
KRIT1-mediated regulation of neutrophil adhesion and motility

Nicholas Nobiletti1, Jing Liu1,2, Angela J. Glading1

1Department of Pharmacology and Physiology, School of Medicine and Dentistry, University of 
Rochester, NY, USA

2Department of Pediatrics, School of Medicine and Dentistry, University of Rochester, NY, USA

Abstract

Loss of Krev interaction-trapped-1 (KRIT1) expression leads to the development of cerebral 

cavernous malformations (CCM), a disease in which abnormal blood vessel formation 

compromises the structure and function of the blood–brain barrier. The role of KRIT1 in 

regulating endothelial function is well-established. However, several studies have suggested that 

KRIT1 could also play a role in regulating nonendothelial cell types and, in particular, immune 

cells. In this study, we generated a mouse model with neutrophil-specific deletion of KRIT1 in 

order to investigate the effect of KRIT1 deficiency on neutrophil function. Neutrophils isolated 

from adult Ly6Gtm2621(cre)Arte Krit1flox/flox mice had a reduced ability to attach and spread on the 

extracellular matrix protein fibronectin and exhibited a subsequent increase in migration. However, 

adhesion to and migration on ICAM-1 was unchanged. In addition, we used a monomeric, 

fluorescently-labelled fragment of fibronectin to show that integrin activation is reduced in 

the absence of KRIT1 expression, though β1 integrin expression appears unchanged. Finally, 

neutrophil migration in response to lipopolysaccharide-induced inflammation in the lung was 

decreased, as shown by reduced cell number and myeloperoxidase activity in lavage samples from 

Krit1PMNKO mice. Altogether, we show that KRIT1 regulates neutrophil adhesion and migration, 

likely through regulation of integrin activation, which can lead to altered inflammatory responses 

in vivo.
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Loss of KRIT1 expression in neutrophils has no effect on adhesion to and migration on 

ICAM-1, but causes a loss of the neutrophil attachment and spreading on fibronectin and a 

reduction in fibronectin-binding integrin activity. This may explain why, though KRIT1 deficient 

neutrophils migrate faster ex vivo, migration of KRIT1 ko neutrophils into the lung in response to 

lipopolysaccharide was decreased. Thus, we conclude that KRIT1 regulates neutrophil behavior.
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Introduction

Cerebral cavernous malformation (CCM) is a vascular disease characterized by the 

formation of abnormal blood vessels, which exhibit a loss of barrier function [1–3]. CCM 

is thought to occur due to loss of function mutations in one of three genes: Krit1 (CCM1), 

CCM2 and CCM3 (PDCD10) [4–7], which form a heterotrimeric complex [8]. Loss of CCM 

protein expression in endothelial cells promotes proliferation [9] and resistance to apoptosis 

[10], and leads to higher levels of oxidative stress [11,12]. However, it is still unclear how 

the loss of these proteins leads to the development of CCM. Currently, defects in endothelial 

cell–cell junction integrity are thought to be the primary drivers of CCM formation and 

clinical presentation due to leakage of blood from the capillaries into the brain tissue.
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On the other hand, we and others have shown that KRIT1 is widely expressed and that 

the expression level of KRIT1 in nonendothelial cells is often higher than in endothelial 

cells [13]. Furthermore, KRIT1 and the other CCM proteins have been shown to play 

important roles in nonendothelial cell types and tissues, which may or may not be related 

to their role as pathogenic originators of CCM. For example, we previously demonstrated 

that heterozygous loss of KRIT1 increases the oncogene-driven development of intestinal 

adenocarcinoma, likely due to decreased epithelial cell–cell contact [14]. This suggests that 

KRIT1 acts as an epithelial tumour suppressor, and that Krit1 haploinsufficiency could 

have an important clinical impact despite not leading to the formation of CCM lesions. 

Related studies have shown that loss of KRIT1 in intestinal epithelial cells decreases 

epithelial barrier function and increases cation selectivity [15] and that loss of CCM3 in 

mouse gut epithelium results in disruption of the colonic mucus barrier [16]. Furthermore, 

studies in zebrafish have pointed to a role for CCM proteins in cardiac development 

[17–19]. In addition, loss of KRIT1 in fibroblasts was shown to alter NADPH oxidase 

signalling and promote increased production of reactive oxygen species [20], which parallels 

a similar pathway we described in endothelial cells [21]. Another cell type in which 

CCM proteins have been shown to function is in astrocytes/neuroglia. Mice with CCM3-

deficient astrocytes/neuroglia have been shown to develop CCM-like lesions [22]. Moreover, 

feedback mechanisms between endothelial cells and astrocytes or endothelial cells and 

pericytes in the brain milieu have been suggested to enhance angiogenic signalling in CCM 

lesions [23,24]. While the number of studies is limited, the data strongly suggest that KRIT1 

and the other CCM proteins are highly likely to have important signalling functions in 

nonendothelial cell types.

In our prior studies, we sought to determine what effect KRIT1-depletion would have on 

the response to inflammation. To accomplish this, we used a global heterozygous KRIT1 

knockout mouse (Krit1+/−) to assess changes in vascular physiology and inflammation due 

to Krit1 haploinsufficiency, and discovered that heterozygous mice were more sensitive 

to inflammatory stimuli and exhibited an enhanced response, including increased edema 

formation and cell infiltration [25]. Given that these animals were KRIT1-deficient in 

all cell types, we were unable to definitively point to endothelial KRIT1 expression as 

being responsible for these phenotypes, leaving open the possibility of a role for other cell 

types, particularly leukocytes (including neutrophils). Leukocyte adhesion and migration are 

regulated by the GTPase Rap1 [26,27], which promotes integrin activation and adhesion 

to various substrates, including ICAM-1 [28,29] and fibronectin [29,30]. KRIT1 is an 

effector of Rap1 and has been shown to mediate specific Rap1-dependent functions in 

endothelial cells [31]. KRIT1 also binds to the β1 integrin regulatory protein ICAP1α, 

which is expressed in most cell types [32,33]. KRIT1 has been reported to regulate ICAP1α 
expression and compete with β1 integrin for binding to ICAP1α [34–37]. These studies 

support the hypothesis that KRIT1 could regulate leukocyte adhesion in general, yet a more 

recent study reported that CCM3 regulates the release of the ‘reserved’ pool of granules 

from neutrophils due to its interaction with the serine/threonine kinase-24 (STK24) [38]. 

Though the impact of the interaction of CCM3 with STK24 vs. with KRIT1/CCM2 is still 

in debate [39–41], these findings demonstrate that CCM proteins can regulate neutrophil-

specific functions. Together, the role of KRIT1 in limiting the response to inflammatory 
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stimuli [25] and the high expression of KRIT1 in neutrophils and other myeloid cells (data 

not shown), combined with the potential for KRIT1 to regulate neutrophil adhesion via 

binding to Rap1 [31] or ICAP1α [32–37], led us to explore a potential role for KRIT1 in 

regulating neutrophil function.

