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Abstract

A characteristic feature of gastrointestinal tract inflammatory disorders, such as inflammatory 

bowel disease, is polymorphonuclear neutrophil (PMN) transepithelial migration (TEM) and 

accumulation in the gut lumen. PMN accumulation within the intestinal mucosa contributes to 

tissue injury. While epithelial infiltration by large numbers of PMNs results in mucosal injury, we 

found that PMN interactions with luminal epithelial membrane receptors may also play a role in 

wound healing. Intercellular adhesion molecule-1 (ICAM-1) is a PMN ligand that is upregulated 

on apical surfaces of intestinal epithelial cells under inflammatory conditions. In our study, 

increased expression of ICAM-1 resulted in enhanced PMN binding to the apical epithelium, 

which was associated with reduced PMN apoptosis. Following TEM, PMN adhesion to ICAM-1 

resulted in activation of Akt and β-catenin signaling, increased epithelial-cell proliferation, and 

wound healing. Such responses were ICAM-1 dependent as engagement of epithelial ICAM-1 by 

antibody-mediated cross-linking yielded similar results. Furthermore, using an in-vivo biopsy-

based, colonic-mucosal-injury model, we demonstrated epithelial ICAM-1 plays an important role 

in activation of epithelial Akt and β-catenin signaling and wound healing. These findings suggest 

that post-migrated PMNs within the intestinal lumen can regulate epithelial homeostasis, thereby 

identifying ICAM-1 as a potential therapeutic target for promoting mucosal wound healing.
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INTRODUCTION

Repeated injury of mucosal surfaces, particularly in the gastrointestinal tract, necessitate 

constant epithelial repair. Following injury, rapid resealing of the epithelial barrier is 

essential to prevent luminal bacteria and antigens from accessing the surrounding tissue and 

triggering inappropriate activation of innate and adaptive immune system components. 

Epithelial wound repair is accomplished by increased cell migration and proliferation.1, 2 

Both are complex processes that are regulated by many signaling molecules, including 

various growth factors and cytokines,3, 4 that can act at basal and apical intestinal epithelial 

cell (IEC) membranes. In particular, β-catenin signaling has emerged as a key regulator of 

IEC proliferation and survival.3,5

Gastrointestinal disorders, such as inflammatory bowel diseases (IBD), feature PMN 

infiltration of intestinal mucosa and repeated epithelial injury.6, 7 PMN migration across 

epithelial monolayers is often associated with barrier defects,8, 9 epithelial injury, and crypt 

abscesses formation.10, 11 However, as evident from recent work, PMNs may also play 

important temporal roles in resolution of inflammation and healing processes. For example, 

PMNs secrete lipid mediators, including lipoxins, resolvins, and protectins, that facilitate 

tissue healing.12, 13 Furthermore, PMN migration across lung epithelial cells triggers 

transcriptional activation of β-catenin and its target genes,14, 15 suggesting that PMNs, 

through interactions with IECs, can contribute to the regulation of epithelial cell 

proliferation.

Inflammatory cues in the intestine also lead to increases in the expression of adhesive 

receptors at the apical epithelial membrane. Specifically, the apically expressed epithelial 

proteins CD44v6 and CD55 have both been shown to regulate PMN TEM.16, 17 Another 

such epithelial adhesive ligand for migrating PMNs is ICAM-1. Its expression was found to 

facilitate PMN adhesion and retention at the apical epithelial membrane in inflamed 

intestines.18 Furthermore, ligation of ICAM-1 by migrating PMNs has been shown to signal 

cytoskeletal reorganization in both endothelial and epithelial cells, leading to alterations in 

barrier function.18–20 In inflamed vascular endothelial cells, specific cross-linking of 

ICAM-1 has been shown to induce activation of Akt signaling.21 In IECs, Akt acts upstream 

of β-catenin to induce signaling events that play key roles in regulating epithelial cell 

proliferation.5, 22, 23

In this study, we hypothesized that, following injury, PMNs that are recruited to sites of 

injury or inflammation and remain in contact with the apical epithelial membrane through 

binding to ICAM-1 can initiate reparative responses that are dependent on ICAM-1 

signaling. Indeed, we demonstrated that PMN binding to or direct antibody (Ab)-mediated 

ligation of ICAM-1 triggered activation of Akt and β-catenin signaling and promoted 

intestinal epithelial repair.
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RESULTS

ICAM-1-dependent PMN adhesion to the apical IEC membrane results in delayed PMN 
apoptosis

Upregulation of ICAM-1 in IBD can lead to increased PMN adhesion and retention at the 

apical epithelial membrane. We recently showed, in an in-vitro assay modeling PMN TEM 

(a transwell set-up17), that interferon gamma (IFNγ)-induced upregulation of epithelial 

ICAM-1 significantly increased the number of apically associated PMNs following TEM.18 

Here, we extend these observations to show that time-dependent increases in epithelial 

ICAM-1 expression following IFNγ treatment (100U/ml, Figure 1a and b) coincide with 

time-dependent increases in PMN adhesion (Figure 1c). This suggests that increased levels 

of ICAM-1 may indeed contribute to PMN accumulation in luminal spaces, as observed in 

IBD. Moreover, IFNγ-induced increases in PMN adhesion were specific to ICAM-1, as 

addition of ICAM-1 inhibitory Abs suppressed this PMN response (Figure 1c), but addition 

of immunoglobulin G (IgG) Abs as a control had no effect.

PMNs are typically considered to be short-lived cells; however, recent evidence suggests that 

PMN activation can delay PMN apoptosis.24, 25 Inflammation of the intestinal mucosa 

features increasing numbers of PMNs in luminal spaces where they continue to interact with 

apical epithelial membranes. We thus hypothesized that PMN accumulation in inflamed 

mucosa could be partly due to delayed PMN apoptosis resulting from PMN activation during 

TEM and adhesion of post-migrated PMNs to luminal surfaces. Consistent with previous 

work, we found that PMN activation with N-formyl-methionyl-leucyl-phenylalanine (fMLF) 

(100nM), or PMN chemotaxis towards a gradient of fMLF, significantly decreased the 

number of apoptotic cells after 10 h in culture, as compared to unstimulated PMNs in 

suspension (27.8±3.2% and 26.8±2.2% versus 42.7±3.4%, respectively, Figure 1d). A 

greater reduction in the number of apoptotic PMNs was observed following TEM 

(15.7±2.4%), consistent with increased PMN activation as evidenced by increased 

expression of CD11b (Supplementary Figure S1a). Post-migrated PMN adhesion to 

epithelium further decreased the number of apoptotic PMNs (9.2±1.4%, Figure 1d, and 

representative flow diagrams of annexin V- and propidium iodide-stained PMNs, Figure 1e). 

