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Abstract

Candida albicans infection produces elongated hyphae resistant to phagocytic clearance 

compelling alternative neutrophil effector mechanisms to destroy these physically large microbial 

structures. Additionally, all tissue-based neutrophilic responses to fungal infections necessitate 

contact with extracellular matrix (ECM). Neutrophils undergo a rapid, ECM-dependent 

mechanism of homotypic aggregation and NETosis in response to C. albicans mediated by the β2 

integrin, Complement Receptor 3 (CR3, CD11b/CD18, αMβ2). Neither homotypic aggregation nor 

NETosis occurs when human neutrophils are exposed either to immobilized fungal β-glucan or to 

C. albicans hyphae without ECM. The current study provides a mechanistic basis to explain how 
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matrix controls the anti-fungal effector functions of neutrophils under conditions that preclude 

phagocytosis. We show that CR3 ligation initiates a complex mechanism of integrin cross-talk 

resulting in differential regulation of the β1 integrins VLA3 (α3β1) and VLA5 (α5β1). These β1 

integrins control distinct anti-fungal effector functions in response to either fungal β-glucan or C. 
albicans hyphae and fibronectin (Fn), with VLA3 inducing homotypic aggregation and VLA5 

regulating NETosis. These integrin-dependent effector functions are controlled temporally 

whereby VLA5 and CR3 induce rapid, focal NETosis early after binding Fn and β-glucan. Within 

minutes, CR3 undergoes inside-out auto-activation that drives the down-regulation of VLA5 and 

the up-regulation of VLA3 to support neutrophil swarming and aggregation. Forcing VLA5 to 

remain in the activated state permits NETosis but prevents homotypic aggregation. Therefore, CR3 

serves as a master regulator during the antifungal neutrophil response, controlling the affinity 

states of two different β1 integrins which in turn elicit distinct effector functions.
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Introduction

Deep-seated fungal infections are a major cause of morbidity and mortality due largely to a 

growing patient population with clinically impaired host defenses (1-6). Many cases are 

secondary to immunosuppression following organ transplantation, cancer chemotherapy, and 

AIDS, although trauma and burn patients, diabetics, and the elderly are particularly 

susceptible, as well (1, 7). Increasingly complex surgical procedures have led to the increase 

use of invasive measures such as intravenous catheters and hyperalimentation which further 

contribute to risk of acquiring candidiasis particularly in patients maintained in the surgical 

ICU for extended periods of time during recovery (8-10). Candida infection was reported to 

be remarkably high in non-trauma emergency surgical patients with prolonged hospital stays 

reaching a rate of 21.7/100 discharges, higher than other established high-risk patient 

populations (11). If the infection progresses to invasive, systemic candidiasis, the associated 

mortality ranges between 63-85% in untreated cases and 33-54% in those receiving 

appropriate anti-fungal therapy (12).

Neutrophils are the primary effector cells in promoting destruction and preventing 

dissemination of fungal pathogens (13-15). A low peripheral blood neutrophil count or a 

genetic defect in neutrophil function is sufficient to create host susceptibility for severe 

invasive fungal infections (16). Dimorphic fungi such as C. albicans switch in vivo between 

the single cell blastoconidia form and the elongated hyphal form (17). Given its relatively 

small size, the single cell form of C. albicans can be cleared by host neutrophils via 
phagocytosis. However, the large size of the hyphae obviates ingestion and thereby poses a 

challenge to the anti-fungal defense mechanisms available to the neutrophil (18).

Since mycotic infections occur within tissues, the response of extravasated neutrophils to 

fungal pathogens must take place in the context of the extracellular matrix (ECM). Recent 

work from this lab demonstrated a significant regulatory role for ECM in mediating the anti-
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fungal response of neutrophils (19). Specifically, we found that fibronectin (Fn) was 

required for neutrophil swarming and homotypic aggregation and a rapid release of 

neutrophil extracellular traps (NETs) with exposure to either immobilized soluble β-glucan 

or C. albicans hyphae. Neutrophil aggregation and NET release did not occur in response to 

either immobilized β-glucan, C. albicans hyphae, or Fn alone. The current study was 

undertaken to provide a mechanistic explanation for the coordinated response to the fungal 

pathogen associated molecular pattern (PAMP) β-glucan and the matrix protein Fn.

On human neutrophils, Complement Receptor 3 (CR3, CD11b/CD18, αMβ2), a β2 integrin, 

serves as a pattern recognition receptor for the fungal PAMP β-glucan (20, 21). Our previous 

work has shown that neutrophil clustering and NETosis to β-glucan in the context of Fn is 

requires CR3, but not Dectin-1, and is independent of both respiratory burst (19). CR3 is a 

unique surface receptor capable of recognizing ligands at two spatially distinct domains, the 

I-domain and the lectin-like domain. The promiscuous I-domain recognizes many ligands 

including Fn, fibrinogen and Intercellular Adhesion Molecule 1 (ICAM-1) (22). The lectin-

like site has been shown to bind β-glucan (23). The simultaneous binding of both I-domain 

ligand and lectin-like domain ligand has been proposed to regulate cellular function not seen 

with ligation of either domain alone. In this study, we report a novel, complex and 

temporally regulated integrin cross-talk pathway in which dual ligation of CR3 signals the 

differential regulation of VLA3 (α3β1) and VLA5 (α5β1), β1 integrins not often associated 

with anti-fungal activity. Neutrophil swarming was determined by activated VLA3 while 

NETosis required activated VLA5; the activation state of CR3 regulated the activation states 

of both VLA3 and VLA5. Findings are consistent with a two stage temporal model where 

VLA5 and CR3 are initially activated by ligand binding upon contact with Fn and fungal β-

glucan leading to rapid, matrix-dependent NET formation. Over time, dually ligated CR3 

undergoes an inside-out auto-activation that drives the down-regulation (suppression) of 

VLA5 and the up-regulation (activation) of VLA3 to allow for neutrophil swarming and 

cluster formation. If VLA5 is maintained in a high state of activation, VLA3 cannot be 

engaged. These data provide the first direct evidence for integrin cross-talk between the β2 

integrin CR3 to the β1 integrins VLA3 and VLA5 in human neutrophils exposed to fungal 

determinants. Taken together with previous reports, this study highlights the essentiality of 

considering the regulatory role of extracellular matrix and cognate integrins in efforts to 

understand host defense as it occurs within a tissue microenvironment.

Materials and Methods

Reagents

Abs used were as follows: blocking anti-CD11b (clone 44abc) hybridoma from American 

Type Culture Collection (Manassas, VA), APC-conjugate IgG (BioLegend, San Diego, CA), 

APC-conjugate CD11b (CBRM1/5; Biolegend, San Diego, CA), human integrin alpha5/

CD49e antibody (clone P1D6 R&D Systems, Minneapolis, MN), Mouse IgG1 Isotype 

Control (R&D Systems), Mouse anti-human integrin α3 (VLA3) preservative-free mAb 

(clone M-KID2; EMD Millipore, Temecula, CA), anti-VLA6 (NKI-GoH3, EMD Millipore, 

Temecula, CA), FITC-conjugated anti-CD11b (CBRM1/5, BioLegend, San Diego, CA), 

FITC-conjugated mouse IgG1 (679.1Mc7, Beckman Coulter Brea, CA), FITC-conjugated 
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anti-CD11b (ICRF44, Ancell, Bayport, MN). Anti-alpha5 (preservative-free) (SNAKA51, 

EMD Millipore, Temecula, CA), anti-Integrin alpha3, azide-free (ASC-1, EMD Millipore, 

Temecula, CA), Pharmaceutical-grade purified, endotoxin-free, soluble yeast β-glucan 

(ImPrime PGG) was kindly provided by Biothera (Eagan, MA). This is a β (1,3) (1,6) 

glucan from the cell wall of Saccharomyces cerevisiae with an average molecular weight of 

150 kDa and 4.1% branching (24). The β-glucan preparation contained no more than 0.02% 

protein, 0.01% mannan, and 1% glucosamine. Purified, endotoxin-free Human fibronectin 

(Fn) was from BD Biosciences (Bedford, MA). Dulbecco’s PBS, Lebovitz’s L15 medium 

(L-15), Hank’s Balanced Salt Solution (HBSS), and Sytox Green were from Invitrogen 

(Carlsbad, CA). Accutase ™ was from Innovative Cell Technologies (San Diego, CA). 