We therefore generated neutrophil-specific KRIT1 knockout mice by breeding Krit1flox/flox 

mice with Ly6Gtm2621(cre)Arte animals, which express Cre recombinase downstream of the 

Ly6G promoter. By isolating neutrophils from these mice, we show that loss of KRIT1 

in neutrophils reduces neutrophil adhesion and spreading on a fibronectin matrix, but not 

when plated on ICAM-1. This reduced adhesion likely contributes to increased migration 

of KRIT1-deficient neutrophils on fibronectin and corresponds with a significant attenuation 

of integrin activity. Finally, we observe that in vivo, loss of KRIT1 results in decreased 

neutrophil recruitment to the inflamed lung tissue of mature Ly6G mice. Thus, we conclude 

that KRIT1 is a regulator of integrin activity, cell adhesion and cell migration in neutrophils.

Results

Generation of neutrophil-specific KRIT1 knockout mice

Neutrophils mature in the bone marrow before circulating in the blood, where they await 

activation by inflammatory stimuli [42]. With a half-life of approximately 1 day, primary 

neutrophils are short-lived, terminally differentiated cells not amenable to cell culture [43–

45]. Neutrophil-like cell culture models are derived from neoplastic tissues, require lengthy 

culture times to induce a neutrophil-like phenotype and fail to replicate true neutrophil 

phenotypes [46,47]. Therefore, in order to probe the role of KRIT1 in neutrophils, we 

generated a novel mouse model that lacks expression of KRIT1 in mature neutrophils 

by crossing the existing Krit1flox/flox transgenic line [48] with Ly6Gtm2621(cre)Arte mice 

[49] in which Cre recombinase is inserted into the neutrophil-specific Ly6G locus. The 

Ly6G-Cre transgene also contains the red fluorescent reporter tdTomato [49], which allowed 

us to quantify recombination in mature neutrophils via flow cytometry. Blood and whole 

bone marrow samples from adult Ly6Gtm2621(cre)Arte Krit1flox/flox mice (Krit1PMNKO) vs. 

Krit1flox/flox mice (Krit1PMNWT) clearly showed that only Krit1PMNKO blood and bone 

marrow–expressed tdTomato (Fig. 1A). As seen in Fig. 1B, we were also able to detect 

the Ly6G-Cre transgene (Ly6G Cre) in both ear tissue and purified bone marrow–derived 

neutrophils (PMN) by PCR; however, recombination of Krit1, which generates the Krit1D 

allele, was only detected in the purified PMN indicating specific deletion of KRIT1 in 

mature neutrophils. Semi-quantitative RT-PCR showed that Krit1 mRNA was reduced in 

Krit1PMNKO neutrophils by ~ 50% (Fig. 1C); however, protein expression, as shown by 

western blot, was almost completely lost (> 85% reduction, Fig. 1D). The overall health of 

the Krit1PMNKO animals was indistinguishable from control animals. Krit1PMNKO animals 

demonstrated normal haematopoiesis as assessed using complete blood count (CBC) 

analysis; numbers of white blood cells (WBC 7.3 × 109), lymphocytes (LYM 6.4 × 109), 

monocytes (MON 0.25 × 109), neutrophils (NEU 0.69 × 109), platelets (PLT 4.93 × 1011) 

and red blood cells (RBC 8.87 × 1012) observed in Krit1PMNKO were comparable to their 

Krit1PMNWT littermates (Fig. 1E). In addition, we reliably recovered similar total numbers 

of neutrophils from each genotype using the Easy-Sep Mouse Neutrophil Enrichment kit 
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from STEMCELL Technologies (WT 4.47 ± 0.32 × 106 vs. KO 4.35 ± 0.52 × 106, data not 

shown) Thus, we used mature neutrophils isolated from these animals for further analysis.

Loss of KRIT1 reduces neutrophil adhesion to fibronectin

While the loss of KRIT1 did not appear to affect neutrophil viability or the recoverable 

population, based on its role as a Rap1 effector [31] and a regulator of ICAP1α [32–37], 

we hypothesized that loss of KRIT1 could affect neutrophil behaviour and function. As 

mentioned earlier, neutrophils will circulate in the bloodstream until activation triggers their 

adherence to and migration through the endothelium to the source of inflammation [42,50]. 

As our previous study indicated a potential role for KRIT1 in leukocyte extravasation [25], 

we first investigated whether loss of KRIT1 affected neutrophil adhesion to the endothelially 

expressed surface protein and β2 integrin ligand ICAM-1. Krit1PMNKO or Krit1PMNWT 

neutrophils we loaded with calcein-AM to facilitate cell counting, then were treated with 

±10 nM phorbol myristate acetate (PMA) and allowed to adhere to plates coated with 

5 μg·mL−1 immobilized recombinant mouse ICAM-1 for 20 min. While treatment with 

PMA increased adhesion to ICAM-1, we detected no difference between Krit1PMNKO and 

Krit1PMNWT neutrophils in their ability to adhere to recombinant mouse ICAM-1 (Fig. 2A).

Following extravasation through the endothelial layer, neutrophils adhere to extracellular 

matrix (ECM) proteins in the endothelial basement membrane and interstitial tissue. While 

these matrices are comprised of a complex mix of matrix proteins, the glycoprotein 

fibronectin is an important component of the extravascular ECM. Therefore, we plated 

vehicle and PMA-treated KRIT1-deficient neutrophils on plates coated with 10 μg·mL−1 

fibronectin and allowed them to adhere for 5, 10 and 20 min prior to washing off unattached 

cells. After 10 min of adhesion, we could detect a difference between PMA-treated and 

vehicle-treated cells, and between PMA-treated Krit1PMNWT and Krit1PMNKO neutrophils 

(Fig. 2B). After 20 min, KRIT1-deficient neutrophils demonstrated a 56% reduction in 

PMA-induced adhesion (Fig. 2B,C). To determine whether this effect was specific to 

PMA treatment, we also treated Krit1PMNWT and Krit1PMNKO neutrophils with 250 nm 

N-formylmethionyl-leucyl-phenylalanine (fMLP) or 1 μM of the chemoattractant peptide 

Trp-Lys-Tyr-Met-Val-Met (WKYMVm) and measured the number of cells adhering after 

20 min. Krit1PMNKO cells treated with fMLP showed a 44% reduction in adhesion vs. 

Krit1PMNWT (Fig. 2D), and Krit1PMNKO cells treated with WKYMVm exhibited a 57% 

decrease in adhesion compared with Krit1PMNWT (Fig. 2E), indicating that the loss of 

KRIT1 expression reduces neutrophil adhesion to fibronectin independent of the type of 

stimulus.