Interestingly, we found no significant difference in post-migrated PMN activation, assessed 

by expression of CD11b (Supplementary Figure S1a), between PMNs adhered to epithelium 

and those not adhered to epithelium, suggesting that continued PMN contact with epithelial 

monolayers may provide additional anti-apoptotic cues independent of cell activation. These 

findings imply that delayed apoptosis may contribute to PMN accumulation in inflamed 

mucosa. These observations further suggest that continued interactions of post-migrated 

PMNs with apical epithelial ligands might have profound, long-term effects on epithelial 

homeostasis

PMN engagement of ICAM-1 triggers activation of Akt and β-catenin signaling

A prior study suggested that PMN migration across lung epithelial cells induces activation of 

β-catenin.14 Furthermore, in vascular endothelial cells, Ab-mediated cross-linking of 

ICAM-1 resulted in activation by increased phosphorylation of Akt.21 Since, in IECs, Akt-

dependent activation of β-catenin signaling contributes to the regulation of IEC 
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proliferation,5, 23 we investigated whether the binding of post-migrated PMNs to apically 

expressed ICAM-1 could trigger epithelial activation of Akt and β-catenin signaling. To this 

effect, PMNs were stimulated to migrate across epithelial monolayers. Transmigrated cells 

were collected and reapplied to the apical surface of new epithelial monolayers (2.5×105 

PMNs/monolayer) for 1 h with and without IFNγ pretreatment. IFNγ pretreatment was used 

to simulate inflammation and induce expression of ICAM-1. Consistent with results from 

previous studies,23 IFNγ treatment enhanced phosphorylation of both Akt and β-catenin 

(Figure 2a). However, addition of post-migrated PMNs to IFNγ-stimulated IECs induced a 

further increase in Akt and β-catenin phosphorylation (Figure 2a). This increase was PMN-

IEC contact dependent and was suppressed with inhibition of PMN adhesion using an 

inhibitory Ab to CD11b (CBRM1/29, 20μg/ml). Confirming ICAM-1’s role in the observed 

PMN-mediated effects, Ab-mediated cross-linking of ICAM-1 on the apical surface of 

IFNγ-stimulated IECs induced a robust increase in Akt and β-catenin phosphorylation, 

consistent with that observed in PMN adhesion; but use of a control protein (MHC-1) 

resulted in no such increase (Figure 2b). Consistent with previous findings, 23 IFNγ 
treatment induced upregulation of the total level of Akt without affecting the expression of 

β-catenin. Application of post-migrated PMNs or anti-ICAM-1 cross-linking Abs to non-

stimulated monolayers, without ICAM-1 expression, had no significant effect on Akt and β-

catenin signaling. To further test the effects of ICAM-1-dependent signaling on Akt and β-

catenin activation in the absence of potential effects of cytokine treatment, CHO-K1 cells, 

which lack endogenous expression of ICAM-1 but can activate Akt and β-catenin signaling, 

were transfected to stably express ICAM-1. Intriguingly, overexpression of ICAM-1 in 

CHO-K1 cells was sufficient to induce increases in Akt and β-catenin phosphorylation 

(Supplementary Figure S2). Consistent with findings in IECs, these increases were further 

potentiated following ICAM-1 cross-linking.

Next, we used the TOPFlash reporter assay to examine β-catenin transcriptional activation 

following ICAM-1 ligation. We demonstrated that both PMN adhesion and Ab-mediated 

engagement of ICAM-1 triggered significant increases in β-catenin transcriptional activity 

(Figure 2c, d). These increases required pre-stimulation of the epithelium with IFNγ, 

consistent with IFNγ-mediated induction of ICAM-1 expression. In both cases, activation of 

TCF/LEF reporter TOPFlash was observed; but no such activation was observed in a control 

with mutated TCF/LEF-binding sites. PMN-adhesion-induced β-catenin transactivation was 

contact dependent and was suppressed in the presence of anti-CD11b inhibitory Abs. 

Finally, inhibition of Akt activity (Akt inhibitor VIII, 10μM, 30 min) prior to addition of 

either PMNs or anti-ICAM-1 cross-linking Abs prevented TOPFlash activation. This finding 

was consistent with Akt activation being upstream of β-catenin and playing a key role in β-

catenin activation.

PMN engagement of ICAM-1 promotes IEC proliferation

Since Akt and β-catenin play an important role in the regulation of IEC proliferation,5 we 

next examined whether ICAM-1-dependent activation of Akt and β-catenin signaling 

subsequently resulted in enhanced IEC proliferation. Using similar approaches as described 

above, post-migrated PMNs or anti-ICAM-1 cross-linking Abs were applied to IECs, with 

and without IFNγ pretreatment, and IEC proliferation was assessed using 5-ethyl-2′-
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deoxyuridine (EdU) incorporation. While IFNγ treatment alone had no significant effect on 

cell proliferation, PMN adhesion and direct Ab-engagement of ICAM-1 significantly 

increased IEC proliferation (Figure 3a, b, and d). These increases in IEC proliferation were 

consistent with the observed Akt and β-catenin activation and required IFNγ stimulation. 

Furthermore, confirming Akt’s role in the observed responses, addition of Akt inhibitor (Akt 

Inhibitor VIII, 10μM, 30 min) prior to application of PMNs or ICAM-1-cross-linking 

protocols suppressed an increase in IEC proliferation (Figure 3c).

ICAM-1-dependent increases in cell proliferation promote IEC wound healing in-vitro

Increased cell proliferation is a major component of epithelial wound healing.26, 27 Given 

our observations that ICAM-1-dependent activation of β-catenin resulted in increased IEC 

proliferation, we next hypothesized that ligation of ICAM-1 and initiation of ICAM-1-

dependent signaling would promote IEC wound healing. To test this hypothesis, we first 

examined the effect of ICAM-1 cross-linking on cellular proliferation at the wound edge. As 

expected, application of anti-ICAM-1 cross-linking Abs to IFNγ-treated IEC monolayers 

induced clustering of ICAM-1, resulting in a significant increase in the number of 

proliferating cells at the wound edge; but application of MHC-1 had no such effect (Figure 

4a, b).