Leukadherin-1 (LA1), a small molecule CR3 receptor agonist with function-blocking 

properties, was a gift from Dr. Vineet Gupta, Rush Medical Center, Chicago, IL. VLA3 

blocking peptide (LXY1) and the β2 integrin allosteric antagonist (XVA143) were from Dr. 

Minsoo Kim, University of Rochester, Rochester, NY. All other reagents were obtained from 

Sigma-Aldrich (St. Louis, MO), unless otherwise indicated, and were of highest quality 

available.

Neutrophil isolation

Blood was obtained from healthy human volunteers with approval of the Rhode Island 

Hospital Institutional Review Board. Blood was collected in EDTA-containing Vacutainer 

tubes (BD Biosciences, San Jose, CA) and used within 5 min of venipuncture. 

Histopaque-1077 was used for initial cell separation followed by sedimentation through 3% 

dextran (400–500 kDa molecular mass). Contaminating erythrocytes were removed by 

hypotonic lysis, yielding a 95% pure neutrophil preparation of 90% viability by trypan dye 

exclusion. Neutrophils were suspended in HBSS (without Ca2+/Mg2+) and placed on ice 

until use.

Neutrophil adhesion assay

Six-well tissue culture plates (Fisher Scientific, Waltham, MA) were coated overnight at 4°C 

with Fn at a concentration of 6 μg/ml in TBS (25mM Tris, 150 mM NaCl) pH 9.0 and/or 1 

mg/ml β-glucan. Plates were moved to 37°C for 1 hour, washed twice with PBS, and air-

dried. Neutrophils were resuspended to a concentration of 3.5× 106 cells/ml in L-15 medium 

supplemented with 2 mg/ml glucose and 2 ml was added to each well. Where indicated, cells 

were preincubated with 25 μg/ml blocking or activating mAb or isotype control on ice for 30 

min. Cells were pretreated on ice with 10−9 M fMLP for 20 min and 1 mM Mn2+ was added 

to cells immediately before plating. Cells were exposed to either Fn alone or Fn + β-glucan 

for 30 min at 37°C. In a subset of experiments, 150 U/ml of DNase I was added at 0, 10, or 

25 min, as noted. Cells were then imaged and scored for cluster formation and NETosis or 

harvested for FACS analysis.

Scanning electron microscopy

Samples for scanning electron microscopy (SEM) were fixed by gently layering 2.5% 

glutaraldehyde in 0.15 M sodium cacodylate buffer, rinsed with buffer and post fixed with 

1% osmium tetroxide. Slides were rinsed, dehydrated and covered with resin and placed 

over Epox 812 filled slide-duplicating molds (Electron Microscopy Sciences, Hatfield, PA) 
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overnight. Following dehydration in ethanol, samples were subsequently dried in a critical 

point dryer. The samples were then coated with 20nm of gold palladium (60:40) in an 

Emitech K550 sputter coater (Emitech, Ashford, UK). Cells were imaged with a Hitachi 

S-2700 scanning electronic microscope (Hitachi High Technologies America, Pleasanton, 

CA) and collected with Quartz PCI software (Quartz Imaging Corporation, Vancouver, BC).

Quantification of neutrophil cluster formation

Cluster formation was quantified using custom MatLab software. Multiple images were 

taken per well and clusters of neutrophils were identified by eye as regions of interconnected 

or overlapping cells contained within a field of view (most fields of view were 410 × 

410mm). Only clusters regions with areas greater than 400mm2 were considered, 

approximately the size of four tiled, non-overlapping neutrophils. To maximize consistency, 

a single person was used to identify every cluster region in each field of view captured. To 

minimize human bias, experimental conditions associated with each field of view were 

coded and the person doing the analysis was blinded. Fields of view were numerically 

characterized by the number of clusters per mm2 and the average area of each cluster in μm2. 

Data sets from each well were averaged and all wells for each condition were ensemble 

averaged and plotted as average clusters per mm (x-axis) vs. average cluster area in μm2 (y-

axis) per condition. Ellipses represent 2D-SEM. Data represents 3-20 wells per condition.

Visualization and quantification of neutrophil NETs

Neutrophils were adhered as previously described plates coated with Fn ± β-glucan. NETs 

were visualized on adherent neutrophils by addition of 5 μM Sytox green and multiple 

images were taken per well. To minimize bias, experimental conditions associated with each 

field of view were coded and the person doing the analysis was blinded. Images were 

thresholded using the default thresholding algorithm in ImageJ (NIH, Bethesda, MD) and 

gated to include NETs and exclude nuclei. NET formation was quantified as a percent area 

of the totaled imaged field. Well averages were ensemble averaged to generate this data. 

Data represents 3-20 wells per condition.

Microscopy

Images were captured using a Nikon TE-2000U inverted microscope (Nikon, Melville, NY) 

coupled to an iXonEM+ 897E back illuminated EMCCD camera (Andor, Belfast, U.K.) 

outfitted with a Bioptechs (Butler, PA) stage heater and 20x, Nikon Plan Apochromat 

objective. Bright field images were captured using Elements software (Nikon). For 

fluorescence microscopy, a xenon lamp illuminated cells through a 33-mm ND4 filter and 

20x Nikon Plan Apochromat objective using a Nikon B2-A long pass emission filter set 

cube.

FACS analysis

Following isolation procedure, neutrophils were resuspended to a concentration of 3.5× 106 

cells/ml in L-15 medium supplemented with 2 mg/ml glucose and 2 ml was added to each 

well. Where indicated, cells were preincubated with integrin specific mAbs, peptides, or 

small molecules and vehicle or isotype controls. Cells were pretreated on ice with 10−9 M 

Johnson et al. Page 5

J Immunol. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fMLP for 20 min and 1 mM Mn2+ was added to cells immediately before plating. Cells were 

exposed to either Fn alone or Fn + β-glucan for 30 min at 37°C. Following incubation time, 

2mls of Accutase and 150U/ml DNase I (Sigma-Aldrich) was added to each well and plate 

was incubated at 37°C for an additional 7 min. To remove cells, contents of wells were first 

pipetted up-and-down with serological pipettes and then gently scraped from the well 

surface using cell scrapers (Costar, Corning, NY) and collected in 15 mL conical tubes. 

Wells were examined by microscope and 1 mL of L-15 was added and wells re-scraped if 

needed. Cells were spun down at 4°C for 10 min at 1400 RPM in a clinical centrifuge and 

resuspended at 1×107 cells/ml in BSS+ buffer (0.1% BSA, 1mM CaCl2, 1mM MgCl2) 100 

μl cell aliquots were incubated with FITC-IgG control (10 μg/ml), FITC-ICRF44 (9.8 ug/

ml), FITC-CBRM1/5 (15 μg/ml), FITC-ASC-1(10 μg/ml) , FITC-P1D6 (10 μg/ml), or FITC-

SNAKA51 (2.5μg/mL) and Fc block (Accurate Chemical, Westbury, NY) for 60 min on ice 

at 4°C in foil. (Unconjugated mAb were labeled using a Molecular Probes Alexa fluor 488 

antibody labeling kit per manufacturer’s instructions.) Cells were washed 3 times with BSS+ 

at 4°C and resuspended in 1% paraformaldehyde in PBS. Data was acquired on either a BD 

FACScan (Becton, Dickinson and Company, Franklin Lakes, NJ) using Lysis II software or 

by the Brown University Flow Cytomery and Sorting Facility on a BD FACSAria IIu using 

FACS DiVa software. Analysis was performed in FlowJo software (FlowJo, Ashland, OR) 

gating on neutrophils.