Loss of KRIT1 reduces neutrophil spreading on fibronectin

We then wanted to characterize the adhesion deficiency in Krit1PMNKO neutrophils, 

therefore we examined the ability of Krit1PMNKO or Krit1PMNWT cells to adhere and 

spread on fibronectin-coated glass coverslips. Neutrophils were allowed to adhere for an 

hour in the presence of 10 nM PMA, 1 μg·mL−1 lipopolysaccharide (LPS), 250 nm fMLP, 

1 μM WKYMVm or vehicle, then were fixed and stained with fluorescein isothiocyanate 

(FITC)-phalloidin to visualize the actin cytoskeleton. Cell area was then quantified using 

METAMORPH. Minimal differences in the number of cells attached after 1 h were seen between 
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groups, suggesting that the Krit1PMNKO cells can overcome their adhesion deficiency given 

sufficient time (data not shown). No significant differences in spreading were seen in fMLP 

or WKYMVm treated cells (data not shown). However, when we examined the distribution 

of cell areas of adhered Krit1PMNWT and Krit1PMNKO neutrophils using frequency analysis, 

vehicle-treated Krit1PMNKO neutrophils exhibited a reduction in cell area vs. vehicle-treated 

Krit1PMNWT neutrophils (P = 0.0156, Fig. 3A), though cells from both genotypes remained 

rounded (Fig. 3B,C). This trend also held true with PMA- or LPS-treated Krit1PMNKO 

neutrophils, whose distribution trended toward smaller cell areas (PMA P = 0.0102, Fig. 

3D; LPS P = 1.28 × 10−6, Fig. 3G) and were significantly less spread (Fig. 3E,F,H,I) when 

compared to Krit1PMNWT neutrophils with the same treatment.

Studies in endothelial cells have shown that KRIT1 is a negative regulator of RhoA 

and its effector Rho kinase (ROCK); loss of KRIT1 expression leads to increased RhoA/

ROCK activity, phosphorylation of myosin light chain (MLC) and increased actin-myosin 

contractility [51,52]. In neutrophils, RhoA/ROCK has been shown to regulate adhesion 

and migration on multiple substrates [53–57]. Therefore, we examined the effect of 

KRIT1 depletion on RhoA/ROCK activity in neutrophils by measuring phospo-MLC levels 

using immunofluorescent microscopy. Similar to the spreading assays above, neutrophils 

were allowed to adhere to fibronectin-coated coverslips for an hour in the presence of 

10 nM PMA, 1 μg·mL−1 LPS or vehicle then were fixed and stained with anti-pMLC 

antibody followed by Alexa 568 labelled goat anti-rabbit secondary antibody. Images 

were captured using a Leica Stellaris 5 laser scanning confocal microscope at 63× 

magnification, and individual cell fluorescence intensity was quantified using IMARIS ANALYSIS 

software. Vehicle-treated Krit1PMNKO neutrophils displayed significantly increased pMLC 

fluorescence compared with vehicle-treated Krit1PMNWT neutrophils, though this difference 

was reduced by PMA treatment (Fig. 3J). This suggests that KRIT1 deficient neutrophils 

exhibit increases in RhoA/ROCK activity similar to those observed in endothelial cells; 

however, this difference may not explain the reduced spreading and adhesion observed in 

these cells in response to PMA.

Loss of KRIT1 enables increased neutrophil migration on fibronectin

After transmigrating through the endothelium, neutrophils will migrate through the 

basement membrane and interstitial connective tissue toward sources of inflammation [50]. 

Both of these migration events require reversible adhesion to the ECM proteins via integrin 

cell adhesion receptors [58–60]. Reduced adhesion to ECM components has been shown 

to both reduce and amplify neutrophil migration based on the cellular context. Therefore, 

we investigated the ability of Krit1PMNKO and Krit1PMNWT neutrophils to migrate on cell 

culture dishes coated with either 5 μg·mL−1 ICAM-1 or 10 μg·mL−1 fibronectin. Migration 

was stimulated by the addition of 250 nM fMLP to the tissue culture media prior to imaging. 

Migratory behaviour was captured over 100 min using live-cell video microscopy. VOLOCITY 

software was used to quantify several migration-related parameters from individual cells 

isolated from n = 6/group Krit1PMNWT or Krit1PMNKO mice.

As expected based on our adhesion assay, the ability of Krit1PMNKO cells to migrate on 

ICAM-1 was similar to that of Krit1PMNWT neutrophils (Fig. 4A–E). However, loss of 
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KRIT1 increased neutrophil migration on fibronectin. The distribution of total track length 

(distance migrated) of each cell is shown as a violin plot of cells from each animal (Figs 4A 

and 5A). While Krit1PMNKO neutrophils on fibronectin showed a trend toward longer track 

length, the overall average track length was not significantly different (Fig. 5B). However, 

the KRIT1 deficient neutrophils had significantly higher cell velocity (distance/time, Fig. 

5C). Careful examination of these data suggest that the explanation for this discrepancy 

is that the Krit1PMNKO neutrophils exhibited a higher likelihood of leaving the frame 

of imaging (15.31% vs. 7.06%) during the time-course of migration, which lowered the 

average track length. In addition, Krit1PMNKO neutrophils also exhibited an increase in 

persistence/directionality as calculated by the meandering index (Fig. 5D) and shown by an 

increase in cell displacement (Fig. 5E). In sum, these data indicate that the loss of KRIT1 

can increase fMLP-stimulated cell migration velocity and improves cellular persistence, 

likely related to the defect in neutrophil adhesion.

Loss of KRIT1 reduces integrin activation

Altered neutrophil adhesion and migration on fibronectin could be driven by any of a 

number of changes to adhesion/migration signalling. In order to determine the level at 

which loss of KRIT1 leads to defects in neutrophil adhesion and migration, we first tested 

whether loss of KRIT1 expression led to differences in integrin activity or expression. 

Using an Alexa488-labelled monomeric fragment of fibronectin containing the integrin-

binding RGD sequence, fibronectin 9–11 (Fn9–11) [61] we measured integrin activation in 

neutrophils from Krit1PMNKO and Krit1PMNWT mice using flow cytometry. Activation was 

calculated as an index of maximum activation (+Mn) and minimum activation (+EGTA) 

controls. Though neutrophils express both fibronectin receptors α5β1 and αvβ3, fibronectin-

dependent migration has been shown to depend heavily on β1 integrin [62,63]. Therefore, 

we also measured total β1 integrin expression by FACS. KRIT1-deficient neutrophils 

exhibited a 53% decrease in integrin activation compared with Krit1PMNWT (Fig. 6A). 

There was not a significant difference in β1 integrin expression (Fig. 6B), which supports 

the hypothesis that KRIT1 contributes to integrin activation in neutrophils. Furthermore, 

we infer that the reduction in integrin activation underlies the reduction in adhesion to 

fibronectin and enhanced migration of KRIT1-depleted neutrophils.