While inducing expression of ICAM-1, IFNγ treatment of T84 IECs also inhibits wound 

closure.28 Thus, we investigated whether Ab-mediated cross-linking of ICAM-1 and 

induction of ICAM-1-dependent signaling would suppress IFNγ-mediated inhibition of 

wound healing. In these experiments, anti-ICAM-1 cross-linking Abs were introduced to 

scratch-wounded IEC monolayers 24 h following IFNγ treatment; and the effects of 

ICAM-1 cross-linking on IEC wound closure were quantified. As expected, IFNγ treatment 

markedly delayed wound closure 48 h post-injury (Figure 4c, d). However, addition of anti-

ICAM-1 cross-linking Abs reversed the IFNγ-dependent inhibitory phenotype. To confirm 

the role of ICAM-1 signaling in IEC wound healing independently of IFNγ-mediated 

effects, similar experiments were performed with Caco-2 IECs that constitutively express 

ICAM-1. 29 We observed that scratch wounding had no effect on expression of ICAM-A 

(Fig S4a). However, consistent with observations in T84 IECs, introduction of anti-ICAM-1 

crosslinking Abs to scratch-wounded Caco-2 monolayers immediately after wounding 

significantly enhanced wound closure both at 24 and 48 h (Fig S4b). To further confirm 

specificity of these effects to ICAM-1, crosslinking of CD55, which localizes to apical 

epithelial membranes and mediates PMN adhesive interactions, 16, 18 had no significant 

effect of IEC wound closure (Fig S4b). We next examined whether binding of post-migrated 

PMNs to ICAM-1 at the wound edge would similarly promote wound healing. In these 

experiments, post-migrated PMNs were added to scratch-wounded IECs 24 h following 

IFNγ treatment; and closure of the wounds in the presence of PMNs was quantified. 

Consistent with the results of Ab-mediated cross-linking of ICAM-1, PMN binding to IEC 

monolayers suppressed IFNγ-mediated inhibition on wound closure (Figure 5a). Inhibition 

of CD11b-dependent PMN adhesion to IECs using inhibitory Abs prevented the rescue 

effect. Furthermore, application of anti-ICAM-1 cross-linking Abs or addition of post-

migrated PMNs to unstimulated T84 IEC monolayers without ICAM-1 expression had no 

significant effect on IEC wound healing (Supplementary Figure S1b). Finally, the effect of 
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post-migrated PMN binding to ICAM-1 on IEC wound healing was confirmed in Caco-2 

cells. PMN binding to ICAM-1 on Caco-2 significantly enhanced wound closure 

independently of IFNγ (Fig S4c). Inhibition of CD11b significantly decreased PMN 

adhesion (not shown) to IECs and prevented the increase in IEC wound closure. Addition of 

CD11a, another PMN adhesion receptor that is known to bind ICAM-1 30 had only minor, 

non-significant effects on IEC wound closure (Fig S4c). These findings may be explained by 

the much higher ratio of expressed CD11b to CD11a molecules on the activated PMN 

surface, which is greater than 5 to 1. 31 Consistent with this finding, both PMN adhesion to 

and migration across IECs has been previously shown to be a CD11a independent, CD11b 

dependent process. 32 Together, these experiments suggest that CD11b and ICAM-1 binding 

interactions play a predominant role in mediating the observed effects of ICAM-1 ligation 

on wound closure.

To confirm that ICAM-1-dependent rescue of IEC wound healing was due to enhanced IEC 

proliferation, scratch-wounded IECs were pretreated with L-mimosine prior to Ab cross-

linking or post-migrated PMN ligation of ICAM-1. L-mimosine inhibits cell proliferation by 

arresting cells in late G1 phase.2, 33 As expected, L-mimosine treatment significantly 

decreased cell proliferation, resulting in delayed wound closure (Figure 5b). Importantly, 

following L-mimosine treatment, neither application of anti-ICAM-1 cross-linking Abs nor 

binding of post-migrated PMNs was able to suppress the IFNγ-induced inhibition of wound 

healing.

ICAM-1 expression and function regulate healing of mucosal wounds in-vivo

We next examined the role of ICAM-1 in epithelial wound healing in-vivo, using a colonic-

mucosal, biopsy-based-wound model.11, 34, 35 In this setup, superficial mucosal wounds 

were introduced to colons of wild type (WT) and ICAM-1-deficient (ICAM-1ko) mice. 

Immunofluorescence and western blot analyses of extracted mucosal wounds revealed 

increased expression of ICAM-1 by IECs (Supplementary Figure S3a,b). Mucosal wound 

healing was then monitored 2 and 4 days post-wounding by endoscopic imaging. A 

significant, nearly threefold, delay in wound closure was observed in ICAM-1ko mice as 

compared to WT mice (Figure 6a,b). A delay in re-epithelialization of colonic mucosa was 

also evident in immunofluorescence labeling of frozen tissue sections from colonic mucosal 

wounds (day 4 after wounding, Figure 6c). Given evidence of ICAM-1-dependent, Akt/β-

catenin-driven increases in wound closure in cultured IECs (Figure 3), we next examined 

whether delayed wound closure in ICAM-1ko mice was due to decreased activation of Akt 

and β-catenin signaling, resulting in decreased epithelial cell proliferation. Cell proliferation 

was assessed by EdU incorporation assay and revealed a significant decrease in the number 

of proliferating cells in colonic crypts adjacent to wound edges (500μm) in ICAM-1ko 

compared to WT mice (26.2±2.1 versus 37.6±1.6 cells/villus, Figure 6c, d). Consistent with 

observations in human IECs, Western blot analysis of WT mice solubilized colonic mucosa 

revealed a robust increase in phosphorylation of both Akt and β-catenin in healing wounds, 

as compared to non-wounded tissue (Figure 6e). Protein phosphorylation levels peaked at 

day 2 post-wounding and subsided by day 4 when the healing process was nearly complete.
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Unlike in WT mice, no increases in the levels of phosphorylated Akt and β-catenin were 

observed in mucosal wounds from ICAM-1ko mice (Figure 6e), implicating ICAM-1 in Akt 

and β-catenin activation and further demonstrating that epithelial cell proliferation is 

dependent on β-catenin signaling in vivo. Further immunofluorescence analysis revealed 

infiltration of the wounded colonic mucosa by CD11b+ leukocytes in both WT and 

ICAM-1ko mice (Figure 6c). These observations confirm that the immune cells were present 

in ICAM-1ko mice to ligate ICAM-1 and suggest that the absence of activation of Akt and 

β-catenin signaling and the observed delay in wound closure were due to lack of ICAM-1 on 

enterocytes in these mice. A representative piece of a distal colon that was extracted at day 2 

post-injury and that was used for collection of wounded and non-wounded mucosal tissue is 

shown in Figure 6f.