FACS-based FRET assay for extracellular extension of CR3 or VLA3

Experiments were performed as described in previous literature (25, 26). Briefly, neutrophil 

adhesion assays were performed as described above. 2 ml of thawed Accutase and 150U/ml 

DNaseI (Sigma-Aldrich) were added per well, sides of plates were tapped for 30 s and, 

placed at 37°C for 7 min. To remove cells, contents of wells were first pipetted up-and-down 

with serological pipettes and then gently scraped from the well surface using cell scrapers 

(Costar, Corning, NY) and collected in15 mL conical tubes. Wells were examined by 

microscope and 1 mL of L15 was added and wells re-scraped if needed. Cells were spun 

down at 4°C for 10 min at 1400 RPM in a clinical centrifuge and resuspended at 1×107 

cells/ml in BSS+ buffer (0.1% BSA, 1mM CaCl2, 1mM MgCl2) 100 μl cell aliquots were 

incubated with FITC-IgG control (10 μg/ml), FITC-ICRF44 (9.8 ug/ml), FITC-CBRM1/5 

(15 ug/ml), or FITC-ASC-1 (10 μg/ml) for 50 min with rotation at 4°C in foil. Cells were 

washed 3 times with BSS+ at 4°C and split into four 125μl aliquots in FACS compatible 

snap cap tubes on ice. Octadecylrodamine B (ORB) was added to a final volume of 250μl 

and concentrations of 0, 75, 200, and 400 nM. Samples were incubated on ice for 20 min 

and data was acquired by the Brown University Flow Cytomery and Sorting Facility on a 

BD FACSAria IIu using FACS DiVa software. Analysis was performed in FlowJo software 

gating on neutrophils.

Statistical Analysis

Data was pooled from a minimum of three independent experiments representing at least 

three different donors, as indicated. ANOVA analysis with Newman-Keuls posthoc analysis 

or paired-sample Student’s t-test as appropriate were performed using MATLAB 

(Mathworks, Natick, MA) or Excel (Microsoft, Redmond, WA) running the statistiXL data 

package (statistiXL, Nedlands, Australia). The null hypothesis was rejected if p < 0.001.
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Results

Homotypic aggregation of neutrophils in response to C. albicans hyphae or immobilized β-
glucan in the context of fibronectin

C. albicans infection instilled into a rat kidney shows robust aggregation of neutrophils 

(stained in red using an anti-neutrophil antibody) about a hyphal filament (stained in green 

using an anti-β-glucan antibody specific for β-(1-3)- and β-(1-6)-linked glucose (Fig. 1, left 
panel). This characteristic neutrophil aggregation around fungal hyphae is also observed in 
vitro when neutrophils are co-incubated with hyphae that have been elaborated on surfaces 

coated with Fn (Fig. 1, center panel). When this in vitro system is reduced to its minimal 

recognition elements of immobilized fungal β-glucan and Fn, cluster formation is conserved 

(Fig. 1, right panel). We have previously used both of these in vitro systems to characterize 

a rapid, matrix-dependent NET response of human neutrophils to fungal β-glucan (19). This 

study uses these model systems to characterize the integrin regulation of neutrophil cluster 

formation and NETosis to provide a mechanistic explanation for the dependence of matrix 

for the response to a fungal PAMP or hyphal filaments.

Homotypic aggregation on Fn + β-glucan is dependent on CR3 and VLA3 and independent 
of VLA5

To identify the specific integrins involved in neutrophil aggregation, human neutrophils were 

pretreated on ice with 10−9 M fMLP and incubated for 30 min at 37°C on tissue culture 

plastic coated with either 6 μg/ml Fn (Fn alone) or 6 μg/ml Fn + 1mg/ml β-glucan (Fn + β-

glucan) in L-15 supplemented with 2 mg/ml glucose and 1 mM Mn++. Previously, we 

showed that these conditions were optimal for primed neutrophils to exhibit rapid, ROS-

independent NETosis and homotypic aggregation. To identify integrins required for NET 

release and/or aggregation, neutrophils were additionally pretreated either with specific 

blocking mAbs to CR3 (clone 44abc), VLA5 (P1D6), VLA3 (M-KID2), or VLA6 (NKI-

GoH3). Confirming our previous report, antibody blocking of CR3 blocked cluster 

formation (Fig. 2A). Surprisingly, we found that blocking the VLA5, the canonical Fn 

receptor had no effect on aggregation in spite of the presence of Fn in the assay, but blocking 

of VLA3 completely inhibited cluster formation (Fig. 2A). VLA6 had no effect on 

clustering. Quantification of aggregate formation as average number of clusters per mm vs. 
average area of clusters confirmed significant inhibition of neutrophil clusters in response to 

Fn + β-glucan to levels indistinguishable from Fn alone upon antibody blocking of either 

CR3 or VLA3 (p<0.001), but with no significant change in cluster formation upon antibody 

blocking with isotype control (data not shown), VLA5, or VLA6 (Fig. 2B). The VLA5 

independence of aggregate formation was confirmed using a second VLA5-blocking mAb 

AF1864 (data not shown).

CR3 adhesion to Fn + β-glucan drives an inside-out auto-activation of CR3

Given that CR3 is the dominant receptor for β-glucan recognition by human neutrophils, we 

sought to understand whether CR3 expression and activation state was differentially 

modulated on Fn+β-glucan vs. Fn alone. Using flow cytometric analysis, CR3 surface 

expression and activation was quantified after adhesion on Fn ± β-glucan. Using a CR3 

expression reporter antibody (ICRF44), no significant difference in CR3 surface expression 
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was found as a function of ligand exposure (Fig. 2C, top panel). Using a CR3 activation 

reporter antibody, (CBRM 1/5), a significant increase in CR3 activation on Fn + β-glucan vs. 
Fn alone was identified (Fig. 2C, bottom panel). This increase was lost on Fn +β-glucan 

when CR3 was blocked (Fig. 2C) supporting a mechanism of inside-out auto-activation of 

CR3 on Fn + β-glucan.

CR3 surface expression and activation on neutrophils was quantified after adhesion on Fn ± 

β-glucan in the presence or absence of VLA3 or VLA5 blocking mAbs (Fig. 2D). After 30 

min incubation, neutrophils were isolated and stained with directly conjugated mAbs for 

both total CR3 (ICRF44) and a CR3 activation specific epitope (CBRM1/5) and assayed by 

FACS. The average ratio of the MFI for cells adhered to Fn alone vs. cells adhered to Fn + 

β-glucan showed no significant increase in CR3 expression or activation on Fn + β-glucan 

after VLA3 or VLA5 blocking. That blockade of the β1 integrins does not affect CR3 

expression or activation suggests that the integrin cross-talk pathway under study takes place 

in the β2-to-β1, but not in the β1-to-β2, direction.

Neutrophil homotypic aggregation and NETosis are dependent on CR3 but are 
differentially regulated with VLA3 driving homotypic aggregation and VLA5 driving NET 
formation

After identifying differential roles for VLA3 and VLA5 in neutrophil clustering, we 

determined the role of these β1 integrins in CR3-mediated rapid NET formation. Neutrophils 

were pre-incubated with blocking antibodies to CR3 (clone 44abc), VLA3 (M-KID2), or 

VLA5 (P1D6) and then allowed to adhere to Fn or Fn + β-glucan-coated surfaces and 

incubated at 37°C for 30 min, as above. NET formation was visualized using the cell 

impermeable DNA intercalating dye, Sytox green. Whereas CR3 was required for both 

cluster formation and NETosis to Fn + β-glucan, VLA3 engagement was required only for 

cluster formation and VLA5 was required only for NET production (Fig. 2A,B and Fig. 
3A). Indeed, when NETs were quantified as an average percent area of the total imaged 

field, VLA5 blocking significantly reduced NET formation to levels indistinguishable from 

either CR3 blocking or Fn alone while VLA3 blocking did not significantly reduce NET 

formation (Fig. 3B). Scanning electron microscopy of neutrophils on Fn + β-glucan confirm 

of the presence of DNA fibril structures between aggregated cells (Fig. 3C, arrowheads) 
supporting the presence of extracellular DNA visualized by Sytox green staining of cells on 

Fn + β-glucan. These data support the hypothesis that CR3-dependent neutrophil cluster 

formation and NET response to Fn + β-glucan are decoupled with VLA5 being required for 

NETosis and VLA3 for homotypic aggregation.