Loss of KRIT1 decreases neutrophil infiltration to lung tissue

Finally, changes in integrin activity and subsequent adhesion in our in vitro studies suggest 

that the loss of KRIT1 expression could affect the neutrophil response to inflammation in 
vivo. Therefore, we wanted to assess whether loss of KRIT1 expression altered neutrophil 

recruitment in vivo. While there are many models of in vivo leukocyte recruitment, we 

elected to use LPS-induced neutrophil recruitment into the lung as our in vivo model as 

it is a predominantly neutrophil-driven response. Intratracheal administration of 5 mg·kg−1 

LPS in saline has been shown to stimulate neutrophil migration into the lung [64], which 

can be quantified following recovery of the cell-rich lung exudate by bronchoalveolar lavage 

(BAL). LPS or vehicle (saline) was administered by intratracheal aspiration/instillation 24 

h prior to lavage. Infiltrates were collected by flushing the lungs with saline and analysed 

for total cell concentration (cells·mL−1). The specific presence of activated neutrophils 

was quantified using a myeloperoxidase activity assay. LPS treatment triggered a large 
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increase in the presence of cells in the lavage fluid of 8-week-old mice, indicating 

a robust inflammatory response (Fig. 7A). The myeloperoxidase activity in the lavage 

fluid (a measure of neutrophil activation) was also increased by LPS treatment but was 

unchanged in Krit1PMNKO mice compared with Krit1PMNWT mice (Fig. 7B). Interestingly, 

the serendipitous assessment of a slightly older animal cohort (12-weeks) exposed a 

deficit in the neutrophil response in these animals. Twelve-week-old Krit1PMNKO animals 

had significantly fewer cells in the lavage fluid (Fig. 7C) and a significant reduction in 

myeloperoxidase activity compared to Krit1PMNWT mice (Fig. 7D). This result is surprising, 

as the difference in age between these animal cohorts is minor. Nevertheless, the neutrophil 

function is known to decline with age, stress levels, inflammation and frailty in humans, and 

our data suggest that the expression of KRIT1 could be a modifier of these processes.

Discussion

The goal of this study was to characterize the phenotype of neutrophil-specific KRIT1 

knockout animals and KRIT1-deficient neutrophils. We found that loss of KRIT1 in mature 

neutrophils did not affect viability, fertility or normal haematopoiesis (Fig. 1), neither did 

the loss of KRIT1 in neutrophils affect adhesion to ICAM-1, putatively through β2 mediated 

integrins. However, KRIT1-deficient neutrophils did exhibit reduced adhesion to fibronectin, 

an important neutrophil ligand in the vascular basement membrane and interstitial space 

(Fig. 2). The reduction in adhesion corresponded to a reduction in cell spreading on 

fibronectin, in both the absence and presence of inflammatory stimuli but did not directly 

correlate with increased pMLC staining (indicative of increased RhoA/ROCK signalling and 

cellular contractility) as only unstimulated Krit1PMNKO neutrophils exhibited an increase 

pMLC staining vs. Krit1PMNWT cells (Fig. 3). Furthermore, KRIT1-deficient neutrophils 

induced to migrate on fibronectin migrated faster, and in a more directional manner, than 

wildtype cells (Fig. 5). This may be due to changes in integrin activation, as we observed 

reduced integrin activation in Krit1PMNKO as measured by flow cytometry (Fig. 6). Finally, 

we observed that these defects manifested as decreased neutrophil infiltration into the 

inflamed lung tissue in vivo, albeit only in older animals (Fig. 7).

Previous studies have largely focused on KRIT1 as an endothelial protein due to the 

primary role of endothelial KRIT1 (and the other CCM proteins) in the vascular disorder 

Cerebral Cavernous Malformations. However, several studies have already pointed to 

roles for nonendothelial cells in CCM formation [14–16,20,22]. Notably, we previously 

found that bone marrow–derived cells regulate increased endothelial permeability in 

Krit1 heterozygous mice, as engraftment of wildtype bone marrow restored the increased 

microvascular permeability in KRIT1-deficient mice to control levels [25]. As increased 

permeability is tightly linked to CCM development, severity and progression, this suggests 

that loss of KRIT1 expression in neutrophils or other bone marrow–derived cells may play 

a role in endothelial dysfunction and CCM disease pathogenesis. Indeed, CCM lesions from 

human patients regularly contain leukocytes, including B-cells/plasma cells, T-cells and 

neutrophils [65,66]. Recently, it was shown that neutrophils make up the most pronounced 

increase in immune cells in an endothelial-specific CCM3 knockout model, which was 

accompanied by the deposition of neutrophil extracellular traps (NETs) [67]. However, it 

remains unclear whether the recruitment of leukocytes is involved in CCM formation or is 
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a general response to vascular injury. More studies will be needed to fill in such gaps in 

knowledge and clarify the role haematopoietic cells in CCM. This study, which suggests 

that KRIT1 functions in postextravasation neutrophil adhesion, which can result in improper 

trafficking to sites of inflammation, is the first step in that direction.

Our data also suggests that KRIT1 is a key modifier of neutrophil behaviour, a finding that 

could impact our understanding of the inflammatory response in general. Specifically, we 

show that loss of KRIT1 reduces neutrophil adhesion to fibronectin due to reduced integrin 

activity. Neutrophils are thought to bind to fibronectin through activation of α5β1 integrin, 

and to some extent αvβ3 integrin, though some have reported a role for α4β1 and even 

β2 integrins in neutrophil binding to fibronectin [62,63,68–71]. Future studies will closely 

examine the role of KRIT1 in regulating the activation of these integrin isoforms. Several 

potential regulatory mechanisms are supported by the literature. For example, KRIT1 binds 

to the small GTPase Rap1, an integrin regulator involved in the recruitment of talin-1 to 

the β integrin cytoplasmic tail [26,31,72]. This function has been ascribed to the interaction 

of Rap1 with its effector RIAM [73–75] or to direct interaction with talin [76]. Other 

Rap1 effectors reported to modify integrin signalling include RAPL [77,78], Mst1 [79], 

PKD [80], Rasip1 [81,82] and Radil [83,84], though their involvement varies depending on 

cell and tissue context. Though we recently reported that Rap1 binding is not required for 

endothelial KRIT1 to maintain barrier function [85], we speculate that KRIT1 could modify 

Rap1-mediated integrin activation by competing with other Rap1 effectors for binding to 

Rap1. On the other hand, based on data from endothelial cells, it has been proposed that 

Rap1 binding to KRIT1 facilitates the inactivation of RhoA/ROCK [31,51,52]. As RhoA/

ROCK activity is also important for neutrophil function [53–57], that KRIT1 could also 

regulate RhoA in neutrophils is an attractive hypothesis. Our data suggest that KRIT1 

deficient neutrophils exhibit increased baseline RhoA/ROCK activity, as shown by increased 

pMLC staining in vehicle-treated cells. However, PMA strongly increases pMLC levels 

in both Krit1PMNWT and Krit1PMNKO neutrophils and, though PMA-treated Krit1PMNKO 

neutrophils exhibit a trend toward higher pMLC levels, the difference between genotypes 

is not significant. These data suggest that KRIT1 depletion-dependent increased RhoA/

ROCK activity and subsequent cell contractility could contribute to the decrease in cell 

spreading in vehicle-treated Krit1PMNKO cells (Fig. 3A–C) but is unlikely to underlie the 

decreased spreading or adhesion of PMA-treated Krit1PMNKO cells (Figs 3D–F and 2B,C). 