Finally, to substantiate our findings and confirm the specific role of epithelial ICAM-1 in 

promoting mucosal healing, we assessed the effect of Ab-mediated cross-linking of ICAM-1 

in vivo, in biopsy-generated mucosal wounds. In these experiments, immune complexes 

were generated by incubating anti-ICAM-1 Ab or control IgG with anti-Fc polyclonal Abs at 

a molecular ratio of 1:2 respectively (Supplementary Figure S3c). These complexes were 

injected into mucosal wounds 24 h post-wounding using endoscopic procedure (Figure 7a). 

The effects of ICAM-1 and control IgG ligation by immune complexes on mucosal wound 

closure and epithelial cell proliferation were examined at day 4 post-wounding. As shown in 

Figure 7b, injection of anti-ICAM-1 cross-linking, but not control IgG, complexes resulted 

in significantly enhanced wound closure, confirming ICAM-1-dependent signaling plays a 

role in mucosal healing. Furthermore, immunofluorescence staining of harvested mucosal 

wounds revealed increased re-epithelialization of colonic mucosa and enhanced proliferation 

of wound edge epithelial cells following injection of anti-ICAM-1, but not control IgG, 

complexes (Figure 7c, d).

DISCUSSION

PMNs can act as a “double-edged sword” both by inflicting tissue damage and by providing 

protection against pathogens and promoting resolution of inflammation.36 In mucosal tissues 

and particularly the gastrointestinal tract, which is continually exposed to various bacterial 

pathogens, rapid mobilization of PMNs towards sites of infection is critical for efficient 

induction of successful adaptive immune responses and pathogen clearance.37 However, 

aberrant PMN infiltration and accumulation in mucosal tissues is often associated with 

barrier defects and injury.6, 10, 38 Our current findings add a contextual- and time-dependent 

dimension to PMN TEM, suggesting that, while infiltration of the epithelium by great 

numbers of PMNs as seen in active IBD may indeed be damaging to the surrounding tissue, 

PMNs in the intestinal lumen that are retained at the apical membrane may positively 

influence epithelial function and initiate epithelial repair.

Tissue damage associated with PMN migration across epithelial monolayers is typically 

attributed to PMN-granule-derived soluble mediators including elastase, cathepsins, and 

matrix metalloproteinases (MMPs).10, 39–41 These proteinases are well known for their 

ability to post-translationally modify soluble, membrane-bound and extracellular matrix 

proteins to promote their rapid delivery or inactivation. In addition to granule-contained 
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proteinases, PMN migration across epithelial layers can also shed membrane bound protein 

ectodomains that can bind to epithelial ligands and affect epithelial function. For example, 

binding of junctional adhesion molecule-like protein (JAML), released from PMN during 

TEM, to coxsackie and adenovirus receptor at cell junctions was found to inhibit epithelial 

cell proliferation and wound healing.11 Both degranulation and shedding of surface proteins 

are dependent on PMN activation and can be induced by stimulation with various 

cytokines.11, 42 PMN activation and degranulation are significantly potentiated during 

migration across epithelial monolayers.11, 43 As a result, PMNs that reach luminal spaces are 

significantly depleted of some of these harmful mediators. Specifically, when expression of 

JAML was examined on PMNs before and after TEM, a complete loss of JAML surface 

expression was observed on the PMNs that had completed TEM.11 Thus, while PMNs 

migrating across epithelium can cause epithelial injury via secretion of soluble mediators, 

PMNs that reach luminal spaces may serve other purposes, namely, transduction of 

intracellular signaling via engagement of luminal epithelial surface receptors. Indeed, in 

contrast to a recent study that reported PMNs in migration inhibit epithelial wound closure 

via the release of soluble JAML,11 we demonstrated that adhesion of PMNs that have 

completed migration across IECs and are depleted of JAML and other harmful mediators 

triggered beneficial effects on epithelial cell proliferation and wound healing.

Activation has been also shown to delay PMN apoptosis.25, 44, 45 While PMNs are short 

lived in the circulation, their life span is significantly increased as they enter inflamed 

tissues.46, 47 Consistent with this, we demonstrated that fMLF-activation of PMNs 

significantly delayed their apoptosis. Inhibition of apoptosis was further enhanced following 

TEM, consistent with increased PMN activation. Importantly, PMNs that remained bound to 

the apical epithelial surface after completing TEM were further protected from apoptosis. 

No further activation, assessed by changes in the expression of CD11b, was associated with 

PMN adhesion to epithelium following TEM, suggesting that PMN interactions with 

epithelial membrane receptors could provide additional anti-apoptotic cues. These findings 

provide evidence that, under conditions of intestinal inflammation, PMNs migrating into 

luminal spaces may remain bound to the epithelium for extended periods of time. These 

findings are particularly important in IBD, where PMN accumulation in luminal mucosal 

spaces can potentially contribute to wound healing and epithelial barrier restitution.

We further report that, once in the lumen, PMNs can bind to ICAM-1, which is abundantly 

expressed on the apical membrane of inflamed epithelial cells.29, 48 This triggers activation 

of Akt and β-catenin signaling and results in enhanced epithelial cell proliferation.

While soluble factors, such as epidermal growth factor and phosphoinosotide 3-kinase, were 

previously found to trigger Akt-dependent β-catenin transactivation,22, 49 we identified a 

membrane-bound, PMN-adhesion ligand, ICAM-1, that can perform a similar function. 