Dissolution of NETs by DNase I disrupts early, but not late, neutrophil clusters. Neutrophil 
clusters form in the absence of intact NET structures

In a previous study, we reported that treatment with DNase I was able to dissolve Sytox 

green-staining NET structures and disrupt neutrophil clusters on Fn + β-glucan which was 

consistent with the hypothesis that the NET structures played a physical role in seeding the 

neutrophil clusters (19). We now show in Fig. 3A that the CR3-dependent cluster formation 

and NET response to Fn + β-glucan are decoupled. To place this finding in the context of 

our previous work, we examined the temporal and longitudinal influence of DNase I in the 
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formation of neutrophil clusters on Fn + β-glucan. Neutrophils were allowed to adhere to Fn 

+ β-glucan-coated surfaces and incubated at 37°C, as above. After 30 min, in the absence of 

DNase, NETs can be visualized with Sytox green at the center of neutrophil aggregates (Fig. 
4, first column). If we allow the neutrophils to incubate at 37°C for 10 min, early clusters 

can be visualized aggregating around NETotic foci (Fig. 4, second column, top panel). 
Addition of DNase I dissolved both Sytox-green staining NET structures and neutrophil 

clusters within 30 sec (Fig. 4, second column, center panel). After an additional 20 min 

incubation, clusters were reformed in similar field locations in the absence of physical NET 

structures (Fig. 4, second column, bottom panel). Addition of DNase I after 25 min 

dissolved NET structures but mature clusters were not disrupted and persisted at 30 min 

(Fig. 4, third column). If DNase I is included in the assay medium from time 0 min and 

NET structures are not allowed to persist, cluster formation is still observed (Fig. 4, fourth 

column). These data suggest that although at early time points NETs can support the 

aggregation of neutrophils, that the physical NET structures can be decoupled from 

neutrophil cluster formation.

A CR3 agonist leukadherin-1, that decouples CR3 binding from some downstream 
signaling, supports NET formation but partially inhibits cluster formation. Integrin affinity 
blocker, XVA143, blocks both cluster formation and NETosis

To further interrogate the role of CR3 identified in our antibody blocking studies, 

neutrophils were pretreated with either a small molecule CR3 agonist, leukadherin-1 (LA1) 

or small molecule β2 allosteric antagonist, XVA143 (XVA). The XVA antagonist binds to 

the β2 I domain MIDAS near a key regulatory interface with the α I domain and blocks 

communication of conformational change to the I domain and at the same time inducing 

conformational rearrangements elsewhere in the integrin, including swing-out of the hybrid 

domain, resulting in an extended conformation with an inactive I domain (27, 28). Cluster 

formation and NETosis in response to Fn + β-glucan was completely abrogated in 

neutrophils pretreated with 10 μM XVA antagonist (Fig. 5). This indicates that the low 

affinity I domain conformation of CR3 does not support aggregate or NET formation. 

Interestingly, we found that neutrophils pretreated with 15 μM LA1, a small molecule CR3 

agonist that prevents CR3 from leaving its high affinity conformation while decoupling the 

receptor from some of its intracellular signaling (29), showed significantly decreased 

neutrophil clusters in both number and area (Fig. 5A, 5C) while having no significant effect 

on NETosis (Fig. 5A-B). These data indicate that flexibility in the conformational state of 

CR3 determines neutrophil cluster formation and supports the involvement of CR3 

intracellular signaling in CR3-to-VLA3 cross-talk. The preservation of NET formation after 

CR3 agonist treatment here suggests that the VLA5 role in NETosis is independent of CR3-

to-VLA5 cross-talk,

VLA3 blocking peptide inhibits cluster formation but not NETosis

To confirm the regulatory role of VLA3 in cluster formation suggested by our VLA3 

antibody blocking experiments, neutrophils were pretreated with 25 μg/ml of a cyclic VLA3 

blocking peptide, LXY1, identified for its ability to block binding of VLA3 to laminin and 

shown to block VLA3-mediated leukocyte elongation (30, 31). Cells treated with the VLA3 

blocking peptide then adhered them to Fn + β-glucan coated surfaces for 30 min at 37°C 
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showed no significant change in NET formation when compared to untreated cells (Fig. 6A-
B) but showed a complete abrogation of cluster formation (Fig. 6A, 5C). These data confirm 

antibody blocking data in supporting both a regulatory role for VLA3 in cluster formation 

and the β1-mediated decoupling of cluster formation and NETosis.

Activation of VLA3 is significantly increased by CR3 on Fn + β-glucan-coated surfaces

Total VLA3 surface expression in neutrophils after exposure to Fn + β-glucan was unaltered 

as determined by staining using a directly conjugated antibody to VLA3 (ASC-1) with an 

average MFI ratio of Fn to Fn + β-glucan of 1.08 ± 0.13 (Fig. 7A). To determine if CR3 

activation in turn caused activation of VLA3, we needed to develop an assay for VLA3 

activation as there are no commercially available antibodies that bind a VLA3 activation-

specific epitope. To quantify conformational changes in VLA3 induced by Fn + β-glucan, 

we adapted a FRET-based headpiece extension assay previously described for CR3 (25, 

26).This FACS-based assay reports the relative distance between a FITC-labeled mAb to an 

epitope on the integrin headpiece and octadecyl rhodamine B (ORB), a membrane 

partitioning fluorophore. To measure the conformational change of VLA3, we used the anti-

VLA3 antibody clone ASC-1, which has been shown to block VLA3 binding to laminin but 

not to Fn or collagen type IV (32). Use of ASC-1 in our cell aggregation assay confirmed 

that it had no blocking function (Figure 7B) with regard to clustering on Fn + β-glucan. 

Neutrophils assayed on Fn ± β-glucan coated surfaces were isolated and stained with FITC-

conjugated ASC-1 and aliquots were co-stained with increasing concentrations of ORB and 

assayed by FACS. Energy transfer from the FITC donor to the ORB acceptor causes a 

decrease in FITC intensity (quenching) that is proportional to the distance between the donor 

and acceptor fluorophores. The degree of this quenching gives a readout of VLA3 activity 

measured as headpiece extension (schematized in Fig. 7C). FACS data is analyzed by 

plotting the ratio of FITC mean fluorescence intensity in the absence of ORB acceptor (Fd) 

to that in the presence of ORB acceptor (Fda) versus ORB mean fluorescence (Fig. 7D). The 

slope of these lines quantitatively represents the extent of energy transfer from the donor to 

the acceptor, with a steep slope reporting significant quenching of the FITC reporter 

antibody characteristic of an inactive receptor with its headpiece in close proximity to the 

cell membrane acceptor fluorophore and a shallow slope characteristic of an active receptor 

with its headpiece and associated FITC reporter antibody extended away from the cell 

membrane and unable to undergo FRET transfer to the cell membrane receptor (Fig. 7C-D).

Using FITC-ASC-1, we found decreased slope reported for neutrophils adhered on Fn+β-

glucan than reported for neutrophils adhered on Fn alone for 30 min at 37°C and an average 

distance ratio of 1.67 ± 0.13, indicating that VLA3 is activated on Fn + β-glucan (Fig. 7D). 
This VLA3 activation is significantly reduced to an average distance ratio of 1.31 ± 0.05 

when neutrophils are pre-treated with a CR3 blocking mAb (44abc) providing evidence for a 

CR3-to-VLA3 cross-talk mechanism that drives neutrophil aggregation to Fn + β-glucan 

(Fig. 7D).
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Activation of VLA5 is significantly decreased by CR3 on Fn + β-glucan and is required to 
permit VLA3 cluster formation

We determined if there was differential expression or activation of VLA5 on Fn + β-glucan 

vs. on Fn alone during NETosis. FACS analysis using a directly conjugated mAb to total 

VLA5 (P1D6) showed no significant change in VLA5 expression over the conditions tested 

(Fig. 8A, left panel). However, staining with an activation specific epitope of VLA5 

(SNAKA51) suggested that neutrophils that were adhered on Fn + β-glucan surfaces for 30 

min at 37°C had significantly less activated VLA5 than those adhered cells adhered to 

surfaces coated with Fn alone and this decrease in activity was seen in neutrophils pretreated 

with an CR3 blocking mAb (Fig. 8A, right panel).