Alternatively, KRIT1 also binds to the β1 integrin inhibitory protein ICAP-1α. ICAP1α 
binds to KRIT1 and also was reported to limit KRIT1 interaction with microtubules [32,86]. 

However, ICAP1α can also bind to the cytoplasmic tail of β1 integrins [36,37], where it 

acts as a competitive inhibitor of talin binding [87]. In endothelial cells, studies support 

conflicting roles for KRIT1 in regulating ICAP1α, as KRIT1 expression has been reported 

to promote β1 integrin activation by sequestering ICAP1α away from the integrin [35] 

and to inhibit β1 integrin activation by increasing the stability of ICAP1α protein [34]. As 

ICAP1α is an important regulator of integrin activity and turnover [87], it is feasible that 

KRIT1 expression could modify this critical pathway in neutrophils.

The reduction in integrin activity and adhesion to fibronectin we observed in KRIT1-

deficient neutrophils would be expected to drive changes in neutrophil migration. In fact, 

we did observe increased neutrophil migration speed and directionality on a fibronectin 
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matrix in vitro. It is well established that changes in the cell migration machinery, including 

integrin activity, have biphasic effects on cell migratory behaviour, thus this disparity is 

not unexpected. However, in vivo, neutrophil recruitment into the lung was unaffected or 

reduced. The discrepancy between the in vitro and in vivo models is likely due to differences 

in the complex tissue microenvironment of the lung, which requires cells to migrate through 

two cellular barriers (endothelial and epithelial) and interstitial tissue in order to be collected 

in the lavage fluid. Additionally, while administration of LPS via aspiration is designed to 

induce local lung inflammation, it is possible that, given the 24 h treatment time frame, 

it could also stimulate some level of systemic inflammation, which could alter neutrophil 

phenotype in unexpected ways. More intriguing is the serendipitous finding that neutrophil 

infiltration is reduced in 12-week-old but not 8-week-old Krit1PMNKO mice. Aging is known 

to reduce neutrophil infiltration, but most studies of neutrophil aging in animal models 

have been performed by comparing ‘elderly’ (18–24-month-old) animals to 3-month-old 

‘young adult’ controls [88,89]. While we were unable to find precedent for differences in the 

neutrophil function between juvenile and adult mice, the development of the immune system 

is still ongoing at 8 weeks of age [90]. Indeed, in models of juvenile asthma, differences 

in immune cell infiltration and other inflammatory responses have been observed between 

100-, 40- and 18-day-old mice [91]. Thus, our data, while demonstrating that loss of KRIT1 

can affect neutrophil function in vivo, could also point to interesting developmental changes 

in the mouse lung or in the neutrophil function that could be explored in future work.

In conclusion, we have developed a new mouse model, which demonstrates that KRIT1 

regulates neutrophil adhesion and migration through integrin activation and that this affects 

immune responses in the host organism. While much remains to be done in order to 

understand the underlying mechanism by which KRIT1 regulates neutrophil adhesion, this 

is an important step toward understanding how KRIT1 expression in immune cells could 

impact the response to inflammation. Further study of KRIT1’s role in neutrophils will 

enhance our understanding of its impact on CCM disease and more.

Materials and methods

Mouse models

Mice with a conditional (floxed) allele for Krit1, a germline deleted Krit1 allele, 

and the constitutively active neutrophil Cre recombinase (Ly6Gtm2621(cre)Arte) have 

been described [48,49]. The presence of the Ly6G-Cre transgene, the conditional 

Krit1 allele and recombination at the conditional Krit1 allele were validated by PCR 

(Ly6G-WT: F-GGTTTTATCTGTGCAGCCC, R-GAGGTCCAAGAGACTTTCTGG; Ly6G-

Cre: F-ACGTCCAGACACAGCATAGG, R-GAGGTCCAAGAGACTTTCTGG; Krit1 D: 

F-TACACCAGGCTACTTGGCTTCAC, R-AAACCAGCAGTCTCAACTAATCGG). As the 

Ly6G-Cre transgene only weakly drives Cre-expression, heterozygous Ly6G-Cre animals 

did not exhibit significant loss of KRIT1 expression (data not shown). Therefore, it was 

necessary to breed mice homozygous for both the floxed Krit1 allele and the Ly6G-Cre 

recombinase (Krit1PMNKO). Cre-negative mice containing homozygous floxed Krit1 gene 

alleles (Krit1PMNWT) were used as controls and were either littermates derived from a 

Ly6G+/−/Krit1fl/fl × Ly6G+/−/Krit1fl/fl cross or from Ly6G−/−/Krit1fl/fl breeding pairs. No 
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differences in phenotype were observed between littermate and nonlittermate controls, 

therefore these data are combined in our analyses. Mice were bred and maintained under 

standard conditions in the University of Rochester animal facilities, which are accredited by 

the American Association for Accreditation of Laboratory Animal Care. All protocols were 

approved by the institutional review board.

Cell isolation

Blood was collected retro-orbitally for complete blood count (CBC) analysis using an 

Abaxis (Union City, CA, USA) VetScan HM5. In brief, mice between 8 and 10 weeks of 

age were anaesthetised, and a micro-capillary tube was inserted into the venous retro-orbital 

sinus behind the eye. Blood was collected by applying light but firm pressure to penetrate 

the vessels. Collected blood was heparinized and transferred into a cuvette for CBC analysis.

Neutrophils were isolated from the bone marrow of 8- to 10-week-old animals using 

a Mouse Neutrophil Enrichment Kit (StemCell Technologies, Vancouver, BC, Canada). 

In brief, bone marrow from the femurs and tibia was flushed out with saline and then 

resuspended in EasySep buffer (Hanks’ Balanced Salt Solution (HBSS) w/o Ca2+ or Mg2+, 

2% fetal bovine serum (FBS), 1 mM ethylenediaminete-traacetic acid (EDTA)). The cells 

were then incubated with an antibody cocktail for negative selection, followed by a cocktail 

of biotinylated secondary antibodies, and then incubated with streptavidin-coated magnetic 

beads. This cell suspension was exposed to a magnet, which removed all non-neutrophil 

cells. The purity of the remaining cell population was measured by FACS analysis of 

Ly6G expression (wildtype cells) or tdTomato expression (knockout cells, Fig. 1A) and 

consistently exceeded 80%. Following isolation, neutrophils were resuspended in L-15 

media (Gibco Leibovitz L-15 phenol-free medium, 2 mg·mL−1 glucose) and used for 

experiments within 1 h.