Whether ICAM-1 can directly activate Akt or requires recruitment of adapter proteins is not 

clear; however, evidence from earlier work supports both of these mechanisms. For example, 

a known adapter protein, Ezrin, that is recruited downstream of ICAM-1, regulates ICAM-1-

dependent signaling and has also been shown to activate Akt.50 Alternatively, another 

epithelial adhesion receptor, N-cadherin, has also been shown to directly regulate β-catenin 

signaling.51
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Intriguingly, elevated levels of cytokines, including IFNγ, that drive the inflammatory 

responses in mucosal tissues have been shown to suppress cell proliferation23 and negatively 

affect epithelial wound healing.28 IFNγ treatment also induces expression of epithelial 

ICAM-118 and alters epithelial barrier function,18, 52, 53 thus facilitating both increased 

PMN recruitment and enhanced PMN retention at the apical membrane. Our findings 

suggest that, under conditions of inflammation, PMN binding to ICAM-1 may counter the 

negative effects of IFNγ and promote cell proliferation and wound healing. This was clearly 

demonstrated in experiments where specific Ab/PMN-mediated engagement of ICAM-1 was 

able to suppress the IFNγ-dependent inhibition of wound healing.

Finally, we demonstrated that ICAM-1 plays an important role in mucosal wound healing in-

vivo. Our results showed that, in the absence of functional ICAM-1 in colonic mucosal 

wounds, intestinal epithelial Akt and β-catenin signaling was impaired. Consistent with the 

role of β-catenin in IEC cell proliferation, decreased numbers of proliferating crypt 

epithelial cells at wound edges were observed. ICAM-1 in endothelial cells has been 

previously shown to have low constitutive signaling activity; however, ICAM-1 signaling 

was greatly amplified upon dimerization and clustering.19, 54 Since PMN adhesion leads to 

significant clustering of ICAM-1,54, 55 it is not surprising that adherent PMNs could also 

amplify ICAM-1-dependent signaling events. Moreover, PMNs bound to apical epithelial 

membranes following TEM have been previously shown to exhibit ICAM-1 dependent 

locomotion,18 which likely facilitates further clustering and downstream signaling from 

epithelial ICAM-1.

The role for ICAM-1 in leukocyte migration across vascular endothelium is well established; 

and, in the absence of functional ICAM-1, leukocyte transendothelial migration is 

significantly delayed.54, 56 Decreased leukocyte recruitment from the blood vessels into 

wounded tissues in ICAM-1ko animals may have contributed to delayed mucosal healing. 

However, even in the absence of ICAM-1, CD11b positive cells were able to infiltrate 

wound beds following biopsy-based mucosal injury. Furthermore, Ab-mediated ICAM-1 

engagement by injection directly into mucosal wounds in vivo also resulted in enhanced 

wound healing. Collectively, these findings suggest epithelial ICAM-1 signaling plays a role 

in regulating wound healing in the intestinal lumen.

In summary, the findings in this study challenge the prevailing view that PMNs are 

exclusively pathologic in intestinal inflammation by demonstrating that the binding of post-

migrated PMNs to epithelial-expressed ICAM-1 has beneficial effects on mucosal 

homeostasis and wound healing. ICAM-1 engagement and clustering by luminally adherent 

PMNs and subsequent activation of Akt and β-catenin signaling are illustrated in Figure 8. 

Our findings suggest that suppression of PMN recruitment to tissues as an exclusive anti-

inflammatory treatment may not be the optimal approach because it may lead to aberrant 

epithelial function. Our data further suggest that the timing and context of PMN recruitment 

or suppression should be considered when designing anti-inflammatory therapies. Finally, 

our findings support using epithelial ICAM-1 as a potential target for therapeutic approaches 

directed at improved mucosal healing.
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MATERIALS AND METHODS

Animals

Male wild type (WT) (C57BL6J; Jackson Laboratories) and ICAM-1 knockout (ICAM-1ko) 

mice (B6.129S4-Icam1tm1Jcgr/J; Jackson Laboratories) between 12–15 weeks old were 

maintained under specific pathogen-free conditions at the Emory University Division of 

Animal Resources facility.

Cells

Human T84 IECs were grown in Dulbecco’s modified Eagle’s medium (DMEM) -F12 50:50 

(Sigma) with supplements as previously described.57 CHO-K1 and SW480 cells (used for 

transfection and TopFlash assays) were passaged in DMEM containing high glucose and 

supplemented with 10% FBS, 100 units/ml penicillin, 100 μg/ml streptomycin, 10 mM 

Hepes (pH 7.4), 2 mM L-glutamine, and 1% non-essential amino acids. PMNs were isolated 

from human blood that was drawn from healthy volunteers and handled according to 

protocols for the protection of human subjects, as approved by the Emory University 

Hospital Institutional Review Board. PMNs were isolated by density gradient 

centrifugation57, 58 and were used in experiments within 2 h of isolation.

Antibodies and Reagents

Function blocking anti-human ICAM-1 (15.2) from Serotec (Raleigh, NC), anti-mouse 

ICAM-1mAb (YN1/1.7.4), anti-Ly-6G conjugated to Alexa 488 and anti-mouse MHC 

Class-I (W6/32) from eBioscience (San Diego, CA), anti-CD11b/CD18 mAb (CBRM1/29) 

purified in-house as previously described,59 Rabbit anti-Akt and anti-β-catenin phospho 

forms from Cell Signaling (Danvers, MA), anti-Mouse-Alexa488 (Carlsbad, CA), anti-

human MHC Class-I (1.B.548) and Rabbit anti-Ki67 from Abcam (Cambridge, MA), 

Isotype control IgG1 from BD Biosciences (San Jose, CA), HRP-conjugated anti-mouse and 

anti-rabbit IgGs from Jackson Immunoresearch (West Grove, PA). Click-iT® EdU Alexa 

Fluor® 488 Imaging Kit Molecular Probes (Eugene, Oregon), Akt inhibitor VIII (Billerica, 

Massachusetts, EMD Millipore), ABTS (2,2′-azinobis-3-ethylbenzothiazoline-6-sulfonic 

acid), L-mimosine, HBSS with Ca2+ and Mg2+ (HBSS+) and HBSS without Ca2+ and Mg2+ 

(HBSS-), DMEM including media supplements as well as chemotactic peptide fMLF, mouse 

IFNγ and TNFα from Sigma (St Louis, MO).