Findings in Fig. 3A show that VLA5 blocking does not impede neutrophil clustering on Fn 

+ β-glucan and Fig. 8A indicates that VLA5 undergoes a suppression of the high affinity 

state prior to clustering. To determine if reduced activation of VLA5 is required for 

neutrophil cluster formation, we took advantage of a VLA5 activating mAb (SNAKA51) 

that binds an epitope mapped to the calf-1/calf-2 domains of the α5 subunit and drives 

VLA5 into a high affinity state (33). Neutrophils pretreated with the VLA5-activating mAb 

and adhered to Fn + β-glucan-coated surfaces for 30 min at 37°C showed no significant 

difference in NETosis when compared to control cells (Fig. 8B-C) but had a complete 

abrogation of neutrophil cluster formation (Fig. 8B, 8D). This suggests that VLA5 must be 

actively inhibited to allow for neutrophil aggregation in response to Fn+β-glucan.

Driving VLA5 activation does not affect CR3 expression or activation

We determined CR3 activity in neutrophils that had been pre-treated with the VLA5 

activating mAb (SNAKA51) and adhered to Fn + β-glucan for 30 min at 37°C. By staining 

neutrophils with directly conjugated mAbs reporting both CR3 expression (ICRF44) and 

CR3 activation (CBRM1/5), we found that driving activation of VLA5 had no significant 

effect on CR3 expression or activation status (Fig. 9A), indicating that activating VLA5 

blocks aggregate formation in a CR3 independent mechanism and providing additional 

evidence against a mechanism of β1-to-β2 cross-talk in this system.

To determine if there was a VLA5-to-VLA3 mechanism of VLA3 activation, we examined 

the activation state of VLA3 using the VLA3 ORB-FRET activation assay described 

previously (Fig. 7C,D). Neutrophils pretreated with VLA5 activating mAb (SNAKA51) for 

30 min at 37°C, were isolated and stained with a directly conjugated mAb for a VLA3 

(ASC-1), then aliquoted, incubated with increasing amounts of ORB, and analyzed by 

FACS. The ratio of FITC mean fluorescence intensity in the absence of ORB acceptor (Fd) 

to that in the presence of ORB acceptor (Fda) versus ORB mean fluorescence was plotted 

(Fig. 9B). We observed no significant differences in slope or average distance ratios reported 

for neutrophils treated with VLA5 activating mAb (SNAKA51) adhered on Fn + β-glucan 

than reported for control neutrophils adhered on Fn+β-glucan (Fig. 9B), suggesting that any 

role of VLA5 in cluster formation is downstream of VLA3 and not a mechanism of VLA5-

dependent activation of VLA3.
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Behavior of human neutrophils in response to intact hyphae elaborated in the context of 
Fn show that NET formation and clustering can be decoupled in response to intact hyphae

To determine if the neutrophil integrin cross-talk response to Fn + β-glucan translates to the 

neutrophil response to intact hyphae in the context of matrix, we elaborated C. albicans 
hyphae on tissue culture plastic coated with 10 μg/ml Fn in YPD at 37°C. Hyphae were 

washed and human neutrophils, pretreated on ice with 10−9 M fMLP, were added and 

incubated at 37°C in L-15 supplemented with 2 mg/ml glucose and 1 mM Mn++. Where 

indicated, neutrophils were additionally pretreated either with specific mAbs to block VLA5 

(P1D6) or VLA3 (M-KID2) or to activate VLA5 (SNAKA51). After 30 min at 37°C, NET 

formation was visualized using Sytox green (Fig. 10). Consistent with the neutrophils 

response to Fn + β-glucan, neutrophils clustered around hyphal filaments and elaborated 

NETs (Fig. 10A, 10C). Also consistent with findings using immobilized β-glucan, blocking 

VLA5 inhibited NETs but not clustering, and blocking VLA3 inhibited clustering but not 

NETs (Fig. 10B-C). Additionally, activation of VLA5 blocked clustering but not NETs (Fig. 
10B-C). These data show that neutrophil NET formation and clustering can be decoupled in 

response to intact hyphae as found for immobilized β-glucan.

A time course analysis of integrin activation in neutrophils adhered to Fn ± β-glucan 
supports a temporal model of integrin cross-talk

We reported that the neutrophil response to Fn + β-glucan NET formation occurs very 

rapidly, with cells undergoing this rapid NETosis serving as foci for neutrophil cluster 

formation. To extend these data presented to the current study, we undertook a time course 

analysis of integrin activation in neutrophils adhered to Fn ± β-glucan. Human neutrophils 

assayed as described previously were isolated after 5, 15, and 30 min incubation, stained 

with directly conjugated mAbs for a CR3 activation specific epitope (CBRM1/5) or a VLA5 

activation specific epitope (SNAKA51) and assayed by FACS. Neutrophils adhered to Fn + 

β-glucan showed a significant time dependent increase in CR3 activation that was not seen 

in cells adhered to Fn alone (Fig. 11A). Cells adhered to Fn ± β-glucan both showed a 

significant increase in VLA5 activation between 5min and 15min that was sustained through 

30min on Fn alone (Fig. 11B). Cells adhered to Fn + β-glucan then showed a significant 

reduction in VLA5 activation at 30 min when compared to 15 min (Fig. 11B, right panel). 
To examine VLA3 activation, after 5 min and 30 min incubation on Fn ± β-glucan, 

neutrophils were isolated and stained with a directly conjugated mAb for VLA3 (ASC-1). 

Neutrophils were then incubated with 0, 75, 200, or 400 nM ORB and then analyzed by 

FACS. Representative data are plotted as the fraction of donor mean fluorescence intensity 

in the absence of acceptor fluorophore (Fd) to that in the presence of acceptor fluorophore 

(Fda) on the y-axis (Fd/Fda) vs. ORB mean fluorescence on the x-axis. Quenching of the 

VLA3 reporter mAb of neutrophils adhered to Fn alone had a steep slope indicating low 

activity at 5 min (data not shown) that was maintained through 30 min with no significant 

difference in average distance ratios (Fig. 11C). Cells adhered to Fn + β-glucan, however, 

had a steep slope not significantly different than that of cells on Fn alone at 5 min indicating 

low activity, but a significantly shallower slope at 30min indicating increased VLA3 activity 

with an average distance ratio of 1.53 ± 0.13. These data suggest that integrin regulation in 

response to Fn + β-glucan is a temporally-coordinated process.
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Discussion

Systemic infection caused by candida species is the fourth leading cause of nosocomial 

bloodstream infection in modern hospitals and carries high morbidity and mortality rates in 

spite of antifungal therapy. In the last three decades, there has been an increase in fungal 

infections in patients who are immunosuppressed or neutropenic (1, 7). Current studies of 

fungal infection trends show resistance is increasing among fungal species susceptible to 

these drugs (34, 35). To combat rising fungal infection rates and growing resistance, an 

increased focus on additional ways to enhance the innate immune anti-fungal response may 

offer alternative treatments.