Antibodies

Polyclonal rabbit anti-KRIT1 (Abcam, Cambridge, UK) was used at a dilution of 1 : 1000 

for western blotting. Horseradish peroxidase (HRP)-linked donkey anti-rabbit IgG secondary 

antibody (Cell Signalling Technology, Danvers, MA, USA) was used at a dilution of 1 : 

1000. Monoclonal rabbit anti-phospho-myosin light chain 2 (Cell Signalling Technology) 

and goat anti-rabbit IgG, Alexa Fluor 568 (Invitrogen, Waltham, MA, USA) were used at 

a dilution of 1 : 500 for immunocytochemistry. BV786 Rat anti-Mouse Ly6G and Ly6C 

(BD Biosciences, Franklin Lakes, NJ, USA), Allophycocyanin (APC) Rat anti-Mouse Ly6G 

(BD Biosciences) and/or APC Rat anti-Mouse Ly6C (BD Biosciences) antibodies were used 

at a concentration of 200 μg·mL−1, and/or FITC Rat anti-Mouse CD4 (BD Biosciences) 

antibody was used at a concentration of 500 μg·mL−1 to stain mouse neutrophils prior 

to FACS analysis. Armenian hamster anti-mouse CD29 (BD Biosciences) and FITC-goat 

anti-hamster IgG (ThermoFisher Scientific, Waltham, MA, USA) were used at 500 μg·mL−1 

to stain mouse neutrophils before FACS analysis.

RNA isolation and semi-quantitative RT-PCR

RNA was isolated using Trizol (Life Technologies, Waltham, MA, USA) extraction 

according to the manufacturer’s instructions. Complementary DNA was obtained using 
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Lunascript RT Supermix (New England BioLabs, Ipswich, MA, USA) and oligo dT 

primers. Amplifications were run on a 7000 real-time PCR system (Applied Biosystems/

ThermoFisher) using Taqman gene expression assays (Krit1, Mm00459502; Gapdh, 

Mm99999915). Each value was calculated using the comparative Ct method and normalized 

to Gapdh internal control. All samples were run in at least triplicate.

Western blotting

Neutrophil lysates were prepared by lysing cells in lysis buffer (50 mmol·L−1 Tris pH 

7.4, 150 mmol·L−1 NaCl, 0.5% NP-40, 5 mmol·L−1 MgCl2) containing complete mini 

EdTA-free protease inhibitor tablet (Roche, Basel, Switzerland) and phosphatase inhibitor 

cocktail (final concentration 100 μM Na4P2O7, 1mM NaF, 1 mM Na3VO4, 300 μM β-

glycerophosphate, 2 mM imidazole, 4 mM sodium tartrate). Protein quantification was 

performed using a bicinchoninic acid assay kit (Thermo Fisher), and equivalent amounts 

of total cell protein were separated by SDS/PAGE on precast 7.5% Tris–HCl gels (BioRad, 

Hercules, CA, USA). Following transfer to 0.45 μm nitrocellulose, blots were blocked in 

5% nonfat dry milk (NFDM) in 1× TBS plus 0.1% Tween 20 (TBST). Primary rabbit 

anti-KRIT1 antibody (Abcam) was diluted in TBST plus 5% NFDM and the membrane 

was incubated in primary antibody overnight at 4 °C. The membrane was then incubated 

with anti-rabbit-HRP secondary antibody for 1 h at room temperature before detection using 

SuperSignal West Femto enhanced chemiluminescent substrate (ThermoFisher Scientific). 

Densitometry was performed using a BioRad ChemiDoc Imaging System to quantify band 

intensity.

Neutrophil adhesion, spreading and migration assays

To assess the ability of neutrophils to adhere to different substrates, glass-bottom 96-well 

plates were coated with 20 μg·mL−1 recombinant Protein A (ThermoFisher Scientific) 

overnight at 4 °C then at room temperature for 2 h followed by 5 μg·mL−1 recombinant 

ICAM-1 (R&D Systems, Minneapolis, MN, USA) for 2 h at room temperature [92] or 

coated with 10 μg·mL−1 human fibronectin (isolated from human plasma) for 2 h at 37 °C 

[93]. Prior to the adhesion assay, neutrophils were loaded with calcein-AM (1 μg·mL−1, 

Invitrogen) at 37 °C for 15 min prior to treatment with 10 nM PMA [94,95], 250 nM fMLP 

[96], 1 μM WKYMVm [97] or vehicle (phosphate-buffered saline, PBS). The cells were then 

plated onto the precoated plate and allowed to adhere for the times indicated. At the end of 

the adhesion period, the plates were rinsed twice with 1× PBS to wash off any nonadherent 

neutrophils and then covered with 100 μL 1× PBS. Blank wells were prepared by adding 

100 μL 1× PBS to wells that had been coated but received no cells; positive control wells 

were prepared by adding 3 × 104 calcein-AM-treated neutrophils (suspended in 100 μL 1× 

PBS) to control wells immediately prior to measurement of calcein-AM fluorescence. The 

fluorescence of the labelled cells was read at excitation/emission wavelengths of 485/528 nm 

using a BioTek (Winooski, VT, USA) Synergy H4 plate reader.

To quantify cell spreading and phosphorylation of MLC, glass coverslips were coated with 

10 μg·mL−1 fibronectin for 2 h at 37 °C. Neutrophils were then plated on the coated 

coverslips and immediately treated with 10 nM PMA, 250 nM fMLP, 1 μM WKYMVm, 1 

μg·mL−1 LPS [98] or vehicle (PBS) and allowed to adhere and spread for 1 h. Cells were 
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then fixed with 10% formalin (Fisher) and permeabilized with 0.2% Triton-X-100 (Research 

Products International, Mount Prospect, IL, USA) before staining with FITC-phalloidin 

(Enzo, New York, NY, USA) or primary rabbit anti-pMLC antibody followed by Alexa 

Fluor 568 goat anti-rabbit IgG. Cells were then counterstained with Hoechst 33258 before 

the coverslips were mounted on slides using Prolong Gold antifade reagent (Invitrogen). 

Phalloidin-stained neutrophil images were captured using an Olympus IX81 microscope 

using a 40×/0.60 Ph2 objective and a Hamamatsu (Hamamatsu City, Japan) ORCA-ER 

camera. Cell area was quantified by dividing the FITC-phalloidin fluorescent area by the 

total number of cells to get the average cell area per field using METAMORPH software 

(Metamorph Inc, Nashville, TN, USA). pMLC antibody-stained neutrophil images were 

captured using a Stellaris 5 laser scanning confocal microscope (Leica, Wetzlar, Germany) 

using a 63×/1.4 n.a. oil immersion objective. Individual cell pMLC staining intensity 

was obtained using IMARIS IMAGE VISUALIZATION & ANALYSIS Software (Oxford Instruments, 

Abingdon, UK).