ICAM-1 crosslinking

Ab-crosslinking protocols were performed as previously described (ref). Briefly, primary 

anti-ICAM-1, MHC Class-1 and CD55 (20μg/ml, 1h) followed by secondary crosslinking 

Abs (20μg/ml, 60min) were added apically to control/IFNγ pre-exposed or scratch-wounded 

epithelial monolayers. In the case of PMN-induced crosslinking, 2.5×105 PMN/well (in H+, 

1h, 37°C) were added at a ratio of ~one PMN to one IEC. Where specified, IECs were 

preincubated with Akt inhibitor (10μM) for 30 min at 37°C. Unless otherwise specified, 

ICAM-1 expression was induced by treatment of the IECs with IFNγ (100U/ml, 24 hours)
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Western blot

Cell monolayers were lysed in RIPA lysis buffer (150mM NaCl, 1% NP-40, 0.5% 

deoxycholic acid, 0.1% SDS, 50mM Tris pH 8.0) containing protease and phosphatase 

inhibitors (Sigma), sonicated, and cleared by centrifugation. Equal amounts of protein, 

determined using a BCA protein assay, were boiled in SDS sample buffer, separated by 

SDS-PAGE, and transferred onto nitrocellulose membranes. Membranes were blocked for 1 

h with 5% wt/vol Roche blocking reagent in Tris-buffered saline and incubated with 

appropriate primary Abs overnight at 4°C, followed by secondary HRP-conjugated Abs. In 

the case of PMN adhesion to IECs, monolayers were washed 3 times with HBSS+ to remove 

PMNs prior to protein extraction. By this method approximately 80% of adherent PMNs 

were removed (remaining adherent PMNs were counted in 10 randomly selected fields in 3 

independent experiments, with three technical replicates for each experiment, using light 

microscopy). Murine colonic mucosal wounded and non-wounded tissues were collected 

using disposable biopsy punches of 2mm-radius and subjected to protocols similar to those 

described above for cell monolayers.

Flow cytometry

Adherent epithelial cells were collected (using Trypsin-EDTA, Sigma), washed, and stained 

for ICAM-1 (15.2 FITC, 5 μg/ml). PMNs before and after TEM were stained for Mac-1 

(ICRF44, 20 μl/test). For PMN apoptosis assays, PMNs were either left in suspension 

(RPMI containing 5% BSA, 37°C), with or without fMLF activation, or were induced to 

migrate across collagen-coated filters or intestinal epithelial T84 cells, with or without 

subsequent adhesion to IFNγ-treated (100U/ml, 24h) IECs in the presence of fMLF 

(100nM) For both collagen coated transfilters and IEC migration experiments, postmigrated 

PMNs were collected following 3 hours migration, a time in which ~90% of applied PMNs 

were observed to have completed migration (Fig S1b). After 10 h incubation, PMNs were 

stained with Anexin-V and propidium iodide. PMNs were distinguished from epithelial cells 

by CD18/CD11b staining. All cell samples were analyzed using FACS Calibur and FlowJo 

software.

Immunofluorescence labeling

Cultured cell monolayers were ethanol fixed, blocked with 5% BSA in PBS, and incubated 

with the relevant primary Ab (10μg/ml, over night at 4°C), either directly conjugated or 

followed by an appropriate fluorescently labeled secondary Ab (1 h at RT). For mouse 

tissue, punch biopsies of mucosal wounds and the corresponding non-wounded regions were 

frozen in OCT, cryo-sectioned (7μm width), and fixed and stained as described for cell 

monolayers. All images were captured using an LSM 510 confocal microscope (Carl Zeiss 

Microimaging, Thornwood, NY) with pan-Neofluar 20x oil objective.

PMN adhesion assay

PMNs (2.5×105 cells/well in H+, 1h, 37°C) were incubated with confluent T84 IEC 

monolayers that were pre-treated with IFNγ (100U/ml) at various times as specified. After 

three consecutive washes, adherent PMNs were quantified in 10 randomly selected fields of 

view three separate times for each experimental condition.18
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PMN migration assay

PMN migration (1×106 cells/well in HBSS+, 1h, 37°C) across collagen-coated filters or 

epithelial monolayers in the physiologically relevant, basolateral-to-apical direction was 

induced with the introduction of fMLF gradient (100nM) in low adhesion plates (Corning). 

Post-migrated PMNs were collected and immediately used in indicated experiments.

TOP/FOP-Flash transfection and luciferase assay

To assess the transcriptional activity of β-catenin following PMN or Ab-mediated ligation of 

ICAM-1, SW480 colonic epithelial cells were seeded in 48 well tissue culture plates (60,000 

cells/well) and transiently transfected with a β-catenin reporter containing 3 TCF/LEF 

binding sites upstream of the luciferase reporter (TOP-Flash plasmid) or a negative control, 

FOP-Flash, which contains 3 TCF/LEF mutated binding sites upstream of the luciferase 

reporter (Upstate Biotechnology, Inc., Lake Placid, NY). TOP/FOP plasmids were co-

transfected with CMV-Renilla at a ratio 1:1000. Transfections were carried out using 

Lipofectamine 2000 (Invitrogen Life Technologies). 6 h after transfection, cell media was 

replaced with fresh DMEM supplemented with 10% serum. Seventy-two hours following 

transfection, PMN or ICAM-1 cross-linking protocols were applied for an additional 2 h; 

and Luciferase and Renilla activity were measured in cell lysates using the Dual Luciferase 

Reporter Assay System (Promega) in the GloMax® 96 Luminometer. Luciferase values 

were normalized to Renilla luciferase activity, and all experiments were performed three 

times.

Cell proliferation

Proliferation of cultured IECs following PMN- or Ab-ligation of ICAM-1 in epithelial cells 

in colonic crypts following mucosal injury was assessed by EdU incorporation using a 

Click-iT EdU Alexa 488 cell proliferation kit (Invitrogen). For in-vitro analysis, IECs were 

incubated with either post-migrated PMNs or anti-ICAM-1 cross-linking Abs (2 h, 37°C) 

before addition of EdU. At least 5 random fields per each condition were analyzed in 3 

independent experiments, with three technical replicates for each experiment; the data are 

presented as percent of total cells proliferating in the field. For in-vivo analysis, at days 2 

and 4 post-injury, EdU (100μg/mouse) was administered via IP injection to WT and 

ICAM-1ko mice. Two hours later, mice were sacrificed, colons extracted, and punch 

biopsies of wounded and non-wounded regions processed for immunofluorescence analysis. 

Data are presented as number of proliferating cells per crypt within 100μm from wounds.

