Platelet-activating factor in infants at risk for necrotizing enterocolitis. J Pediatr.
(2001) 138(1):81–6. doi: 10.1067/mpd.2001.110132

22. Thomas MR, Storey RF. The role of platelets in inflammation. Thromb Haemost.
(2015) 114(3):449–58. doi: 10.1160/TH14-12-1067

23. Remon JI, Amin SC, Mehendale SR, Rao R, Luciano AA, Garzon SA, et al. Depth
of bacterial invasion in resected intestinal tissue predicts mortality in surgical
necrotizing enterocolitis. J Perinatol. (2015) 35(9):755–62. doi: 10.1038/jp.2015.51

24. Hynes RO. Integrins: bidirectional, allosteric signaling machines. Cell. (2002)
110(6):673–87. doi: 10.1016/S0092-8674(02)00971-6

25. Freedman JE, Loscalzo J. Platelet-monocyte aggregates: bridging thrombosis and
inflammation. Circulation. (2002) 105(18):2130–2. doi: 10.1161/01.CIR.0000017140.
26466.F5

26. Fullard JF. The role of the platelet glycoprotein IIb/IIIa in thrombosis and
haemostasis. Curr Pharm Des. (2004) 10(14):1567–76. doi: 10.2174/1381612043384682

27. O’Toole TE, Loftus JC, Plow EF, Glass AA, Harper JR, Ginsberg MH. Efficient
surface expression of platelet GPIIb-IIIa requires both subunits. Blood. (1989)
74(1):14–8. doi: 10.1182/blood.V74.1.14.14

28. Egozi A, Olaloye O, Werner L, Silva T, McCourt B, Pierce RW, et al. Single cell
atlas of the neonatal small intestine with necrotizing enterocolitis. bioRxiv [Preprint].
(2022).

29. MohanKumar K, Kaza N, Jagadeeswaran R, Garzon SA, Bansal A, Kurundkar
AR, et al. 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. (2012) 303(1):G93–102. doi: 10.1152/ajpgi.
00016.2012

30. MohanKumar K, Namachivayam K, Chapalamadugu KC, Garzon SA,
Premkumar MH, Tipparaju SM, et al. Smad7 interrupts TGF-beta signaling in
intestinal macrophages and promotes inflammatory activation of these cells
during necrotizing enterocolitis. Pediatr Res. (2016) 79(6):951–61. doi: 10.1038/pr.
2016.18

31. Olaloye OO, Liu P, Toothaker JM, McCourt BT, McCourt CC, Xiao J, et al.
CD16+CD163+monocytes Traffic to sites of inflammation during necrotizing
enterocolitis in premature infants. J Exp Med. (2021) 218(9):e20200344. doi: 10.
1084/jem.20200344

32. O’Reilly D, Murphy CA, Drew R, El-Khuffash A, Maguire PB, Ainle FN, et al.
Platelets in pediatric and neonatal sepsis: novel mediators of the inflammatory
cascade. Pediatr Res. (2022) 91(2):359–67. doi: 10.1038/s41390-021-01715-z

33. MohanKumar K, Namachivayam K, Song T, Jake Cha B, Slate A, Hendrickson
JE, et al. A murine neonatal model of necrotizing enterocolitis caused by anemia and
red blood cell transfusions. Nat Commun. (2019) 10(1):3494. doi: 10.1038/s41467-
019-11199-5

34. MohanKumar K, Namachivayam K, Cheng F, Jiang RH, Flores-Torres J, Torres
BA, et al. Trinitrobenzene sulfonic acid-induced intestinal injury in neonatal mice
activates transcriptional networks similar to those seen in human necrotizing
enterocolitis. Pediatr Res. (2017) 81(1-1):99–112. doi: 10.1038/pr.2016.189

35. Ballance WA, Dahms BB, Shenker N, Kliegman RM. Pathology of neonatal
necrotizing enterocolitis: a ten-year experience. J Pediatr. (1990) 117(1 Pt 2):S6–13.
doi: 10.1016/S0022-3476(05)81124-2

36. Pender SL, Braegger C, Gunther U, Monteleone G, Meuli M, Schuppan D, et al.
Matrix metalloproteinases in necrotising enterocolitis. Pediatr Res. (2003) 54(2):160–4.
doi: 10.1203/01.PDR.0000072326.23442.C3

37. Levene RB, Rabellino EM. Platelet glycoproteins IIb and IIIa associated with
blood monocytes are derived from platelets. Blood. (1986) 67(1):207–13. doi: 10.
1182/blood.V67.1.207.207

38. Vardon Bounes F, Memier V, Marcaud M, Jacquemin A, Hamzeh-Cognasse H,
Garcia C, et al. Platelet activation and prothrombotic properties in a mouse model of
peritoneal sepsis. Sci Rep. (2018) 8(1):13536. doi: 10.1038/s41598-018-31910-8

39. Sangkuhl K, Shuldiner AR, Klein TE, Altman RB. Platelet aggregation pathway.
Pharmacogenet Genomics. (2011) 21(8):516–21. doi: 10.1097/FPC.0b013e3283406323

40. Gollomp K, Poncz M. Gp1ba-Cre or Pf4-cre: pick your poison. Blood. (2019)
133(4):287–8. doi: 10.1182/blood-2018-11-887513