Neutrophil migration was quantified in cells plated on 20 μg·mL−1 recombinant Protein 

A plus 5 μg·mL−1 ICAM-1, or 10 μg·mL−1 fibronectin-coated chamber wells (Nunc, 

Rochester, NY, USA). Isolated neutrophils were added and allowed to adhere for 20 min 

in the presence of 250 nM fMLP before the media was changed to remove nonadherent cells 

(refreshed media still contained 250 nM fMLP). Cells were then imaged on an IX70 inverted 

microscope (Olympus, Tokyo, Japan) with a 10×/0.40 Ph1 objective. Digital images were 

acquired every 30 s for up to 100 min using a digital camera (MicroPublisher 3.3, QImaging, 

Sarasota, FL, USA). VOLOCITY software (Quorum Technologies, Lewes, UK) was used to 

track individual cells across the image sets and analyse the data.

Bronchoalveolar lavage

Bronchoalveolar lavage was performed as previously described [64,99]. In brief, 24 h prior 

to lavage, 5 mg·kg−1 LPS (Sigma, Burlington, MA, USA) was intratracheally administered 

to Krit1PMNWT and Krit1PMNKO mice. Prior to lavage, mice were euthanized with 100 mg 

sodium pentobarbital (Sleepaway: Euthasol Euthanasia Solution, Virbac, Carros, France). 

The trachea was exposed, and a catheter was introduced into the trachea to allow for the 

introduction and removal of lavage fluid. The lungs were rinsed twice with 1 mL 1× PBS 

containing 0.1 mM EDTA and the lavage fluid combined. The concentration of cells in 

the lavage fluid was measured using an Invitrogen Countess auto cell counter. Analysis of 

myeloperoxidase activity in 20 μL of lavage fluid was done using an EnzyFluo assay kit 

(BioAssay Systems, Hayward, CA, USA) and quantified on a BioTek Synergy H4 plate 

reader.

Flow cytometry

Blood, collected retro-orbitally, was resuspended in 1× PBS with heparin and centrifuged at 

300 × g for 10 min to collect the buffy coat. Buffy coat and whole bone marrow, collected 

by flushing the femur and tibia, were resuspended in HBSS without calcium and magnesium 

plus 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 5% FBS and 1 

mM EDTA. Approximately 5 × 105 buffy coat or bone marrow cells were incubated with 

BV786 Rat anti-Mouse Ly6G and Ly6C (BD Biosciences), APC Rat anti-Mouse Ly6G (BD 
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Biosciences), APC Rat anti-Mouse Ly6C (BD Biosciences) and/or FITC Rat anti-Mouse 

CD4 (BD Biosciences) antibodies. FACS was performed on an LSRII flow cytometer, and 

data were analysed using FLOJO software (FloJo, Ashland, OR, USA).

To measure integrin activity, neutrophils isolated from Krit1PMNWT and Krit1PMNKO mice 

were resuspended in Tyrode buffer (100 mM HEPES with 170 mM NaCl, 12 mM NaHCO3, 

2.6 mM KCl, 1.5 mL MgCl, 0.5 mM CaCl2, 1 mg·mL−1 dextrose and 1 mg·mL−1 bovine 

serum albumin) and 5 × 106 cells per condition were aliquoted into polystyrene tubes. 

Individual aliquots were treated with 10 mM EDTA, 1 mM MnCl2, 10 nM PMA or vehicle 

for 10 min prior to the addition of Alexa488-labelled Fn9-11, generated as previously 

described [61]. Integrin expression was measured by staining Krit1PMNWT and Krit1PMNKO 

neutrophils with Armenian hamster anti-mouse CD29 (BD Biosciences) followed by FITC-

goat anti-hamster IgG (ThermoFisher Scientific). Flow cytometry was performed on an 

LSRII flow cytometer, and data were analysed using FLOJO. Activation index was calculated 

as described in Konstandin et al. [100].

Statistics

Statistical analysis (i.e. one-way ANOVA with appropriate post hoc testing) was performed 

using PRISM software (version 9.0, GraphPad Software Inc, San Diego, CA, USA). Statistical 

significance was assessed assuming a 0.05 significance level and a two-sided alternative 

hypothesis.
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Fig. 1. 
Ly6Gtm2621(cre)Arte Krit1flox/flox mice (Krit1PMNKO) display normal haematopoiesis despite 

neutrophil-specific reduction of KRIT1. (A) Representative FACS analysis of Krit1PMNWT 

and Krit1PMNKO mouse blood and bone marrow for tdTomato and Ly6G expression. (B) 

Representative genotyping gel of ear tissue and isolated neutrophils from Krit1PMNWT 

and Krit1PMNKO mice. Ly6G Cre-Cre transgene; Ly6G WT wildtype Ly6g allele; KRIT1 

D-recombined Krit1 allele (exons 4–8 deleted). (C) Krit1 mRNA levels were measured by 

qPCR in isolated Krit1PMNWT and Krit1PMNKO mouse neutrophils. Data shown are mean 

Krit1 mRNA levels ± SEM, relative to Gapdh and normalized to Krit1PMNWT, from n 
= 8 independent experiments. ****P < 0.0001 by the unpaired t-test. (D) Representative 

western blot of neutrophil lysate from Krit1PMNWT and Krit1PMNKO mice. Marker lane 

was adjusted to allow marker bands to be easily visible, and black line denotes boundary 

of adjustment. (E) Blood collected from Krit1PMNWT and Krit1PMNKO mice was analysed 

using an Abaxis VetScan HM5 for white blood cell (WBC), lymphocyte (LYM), monocyte 

(MON), neutrophil (NEU), platelet (PLT) and red blood cell (RBC) counts. n = 3 mice/

genotype, all between-genotype comparisons were not significant as determined by one-way 

ANOVA.
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Fig. 2. 
Krit1PMNKO neutrophils have reduced adhesion to fibronectin. (A) Adhesion of vehicle 

and 10 nM PMA-stimulated Krit1PMNWT and Krit1PMNKO mouse neutrophils plated 

on 5 μg·mL−1 ICAM-1 after 20 min. Data shown are mean calcein-AM fluorescence, 

±SEM, n = 3. (B) Time course of adhesion of 10 nM PMA-stimulated Krit1PMNWT and 

Krit1PMNKO mouse neutrophils to 10 μg·mL−1 fibronectin. Data shown are mean calcein-

AM fluorescence normalized to Krit1PMNWT vehicle: 20 min, ±SEM, n = 4. *P < 0.001 

by the two-way ANOVA with the Tukey’s post hoc testing. (C) Adhesion of vehicle or 

10 nM PMA-stimulated Krit1PMNWT and Krit1PMNKO mouse neutrophils to fibronectin (10 

μg·mL−1) after 20 min. Data shown are mean calcein-AM fluorescence, ±SEM, n = 20. 