Wound-healing assay

For in-vitro experiments, standard scratch-wound assays were employed.11 T84 IECs were 

grown to confluence in 24 well-tissue culture plates. Linear, mechanical scratch wounds 

were introduced to each well using a 20-μl plastic pipette tip attached to low suction. 

Monolayers were washed with PBS to remove cellular debris and placed in complete media 

with the addition of an appropriate treatment. For biochemical experiments, multiple 

wounds were generated to enrich for migrating and proliferating cells. The rate of cell 

migration into scratch wounds was measured by determining the surface area devoid of 

epithelial cells immediately after wounding (t=0) and at subsequent intervals as indicated. 
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For in-vivo experiments, a colonoscopic-biopsy-wound model was used as previously 

described.11, 34 A high-resolution colonoscope (Coloview Veterinary Endoscope, Karl 

Stortz) was used to biopsy-injure the colon (3 sites along the dorsal aspect) and monitor 

wound closure (up to 4 days) in anesthetized (ketamine 100mg/kg and xylazine 5mg/kg) 

mice. At indicated intervals, mucosal wounds were harvested and prepared for 

immunofluorescence and Western blot analysis. For immune-complex injections, the 

complexes were prepared by incubating primary anti-ICAM-1 (YN1/1.7.4) or control rat 

IgG2a Abs with anti-Fc Abs at 1:2 ratio overnight. The complexes were injected directly 

into the wound area using a colonoscopy-based microinjection technique.34

Statistics

Statistical significance was assessed by Student’s t-test or by one-way ANOVA with a 

Newman-Keuls Multiple Comparison Test using Graphpad Prism (V4.0). Statistical 

significance was set at P<0.05. Unless otherwise specified all numerical data represent mean 

values from 3–5 independently performed experiments (N=3–5 independent experiments). 

For experiments with technical replicates, the mean value of all replicates for each condition 

was first calculated, and these values were then averaged across independent experiments. 

All data presented as means of values ± standard error mean.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ICAM-1-dependent increases in PMN adhesion to the apical IEC membrane renders 
PMNs less susceptible to apoptosis
(a) Western blot analyses reveal time-dependent upregulation of ICAM-1 in confluent T84 

IECs following treatment with IFNγ (100U/ml). Equal protein loading was confirmed using 

house keeping gene Glyceraladehyde-3- phosphate dehydrogenase (GAPDH) (b) Induction 

of ICAM-1 expression was confirmed by immunofluorescence staining. The scale bar 

represents 20μm. For a and b the images are representative of 5 independent experiments. 

(c) PMNs following TEM were collected and introduced to the apical membranes of T84 

IECs (2.5×105 cells/well in H+, 1h, 37°C) that were pretreated with IFNγ, times as 

indicated, in the presence or absence of anti-ICAM-1 inhibitory Ab (20μg/ml). The number 

of adherent PMNs per high-power field was quantified. N=4 independent experiments with 

two technical replicates for each condition; * p<0.05, ** p<0.01, *** p<0.001; different 

from t=0, ANOVA with Newman-Keuls multiple comparison test. (d-e) The number of 

apoptotic PMNs following 10 h culture under the conditions indicated in the figure was 

measured with Anexin-V and propidium iodide staining using flow cytometry. PMNs were 

distinguished from epithelial cells by staining and gating on CD11b. (d) Quantification and 

(e) Flow diagrams representing 4 independent experiments show percent apoptotic PMN 

under the defined conditions. All annexin V-positive, propidium iodide negative cells were 

considered as apoptotic. PMN adhesion to apical epithelial membrane renders them less 

susceptible to apoptosis. N=4 independent experiments; * p<0.05, ** p<0.01; ANOVA with 

Newman-Keuls multiple comparison test.
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Figure 2. PMN engagement of ICAM-1 triggers activation of Akt and β-catenin signaling
Control and IFNγ-stimulated T84 IECs grown on permeable supports were incubated with 

either PMN that migrated across T84 IECs (2.5×105 cells/well) (a), or with anti-ICAM-1 

cross-linking antibodies (to specifically cluster ICAM-1), (b). The effects of PMN apical 

adhesion and ICAM-1 cross-linking on Akt and β-catenin activation (increased 

phosphorylation) were assessed using Western blot analysis. All western blots are 

representative of 3–5 independent experiments. (c-d) β-catenin transcriptional activity was 

analyzed using the TopFlash luciferase reporter assay. SW480 IECs were transfected with 

the β-catenin reporter (TopFlash; full bars) or its mutated form (FopFlash; empty bars) 72h 

prior to the addition of PMN or Ab-mediated ICAM-1 cross-linking. Where indicated, 

inhibitory Abs to CD11b (Mac-1, 20μg/ml) were introduced in combination with PMNs. 

IECs were incubated with Akt inhibitor (Inhibitor VIII, 10μM) 30 minutes prior to addition 

of either PMNs or anti-ICAM-1 cross-linking Abs. PMN ligation or specific Ab-mediated 

engagement of ICAM-1 triggers activation of Akt and β-catenin signaling. N=3 independent 

experiments; ** p<0.01; ANOVA with Newman-Keuls multiple comparison test.
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Figure 3. Ligation of ICAM-1 promotes IEC proliferation
(a-c) Unstimulated (white bars) or IFNγ-stimulated (black bars, 100U/ml, 24 h) T84 IECs 

(to induce expression of ICAM-1) were subjected to (a) PMNs that were collected following 

TEM (2.5×105 cells/well), (b) anti-ICAM-1 or anti-MHC-1 (a control protein) cross-linking 

Abs. (c) IFNγ-stimulated IECs were incubated with Akt inhibitor (Inhibitor VIII, 10μM) 30 

minutes prior to addition of either PMNs or anti-ICAM-1 cross-linking Abs. The effects of 

ICAM-1 ligation by adhered PMN or Ab-mediated cross-linking of ICAM-1 on IEC 

proliferation were assessed using EdU incorporation and confocal immunofluorescence 

imaging. Data was shown as percent proliferating cells out of total cells. For all data sets 

N=3 independent experiments with three technical replicates for each condition; ** p<0.01; 

ANOVA with Newman-Keuls multiple comparison test. (d) Fluorescence images, 

representative of 3 independent experiments, show increased number of proliferating cells 

(red, non-proliferating cells are shown in blue) following Ab and PMN cross-linking of 