Neutrophils are the primary cells responsible for the elimination of fungi in invasive tissue 

infections, yet the mechanisms by which they respond to virulence-associated, non-

ingestible hyphal forms of fungi are poorly understood. The aim of this current study was to 

investigate the surface receptors involved in the neutrophil response to fungal β-glucan in 

the context of the ECM protein, Fn. This is motivated by the widespread tissue distribution 

of Fn and the contact with this matrix component by neutrophils responding to deep-seated 

mycosis. Prior work from our laboratory showed that neutrophil swarming and clustering as 

well as NET release to β-glucan and intact hyphae are dependent on Fn. The swarming of 

neutrophils and eventual clustering around hyphal filaments, along with NET release, are 

regarded as essential components for effective host defense against this dimorphic 

opportunist. In pursuit of a better understanding of this matrix-dependent immune response, 

we now demonstrate a novel, complex, and temporally regulated cross-talk pathway in 

which the β2 integrin CR3, signals the differential regulation of individual β1 integrins not 

often associated with anti-fungal activity. We show that NETosis and swarming/clustering 

are controlled by the activation state of distinct β1 integrins, with both effects ultimately 

regulated by CR3. Our data support a two-stage temporal model (schematized in Fig. 12) 
where VLA5 and CR3 are activated by ligand binding immediately following contact with 

Fn and β-glucan leading to rapid, matrix-dependent NET formation. Over time, CR3 

undergoes inside-out auto-activation that drives the down-regulation (suppression) of VLA5 

and the up-regulation (activation) of VLA3 to allow for swarming/cluster formation (Fig. 
11). If VLA5 is not down-regulated, clustering is obviated. This study not only reinforces 

the need to account for matrix to fully understand mechanisms of anti-fungal host defense, 

but also reveals new roles for β1 integrins in host defense to candida. We also show a 

previously unappreciated level of complexity and inter-family communication among β1 and 

β2 integrins.

A significant finding of this paper is the ability of CR3 to coordinate a simultaneous up-

regulation and down-regulation of two distinct β1 integrins in response to fungi via integrin 

cross-talk. Integrin cross-talk was first described as "trans-dominant inhibition" in which 

activation of one integrin prevented the activity of another integrin through intracellular 

signaling and has since evolved to encompass many types of inter-integrin regulation (36, 

37). For example, on T-cells, the β2 integrin LFA-1 down-regulates the VLA4 response to 

ECM while up-regulating the VLA5 response to Fn to allow for stronger adhesion (38). Our 

findings offer new insight into the molecular mechanisms underlying the neutrophils 

response to fungal β-glucan in the context of tissue matrix. We propose CR3 as the master 
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regulator, coordinating the trans-dominant inhibition of VLA5 and the up-regulation of 

VLA3, resulting in neutrophil swarming and homotypic aggregation.

Our initial observation of neutrophils swarming into clusters on immobilized Fn and β-

glucan or hyphae led us to question the importance of cluster formation in the immune 

response to fungi. Others have suggested that, as hyphal forms of fungi are much too large to 

be phagocytosed, neutrophils circumvent this problem by enclosing microbes together with 

other neutrophils (39, 40). The encompassment of the microbe may provide areas of 

concentrated neutrophilic effector activity better able to eliminate the infection than would 

occur by binding of single cells along a hyphal filament (18). We identify VLA3 activity as 

necessary for clustering. This is consistent with previous work in our laboratory that has 

shown that upon dual ligation of CR3 by Fn and β-glucan, neutrophils demonstrated 

enhanced chemotaxis mediated by a shift in Fn binding from VLA5 to VLA3 (41).

However we also consider an alternative to the essentiality of VLA3 activity and swarming 

to the anti-fungal response. It is plausible that the early NETotic response is responsible for 

hyphal killing and perhaps physical containment of blastoconidia which serves to “wall off” 

the infectious focus. In addition to NETosis, some early responding neutrophils likely 

elaborate chemokines (i.e., IL-8, LTB4) to attract the next wave of neutrophils into 

organized clusters with the initiating cell located centrally. It is not yet clear if NETosis and 

chemokine release results from the same cell or from neighboring early responders. 

Importantly, whether swarming is essential or dispensible to host defense remains to be 

confirmed. We recognize that VLA3-induced clustering could be a detrimental aspect of the 

inflammatory response and contribute to collateral tissue damage as a result of gathering a 

high concentration of neutrophils into a focal point. This allows for the hypothesis that, by 

targeting VLA3 activity, collateral tissue damage may be attenuated while maintaining the 

biologically important immune defense mechanism of NETosis. In support, it has been 

shown that VLA3-high expressing cells from septic animals displayed hyper-inflammatory 

phenotypes that when blocked or conditionally knocked down showed reduced extravasation 

and increased survival rates as compared to healthy animals (42). Future work will test the 

host response of mice lacking VLA3 upon fungal challenge.

The role of VLA5 in matrix-dependent rapid NET formation has not been previously 

described. Whereas CR3 cross-talk affecting the affinity states of VLA3 and VLA5 is 

necessary for swarming and aggregation, whether cross-talk between CR3 and VLA5 

regulates NETosis is less evident. Antibody blocking of CR3 or VLA5 clearly prevents 

NETosis suggesting a non-redundant role for these receptors in initiating NET release. The 

reason NET release on Fn + β-glucan necessitates binding of both receptors is not yet 

known. The requirement for CR3 was further supported by the β2 integrin allosteric 

antagonist XVA143. The mechanism of action of CR3 small molecule agonist LA1, locking 

activated CR3 receptor into its structurally high affinity state while decoupling it from some 

of its intracellular communication within the cell, generated a slightly different result, 

affecting clustering more profoundly than NETosis for reasons yet to be discerned. That 

NET accumulation persisted over the 30 min observation period, even as VLA5 was 

becoming down regulated, suggests that NET triggering requires VLA5 activation but 

perhaps persistence of formation and release of NETs becomes constitutive after an 
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initialization event. Of course this scenario is difficult to discern at the population level and 

would necessitate determining the activation status of each NETotic cell to formally 

determine if VLA5 high affinity state is only needed initially to trigger NET release. By 

identifying VLA5 as having a role in NET formation, we have uncovered a new 

pharmaceutical molecular target for diseases exhibiting excessive NET formation while 

showing that different structural conformations of CR3 may mediate different cellular 

functions. Our results are also consistent with the reported finding that post-NETotic, 

anuclear neutrophils are capable of chemotaxis and bacterial phagocytosis perhaps 

representative of multitasking antimicrobial effector functions against fungal filaments (43). 

These authors concluded that NETosis is not limited to immobile and incapacitated cells and 

this may serve to aid the spread of microbiocidal NETs around the area around a focus of 

infection to an extent greater than would be possible if NETosis was limited to nonmigratory 

neutrophils.

VLA5 binds Fn with high affinity at two locations: its RGD sequence, an Arg-Gly-Asp 

motif contained by many ECM proteins, and its PHSRN site, a Pro–His–Ser–Arg–Asn 

synergy sequence specific to Fn (44). Specifically, residue Asp154 distinguishes α5 from 

other α subunits and results in its strong preference for Fn over other RGD ligands (45). 

VLA5 is unique in that the integrin conformation and the ligand binding are not mutually 

related. A recent study showed RGD-bound VLA5 structure conformation was similar to the 

non-ligated structure conformation. Furthermore, when bound with an inhibitor mAb, VLA5 

was able to bind ligand (45). Taken together, this indicates VLA5 can bind Fn in what is 

considered the inactive confirmation. As inhibition of VLA5 extension does not necessarily 

mean it is unable to recognize ligand and communicate with the cell, perhaps a ligated 

VLA5 in a low affinity conformation induces intracellular signaling not possible in its high 

affinity state. Furthermore, antibody blockade of VLA5 receptor has no effect on the 

neutrophil response to Fn + β-glucan, indicating the addition of β-glucan inhibits the activity 

of VLA5 towards its canonical ligand Fn. The switch from VLA5 to VLA3 Fn affinity may 

facilitate a type of cellular migration that is not possible with the strong adhesion between 

VLA5 and Fn.