****P < 0.001 by the one-way ANOVA and Tukey’s post hoc testing. Alternative stimuli 

were also used: (D) Adhesion of vehicle or 250 nm fMLP-stimulated Krit1PMNWT and 

Krit1PMNKO mouse neutrophils to fibronectin after 20 min. Data shown are mean calcein-

AM fluorescence, ±SEM, n = 20. **P < 0.01 and *P < 0.05 by the one-way ANOVA 

and Tukey’s post hoc testing. (E) Adhesion of vehicle or 1 μM WKYMVm-stimulated 

Krit1PMNWT and Krit1PMNKO mouse neutrophils to fibronectin after 20 min. Data shown are 

mean calcein-AM fluorescence, ±SEM, n = 20. ****P < 0.0001 by the one-way ANOVA 

and Tukey’s post hoc testing.
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Fig. 3. 
Krit1PMNKO neutrophils show reduced cell spreading on fibronectin. (A) Frequency 

distribution of average cell area of unstimulated Krit1PMNWT and Krit1PMNKO mouse 

neutrophils plated on 10 μg·mL−1 fibronectin after 1 h. P = 0.0156 by the Kolmogorov–

Smirnov test. Representative images of FITC-phalloidin-stained Krit1PMNWT (B) and 

Krit1PMNKO (C) neutrophils. n = 3 mice /genotype, 10 images per mouse. Scale bar = 50 

μm. (D) Frequency distribution of average cell area of 10 nm PMA-stimulated Krit1PMNWT 

and Krit1PMNKO mouse neutrophils plated on 10 μg·mL−1 fibronectin after 1 h. P = 
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0.0102 by the Kolmogorov–Smirnov test. Representative images of FITC-phalloidin-stained 

Krit1PMNWT (E) and Krit1PMNKO (F) neutrophils. n = 3 mice/genotype, 10 images per 

mouse. Scale bar = 50 μm. (G) Frequency distribution of average cell area of 1 μg·mL−1 

LPS-stimulated Krit1PMNWT and Krit1PMNKO mouse neutrophils plated on 10 μg·mL−1 

fibronectin after 1 h. P = 1.28 × 10−6 by the Kolmogorov–Smirnov test. Representative 

images of FITC-phalloidin-stained Krit1PMNWT (H) and Krit1PMNKO (I) neutrophils. n = 3 

mice/genotype, 10 images per mouse. Scale bar = 50 μm. (J) Krit1PMNKO neutrophils show 

increased phosphorylation of myosin light chain. Krit1PMNWT vs. Krit1PMNKO neutrophil 

phospho-MLC staining intensity per cell, ±SEM, n = 4 mice/genotype, n = 5 (WT + 

vehicle), 17 (WT + PMA), 14 (WT + LPS), 14 (KO + vehicle), 19 (KO + PMA), 11 (KO 

+ LPS) fields/condition. *P < 0.05, ****P < 0.0001 by the Brown–Forsythe ANOVA and 

Games–Howell post hoc testing.
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Fig. 4. 
Krit1PMNKO neutrophils display normal migration on ICAM-1. Krit1PMNWT and 

Krit1PMNKO mouse neutrophils were plated in chamber wells coated with 10 μg·mL−1 

ICAM-1 then stimulated with 250 nM fMLP. The migration of individual neutrophils was 

tracked using time-lapse video microscopy and then analysed using VOLOCITY software. (A) 

Violin plots of total track length per cell for each animal, representing data point frequency 

distribution between minimum and maximum values, with quartiles indicated by dotted lines 

and median indicated by a dashed line. n = 41–72 cells per mouse. (B) Average cell track 

length. Data shown are mean of total track length for each genotype, ±SEM, n = 6. (C) 

Average cell velocity (total track length/time) ± SEM, n = 6. (D) Average meandering index 

± SEM, n = 6. (E) Average cell displacement (distance between origin and endpoint) ± 

SEM, n = 6 mice. Data were analysed by the one-way ANOVA (A) or unpaired t-test (B–E); 

no significant differences were detected.
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Fig. 5. 
Krit1PMNKO neutrophils display increased motility on fibronectin. Krit1PMNWT and 

Krit1PMNKO mouse neutrophils were plated in chamber wells coated with 10 μg·mL−1 

fibronectin then stimulated with 250 nM fMLP. The migration of individual neutrophils was 

tracked using time-lapse video microscopy and then analysed using VOLOCITY software. (A) 

Violin plots of total track length per cell for each animal, representing data point frequency 

distribution between minimum and maximum values, with quartiles indicated by dotted 

lines, and median indicated by a dashed line. n = 24–91 cells per mouse. (B) Average cell 

track length. Data shown are mean of total track length for each genotype, ±SEM, n = 6. P = 

0.0526 by the unpaired t-test. (C) Average cell velocity (total track length/time) ± SEM, n = 

6. *P < 0.05 by the unpaired t-test. (D) Average meandering index ± SEM, n = 6. *P < 0.05 

by the unpaired t-test. (E) Average cell displacement (distance between origin and endpoint) 

± SEM, n = 6 mice. *P < 0.05 by the unpaired t-test.
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Fig. 6. 
Krit1PMNKO neutrophils have decreased fibronectin-binding integrin activation. (A) PMA-

treated Krit1PMNWT and Krit1PMNKO neutrophils were incubated with fluorescently-labelled 

monomeric FN-9–11 to assess integrin activation. Data shown are (columns) average 

activation index ± SEM; individual data points are matched by dashed lines, n = 4. *P 
= 0.003 by the unpaired t-test. (B) β1 integrin expression in Krit1PMNWT and Krit1PMNKO 

neutrophils was analysed by flow cytometry. Data shown are average integrin expression, 

normalized to wildtype neutrophils, ±SEM, n = 8.
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Fig. 7. 
Krit1PMNKO mice have reduced cell infiltration to inflamed lung tissue. Krit1PMNWT 

and Krit1PMNKO mice were given saline or 5 mg·kg−1 LPS by inhalation 24 h prior 

bronchoalveolar lavage with 2 × 1 mL lavage buffer. (A) Raw cell counts per mL of lavage 

fluid recovered from 8-week-old animals; ±SEM, n = 3–6. (B) Myeloperoxidase activity 

(U·L−1) in lavage fluid from 8-week-old animals; ±SEM, n = 3–6. (C) Raw cell counts per 

mL of lavage fluid recovered from 12-week-old animals; ±SEM, n = 3–6. P = 0.004 by the 

Brown–Forsythe ANOVA, **P < 0.01 and *P < 0.05 by the unpaired t-test with Welch’s 

correction. (B) Myeloperoxidase activity (U·L−1) in lavage fluid from 12-week-old animals; 

±SEM, n = 3–6. P < 0.0001 by the Brown–Forsythe ANOVA, *P < 0.05 by the unpaired 

t-test with Welch’s correction.
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