ICAM-1. The scale bar is 10μm.
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Figure 4. ICAM-1-dependent increases in cell proliferation promote IEC wound healing in-vitro
Scratch-wounded T84 IEC monolayers were stimulated with IFNγ (100U/ml) and were 

subjected to anti-ICAM-1 or anti-MHC-1 cross-linking Abs 24h later. (a, upper panels) 
Fluorescence mages representative of 3 independent experiments show wounded IEC 

monolayers that were immunofluorescently stained for ICAM-1. Clustering of ICAM-1 at 

wound edges following application of anti-ICAM-1, but not MHC-1 cross-linking Abs was 

observed. The scale bar represents 20μm. (a, bottom panels) IEC proliferation was 

examined at wound edges (50μm-width regions) following ICAM-1 cross-linking. Anti-

ICAM-1 cross-linking Abs, but not anti-MHC-1 Abs, enhanced cell proliferation, which was 

quantified and is represented in (b). N=3 independent experiments with three technical 

replicates for each condition; ** p<0.01, ANOVA with Newman-Keuls multiple comparison 

test. (c) Wound closure was measured over 48 h in unstimulated (control), IFNγ-stimulated 

IEC monolayers, and IFNγ-stimulated IECs that were subjected to anti-ICAM-1 cross-

linking Abs at 24 h. N=3 independent experiments with three technical replicates for each 

condition; ** p<0.01; Student’s t-test. (d) Images representative of 3 independent 

experiments show delayed wound healing in IFNγ-treated IECs and the rescuing effects of 

anti-ICAM-1 cross-linking Abs.
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Figure 5. Adhesion of post-migrated PMNs to apically expressed ICAM-1 promotes IEC wound 
healing in-vitro
(a) Confluent, unstimulated (control) T84 IEC monolayers were scratch wounded, and the 

healing process was monitored over 48 h. When specified, IECs were treated with IFNγ 
(100U/ml) immediately following wounding and, at 24 h post-treatment, were incubated 

with post-migrated PMNs (2.5×105 cells/well) in the presence or absence of CD11b 

inhibitory Ab (Mac-1, 20μg/ml). Consistent with Ab-ligation of ICAM-1, PMN adhesion to 

ICAM-1 reversed the IFNγ-induced inhibition of wound closure. PMN effects were CD11b 

dependent and were prevented in the presence of anti-CD11b inhibitory Ab. N=3 
independent experiments with three technical replicates for each condition; * p<0.05, ** 

p<0.01; ANOVA with Newman-Keuls multiple comparison test. (b) Unstimulated or IFNγ-

treated IECs were incubated with L-mimosine (100μM, a potent inhibitor of cell 

proliferation) 12 h prior to addition of either PMNs or anti-ICAM-1 cross-linking Abs. 

Inhibition of cell proliferation using L-mimosine prevented ICAM-1 ligation-dependent 

suppression of the IFNγ effect. N=3 independent experiments with three technical replicates 

for each condition; ** p<0.01, ns p>0.05; ANOVA with Newman-Keuls multiple 

comparison test.
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Figure 6. ICAM-1 expression in mucosal epithelium is essential for proper healing of mucosal 
wounds in-vivo
Superficial wounds were introduced to mice colons in-vivo using colonoscopic-biopsy-based 

technique, and wound healing was monitored and quantified using colonoscopic imaging. 

(a) The images depicted are representative of at least 36 wounds that were analyzed per 

condition; show colonic mucosal wounds at days 2 and 4 post-injury in WT and ICAM-1ko 

mice. (b) Day 4 post-injury areas of mucosal wounds were quantified. ICAM-1 exhibited 

significant delay in wound closure. N=2 independent experiments; 6 mice per group; 3–4 

wounds per mouse ***p<0.001; Student’s t-test. (c, upper panels) Colonic mucosal wounds 

were extracted from WT and ICAM-1ko mice at day 2 following wounding and frozen in 

OCT. Eight-micrometer sections were stained for actin (red) and β-catenin (green) to 

visualize epithelial cells. Fluorescence images clearly show impaired re-epithelialization of 

wounded regions in the absence of functional ICAM-1. (c, middle panels) Proliferation of 

wound-edge epithelial cells in-vivo was examined using EdU incorporation assay. 

Fluorescence images and quantification depicted in Figure 6d show decreased number of 

proliferating cells (yellow) in ICAM-1ko mice. (c, bottom panels) Fluorescence images 

show CD11b positive cells infiltrating the mucosal wound areas in both WT and ICAM-1ko 

mice. All images in c, are representative of at least 18 wounds. Scale bars represent 200μm. 

(e) Wounded tissue, days 2 and 4 post-injury, and equivalent non-wounded tissue were 

extracted using punch biopsy. Akt and β-catenin activation (increased phosphorylation) 

during the healing process was assessed using Western blot analysis. Blots represent 3 

independent experiments. (f) The image depicts punch-biopsy wounded and non-wounded 

regions of colon.
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Figure 7. Specific engagement of epithelial ICAM-1 promotes mucosal healing in-vivo
(a) Cartoon depicting injection of immune complexes directly into the wound. (b) 
Superficial wounds were introduced to mice colons in-vivo using colonoscopic-biopsy-based 

technique. Twenty-four hours later, epithelial ICAM-1 was cross-linked via injection of anti-

ICAM-1 or control IgG immune complexes into the wounds (shown in a). Mucosal wounds 

were visualized and measured using colonoscopic imaging at day 4 post-wounding. At least 
18 wounds from 6 mice per condition were analyzed ** p<0.01; Student’s t-test. (c) Colonic 

mucosal wounds were extracted and OCT frozen. Eight-micrometer sections were stained 

for E-cadherin (green) and Ki67 (red) to visualize total and proliferating epithelial cells at 

wound edge. Fluorescence mages representative of 18 wounds show enhanced re-

epithelialization of wounded regions following injection of ICAM-1 cross-linking (bottom 

panel) but not following injection of IgG control (upper panel) immune complexes. To-Pro-3 

iodide was used to visualize cell nuclei.
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Figure 8. PMN migration into intestinal lumens and ligation of ICAM-1 initiate reparative 
responses in epithelial cells
PMNs migrating across epithelial layers are retained at the luminal surface through binding 

to ICAM-1 that is upregulated at the apical epithelial membrane when inflammation is 

present. Subsequently, PMN binding to ICAM-1 results in activation of Akt and β-catenin 

signaling leading to enhanced epithelial cell proliferation and wound healing.
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