The recognition of immobilized β-glucan in the context of Fn shifts CR3 in to a more 

activated state as determined by FACS using a CR3 activation reporter antibody (Fig. 2C). 
This activity is critical, as treatment with a CR3 blocking mAb (44abc) not only decreases 

CR3 activation, as measured by staining of a CR3 activation specific epitope (Fig. 2C), but 

also decreases the neutrophil response of swarming (Fig. 2A) and NET release (Fig. 3A-B). 
Additionally, we show with the use of a CR3 receptor agonist that locks activated CR3 into 

an extended conformation and decouples intracellular signaling, that CR3 must be able to 

move between its physical conformational states in order to allow for swarming (Fig. 5A). 
We demonstrate that CR3 and VLA3 activity, but not expression, is increased in the presence 

of β-glucan (Figs. 2C, 7A, 7D). In addition, VLA5 activity must be down regulated to allow 

for cluster formation (Fig. 8). This is so because of the reduction in binding of the activation 

reporter antibody SNAKA51 observed on cells exposed to Fn+glucan while no such 

reduction in total VLA5 expression is noted by the anti-VLA5 antibody P1D6 which binds 

to all VLA5 molecules regardless of activation state. Both SNAKA51 and P1D6 are well 
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characterized to bind to VLA5 at epitopes that map outside the ligand-binding domain so 

expression of total and activated VLA5 receptors can be measured without interference by 

the presence of ligand. Taken together, CR3 serves as the master regulator of a full blown 

neutrophilic response to fungal β-glucan in the context of matrix under conditions where 

phagocytosis is not available in host defense.

Previous work in our lab has previously suggested that dual ligation of CR3 affects β1 

subfamily integrins, VLA5 and VLA3 and can have effects on CR3-mediated anti-fungal 

responses via integrin cross-talk. Harler et al. showed migration on a Fn substrate was 

mediated by the integrins VLA5 and CR3, however, supplementation of the Fn with β-

glucan led to a shift in integrin-mediated chemotaxis to one that is determined by VLA3 

(41). VLA3 contains binding domains for both laminin and RGD and it is this later 

functionality that controls migration on glucan when VLA5 is blocked. In addition, Lavigne, 

O’Brien et al. proved blocking VLA5 or VLA3 was sufficient to relieve the Fn-dependent 

suppression of respiratory burst induced by the β-glucan activation of CR3 (46). In the 

present study, we demonstrate CR3 participates in β2 to β1 cross-talk with both VLA5 and 

VLA3 to determine the neutrophil response to either immobilized β-glucan or fungal hyphae 

in the context of Fn. We further show that β1 integrins differentially regulate neutrophil 

function with VLA3 driving clustering and VLA5 being required for NETosis. Our body of 

work show the essential role of matrix-to-integrin interactions in mediating the multiple 

neutrophil anti-fungal effector functions including chemotaxis, oxidative burst, clustering 

and NETosis. All of these functions are initiated upon ligation of CR3 at the I-domain by 

fibronectin and at the lectin-like site by fungal β-glucan and fully executed upon proper 

temporal regulation of the activation state of VLA3 and VLA5.

Our experiments demonstrate the mechanisms that form the early events that lead to the anti-

fungal response by neutrophils which includes aggregation into an attack complex around a 

fungal hypha. The earliest responding neutrophils, upon multifocal contact with matrix and 

fungal hyphae (or β-glucan) undergo NETosis followed by aggregation. Our findings show 

that these NETotic neutrophils represent a minor population of the assayed cells; most cells 

are not associated with NET release. We presume these NETotic cells release an as yet 

undefined chemoattractant to which other PMNs respond and gather as a subsequent wave of 

chemotactic neutrophils. This does not in any way preclude neutrophils that enter clusters at 

a later time from releasing NETs and in previous work we have shown that NETs released 

by neutrophils in our system are indeed cytotoxic for candida hyphae (19). One may 

speculate that there is benefit to the host to have neutrophils perform multiple antimicrobial 

events in defense including NETosis to allow containment and clearance of a complex 

infection involving both yeast and hyphal forms in vivo. Consistent with this notion, we 

define the integrin-based mechanism that controls the early events that lead to an 

amplification of a neutrophil-based cluster response that is likely to be a more efficient anti-

fungal response than neutrophils responding individually.

Ultimately, this report provides insights on a newly recognized pathway of integrin cross-

talk between the β2 integrin CR3 and the β1 integrins VLA3 and VLA5 and its role in the 

neutrophilic responses to fungal β-glucan. Whereas our current experimental focus is on the 

response to fungi, integrin cross-talk future work can be proposed to determine whether this 
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is a universal component of the neutrophilic response to all microbial infections of tissues. 

These results may find new pathways to identify novel targets for anti-fungal therapy and 

immune cell enhancement as well as increase our understanding of the complex regulation 

of integrins. Target outcomes may provide an adjuvant or alternative therapy to combat the 

increasing fungal resistance to azole therapy and improve recovery time of patients with 

fungal infections.
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Fig. 1. Immobilized β-glucan + Fn supports neutrophil aggregation as seen in vivo in response to 
intact hyphae in tissue
(Left panel) C. albicans infection within a rat kidney shows robust aggregation of 

neutrophils (stained in red with an anti-neutrophil antibody) about a hyphal filament (stained 

in green an anti-β-glucan antibody specific for β-(1-3), β-(1-6)-linked glucose. (Center 
panel) Aggregation also forms in vitro on intact C. albicans hyphae elaborated on Fn. 20x 

bright field image. (Right panel) β-glucan immobilized with Fn supports robust neutrophil 

aggregation. 20x bright field image. Bar = 100μm.
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Fig. 2. Neutrophil clustering on Fn + β-glucan is dependent on CR3 and VLA3
(A) Human neutrophils, pretreated on ice with 10−9 M fMLP, were incubated at 37°C on 

tissue culture plastic coated with either 6 μg/ml Fn (Fn alone) or 6 μg/ml Fn + 1mg/ml β-

glucan (Fn + β-glucan) in L-15 supplemented with 2 mg/ml glucose and 1 mM Mn++. 

Where indicated, neutrophils were additionally pretreated either with specific blocking 

mAbs to CR3 (clone 44abc), VLA5 (P1D6), VLA3 (MKID-2) or VLA6 (NKI-GoH3). After 

30 min incubation, cells were fixed and multiple images were acquired per well. Bright field 

images acquired at 20x; bar = 100μm. (B) Neutrophil cluster formation was quantified using 

ImageJ and custom MatLab software and plotted as average clusters per mm (x-axis) vs. 
average cluster area in μm2 (y-axis) per condition. Ellipses represent 2D-SEM. Cells on Fn + 

β-glucan (blue) have a significant increase in both cluster number and area vs. cell on Fn 

alone (red). Cells on Fn + β-glucan pretreated with VLA5 blocking mAb (pink) or VLA6 

blocking mAb (purple) showed no significant difference in clustering parameters vs. Fn + β-

glucan (blue). Cells on Fn + β-glucan pretreated with VLA3 blocking mAb (black) or CR3 

blocking mAb (green) a significant decrease in clustering parameters vs. Fn + β-glucan 

(blue) to levels statistically indistinguishable from cells on Fn alone (red). p < 0.001; 

ANOVA full factorial, post hoc Newman-Keuls. (C) CR3 adhesion to Fn + β-glucan results 

in auto-activation of CR3 but no significant change in surface expression. Representative 

histograms of neutrophils assayed as described on Fn (red), Fn + β-glucan (blue) or Fn + β-

glucan in the presence of CR3 blocking mAb (green). After 30 min incubation, neutrophils 
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were isolated and stained with directly conjugated mAbs for both total CR3 (top panel) and 

a CR3 activation specific epitope (bottom panel) and assayed by FACS. (D) The bar graph 

shows the average ratio of the MFI for cells adhered to Fn + β-glucan vs. Fn alone. Control 

conditions show no significant difference in staining for total CR3 (white bars) but a 

significant increase in CR3 activation specific epitope staining (grey bars) on Fn + β-glucan 

vs. Fn alone. Antibody blocking of VLA3 or VLA5 does not significantly influence the 

expression or activation of CR3 in response to Fn + β-glucan vs. Fn alone. Error bars 

represent SD. * p<0.001 Fn + β-glucan vs. Fn alone.
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Fig. 3. Neutrophil cluster formation and NETosis are regulated differentially by VLA3 and 
VLA5
(A) Human neutrophils assayed as in Fig. 2. After 30 min incubation, NET formation in the 

presence or absence of CR3, VLA3, or VLA5 blocking mAbs was visualized using Sytox 

green, imaged, and scored for NETs. Bright field and FITC images acquired at 20x; bar = 

100μm. (B) Quantification of NET formation. NETs were visualized with Sytox green and 

multiple images were taken per well. Images were thresholded and gated to include NETs 

and exclude nuclei. NET formation was quantified as a percent area of the total imaged field. 