41. Durrant TN, van den Bosch MT, Hers I. Integrin alpha(IIb)beta(3) outside-in
signaling. Blood. (2017) 130(14):1607–19. doi: 10.1182/blood-2017-03-773614

42. Singh MV, Davidson DC, Jackson JW, Singh VB, Silva J, Ramirez SH, et al.
Characterization of platelet-monocyte complexes in HIV-1-infected individuals:
possible role in HIV-associated neuroinflammation. J Immunol. (2014)
192(10):4674–84. doi: 10.4049/jimmunol.1302318

43. Haselmayer P, Grosse-Hovest L, von Landenberg P, Schild H, Radsak MP.
TREM-1 ligand expression on platelets enhances neutrophil activation. Blood.
(2007) 110(3):1029–35. doi: 10.1182/blood-2007-01-069195

44. Lievens D, Zernecke A, Seijkens T, Soehnlein O, Beckers L, Munnix IC, et al.
Platelet CD40l mediates thrombotic and inflammatory processes in atherosclerosis.
Blood. (2010) 116(20):4317–27. doi: 10.1182/blood-2010-01-261206

45. Bienvenu JG, Tanguay JF, Theoret JF, Kumar A, Schaub RG, Merhi Y.
Recombinant soluble p-selectin glycoprotein ligand-1-ig reduces restenosis through
inhibition of platelet-neutrophil adhesion after double angioplasty in swine.
Circulation. (2001) 103(8):1128–34. doi: 10.1161/01.CIR.103.8.1128

Balamurugan et al. 10.3389/fped.2025.1560242

Frontiers in Pediatrics 11 frontiersin.org

https://doi.org/10.1056/NEJMoa1403489
https://doi.org/10.1038/sj.jp.7211833
https://doi.org/10.3109/14767058.2012.715027
https://doi.org/10.1016/S0022-3476(76)81069-4
https://doi.org/10.1016/S0022-3476(76)81069-4
https://doi.org/10.1038/sj.jp.7210983
https://doi.org/10.1016/j.clp.2015.04.014
https://doi.org/10.1038/pr.2017.7
https://doi.org/10.1038/pr.2017.7
https://doi.org/10.1073/pnas.1912357117
https://doi.org/10.1073/pnas.1912357117
https://doi.org/10.1016/S0039-6109(16)42527-2
https://doi.org/10.1016/S0031-3955(16)33466-6
https://doi.org/10.1053/jpsu.2001.22964
https://doi.org/10.1038/s41390-020-1038-8
https://doi.org/10.1159/000075306
https://doi.org/10.1159/000075306
https://doi.org/10.1046/j.1365-2036.1997.153328000.x
https://doi.org/10.1111/jth.13147
https://doi.org/10.1001/archpedi.1987.04460060102046
https://doi.org/10.1001/archpedi.1987.04460060102046
https://doi.org/10.1067/mpd.2001.110132
https://doi.org/10.1160/TH14-12-1067
https://doi.org/10.1038/jp.2015.51
https://doi.org/10.1016/S0092-8674(02)00971-6
https://doi.org/10.1161/01.CIR.0000017140.26466.F5
https://doi.org/10.1161/01.CIR.0000017140.26466.F5
https://doi.org/10.2174/1381612043384682
https://doi.org/10.1182/blood.V74.1.14.14
https://doi.org/10.1152/ajpgi.00016.2012
https://doi.org/10.1152/ajpgi.00016.2012
https://doi.org/10.1038/pr.2016.18
https://doi.org/10.1038/pr.2016.18
https://doi.org/10.1084/jem.20200344
https://doi.org/10.1084/jem.20200344
https://doi.org/10.1038/s41390-021-01715-z
https://doi.org/10.1038/s41467-019-11199-5
https://doi.org/10.1038/s41467-019-11199-5
https://doi.org/10.1038/pr.2016.189
https://doi.org/10.1016/S0022-3476(05)81124-2
https://doi.org/10.1203/01.PDR.0000072326.23442.C3
https://doi.org/10.1182/blood.V67.1.207.207
https://doi.org/10.1182/blood.V67.1.207.207
https://doi.org/10.1038/s41598-018-31910-8
https://doi.org/10.1097/FPC.0b013e3283406323
https://doi.org/10.1182/blood-2018-11-887513
https://doi.org/10.1182/blood-2017-03-773614
https://doi.org/10.4049/jimmunol.1302318
https://doi.org/10.1182/blood-2007-01-069195
https://doi.org/10.1182/blood-2010-01-261206
https://doi.org/10.1161/01.CIR.103.8.1128
https://doi.org/10.3389/fped.2025.1560242
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	Platelet specific knockout of integrin beta-3 (β3) reduces severity of necrotizing enterocolitis in murine neonates
	Introduction
	Methods
	Animals
	Human intestinal tissue samples
	Immunofluorescence
	Flow cytometry
	ELISA and Multiplex assay
	qPCR
	Statistical analyses

	Results
	Platelet-monocyte aggregates in human NEC
	Platelet-monocyte aggregates in murine NEC-like injury
	Platelet-specific knockdown of integrin-β3 prevents platelet-monocyte aggregates in murine NEC-like injury
	Inhibition of platelet-monocyte aggregations reduces NEC-like intestinal injury in murine neonates
	Murine NEC-like injury-associated inflammatory response is reduced in platelet-specific integrin-β3 knockdown mouse pups

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