Well averages were ensemble averaged to generate this data. * p<0.001 vs. Fn alone; 

ANOVA full factorial, post hoc Newman-Keuls; Error bars represent SEM. (C) 80x 

magnification Scanning Electron Microscopy images of neutrophils demonstrating NET 

elaboration. Neutrophils were prepared as described above, adhered to Fn + β-glucan coated 

wells for 30min at 37° C, then fixed and prepared for Scanning Electron Microscopy. DNA 

NET fibrils spanning aggregated neutrophils indicated by arrowheads.
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Fig. 4. Dissolution of NETs by DNase I disrupts early, but not late, neutrophil clusters. 
Neutrophil clusters form in the absence of intact NET structures
(A) Human neutrophils assayed as in Fig. 2 on Fn + β-glucan. DNase I was added either at 

time 0 before any neutrophil clusters had formed, after 10 min when early clusters had 

formed and associated NETs could be visualized, or after 25 min with matured clusters and 

associated NETs could be visualized. After 30 min incubation, cluster formation and NETs 

in the presence or absence of DNase I was visualized using Sytox green and imaged. Bright 

field and FITC images acquired at 20x; bar = 100μm.
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Fig. 5. Leukadherin-1 allows NET formation but attenuates cluster formation. XVA143 blocks 
both cluster formation and NETosis
(A) Human neutrophils assayed as in Fig. 2. Where indicated, neutrophils were additionally 

pretreated either with CR3 agonist LA1, β2 allosteric antagonist XVA, or vehicle control. 

After 30 min incubation, NET formation was visualized using Sytox green, imaged, and 

scored for NETs. Bright field and FITC images acquired at 20x; bar = 100μm. (B) 
Quantification of NET formation. NETs were visualized with Sytox green and multiple 

images were taken per well. Images were thresholded and gated to include NETs and 

exclude nuclei. NET formation was quantified as a percent area of the total imaged field. 

Well averages were ensemble averaged to generate this data. * p<0.001 XVA vs. all other 

conditions; ANOVA full factorial, post hoc Newman-Keuls; Error bars represent SEM (C) 
Neutrophil cluster formation was quantified using ImageJ and custom MatLab software and 

plotted as average clusters per mm (x-axis) vs. average cluster area in μm2 (y-axis) per 

condition. Ellipses represent 2D-SEM. Cells on Fn + β-glucan pretreated with the XVA β2 

antagonist (green) have a significant decrease in both cluster number and area vs. cells on Fn 

+ β-glucan (blue). Cells on Fn + β-glucan pretreated with vehicle control (purple) showed 

no significant difference in clustering parameters vs. Fn + β-glucan (blue). Cells on Fn + β-

glucan pretreated with the CR3 agonist LA1 (red) showed an intermediate phenotype with a 

significant decrease in clustering parameters vs. Fn + β-glucan (blue) but a significant 

increase in clustering parameters vs. cells pretreated with the XVA blocking peptide (green). 

p < 0.001; ANOVA full factorial, post hoc Newman-Keuls.
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Fig. 6. VLA3 blocking peptide, LXY1, blocks cluster formation but not NETosis
(A) Human neutrophils assayed as in Fig. 2 in the presence or absence of pretreatment with 

25μg/ml VLA3 blocking peptide LXY1. After 30 min incubation, NET formation was 

visualized using Sytox green, imaged, and scored for NETs. Bright field and FITC images 

acquired at 20x; bar = 100μm. (B) Quantification of NET formation. NETs were visualized 

with Sytox green and multiple images were taken per well. Images were thresholded and 

gated to include NETs and exclude nuclei. NET formation was quantified as a percent area 

of the total imaged field. Well averages were ensemble averaged to generate this data. Error 

bars represent SEM. (C) Quantification of cluster formation. Cluster formation was 

quantified using custom MatLab software and plotted as average clusters per mm (x-axis) 

vs. average cluster area in μm2 (y-axis) per condition. Ellipses represent 2D-SEM. Cells on 

Fn + β-glucan pretreated with the LXY1 VLA3 blocking peptide (red) have a significant 

decrease in both cluster number and area vs. cells on Fn + β-glucan (blue). Cells on Fn + β-

glucan pretreated with vehicle control (purple) showed no significant difference in clustering 

parameters vs. Fn + β-glucan (blue). p < 0.001; ANOVA full factorial, post hoc Newman-

Keuls.
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Fig. 7. VLA3 activation is significantly increased on Fn + β-glucan vs. Fn-coated surfaces and is 
mediated by CR3
(A) Human neutrophils assayed as in Fig. 2. After 30 min incubation, neutrophils were 

isolated and stained with a directly conjugated mAb for a VLA3. FACS histogram showing 

total VLA3 on Fn (red) and Fn + β-glucan (blue). (B) Human neutrophils assayed as in Fig. 
2 in the presence of the non-function blocking VLA3 mAb ASC-1 or isotype control. After 

30 min incubation, bright field images acquired at 20x; bar = 100μm. (C) Shown is a 

schematic demonstrating the loss of FRET between ORB membrane dye and FITC-

conjugated VLA3 mAb upon the extension of the extracellular domain. (D) Human 

neutrophils assayed as in Fig. 2 in the presence or absence of CR3 blocking mAb (44abc) or 

isotype control. After 30 min incubation, neutrophils were isolated and stained with a 

directly conjugated mAb for a VLA3 (Asc-1). Neutrophils were then incubated with 0, 75, 

200, or 400 nM ORB and then analyzed by FACS. Representative data are plotted as the 

fraction of donor mean fluorescence intensity in the absence of acceptor fluorophore (Fd) to 

that in the presence of acceptor fluorophore (Fda) on the y-axis (Fd/Fda) vs. ORB mean 

fluorescence on the x-axis.
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Fig. 8. VLA5 shows a CR3-dependent reduction in activity on Fn + β-glucan vs. Fn-coated 
surfaces. Driving VLA5 activation with an activating mAb blocks cluster formation but not 
NETosis, suggesting that an active inhibition of VLA5 is required for cluster formation
(A) Human neutrophils assayed as in Fig. 2. After 30 min incubation, neutrophils were 

isolated and stained with a directly conjugated mAb for either total VLA5 (P1D6) or an 

activation specific epitope of VLA5 (SNAKA51). FACS histogram showing VLA5 staining 

of cells adhered to Fn (red), Fn + β-glucan (blue), or Fn + β-glucan after pretreatment with a 

CR3-blocking mAb (green). (B) Human neutrophils assayed as above in the presence or 

absence of pretreatment with VLA5 activating mAb. After 30 min incubation, NET 

formation was visualized using Sytox green, imaged, and scored for NETs. Bright field and 

FITC images acquired at 20x; bar = 100μm. (C) Quantification of NET formation. NETs 

were visualized with Sytox green and multiple images were taken per well. Images were 

thresholded and gated to include NETs and exclude nuclei. NET formation was quantified as 

a percent area of the total imaged field. Well averages were ensemble averaged to generate 

this data. Error bars represent SEM. (D) Quantification of cluster formation. Cluster 

formation was quantified using custom MatLab software and plotted as average clusters per 

mm (x-axis) vs. average cluster area in μm2 (y-axis) per condition. Ellipses represent 2D-

SEM. Cells on Fn + β-glucan pretreated with the VLA5 activating mAb (red) have a 

significant decrease in both cluster number and area vs. cells on Fn + β-glucan (blue). p < 

0.001; ANOVA full factorial, post hoc Newman-Keuls.
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Fig. 9. Driving VLA5 activation does not affect CR3 expression or activation, providing 
additional evidence dismissing β1 to β2 cross talk in this system. Additionally, driving VLA5 
activation does not affect VLA3 activation, suggesting that VLA5’s role in the regulation of 
cluster formation is downstream of CR3 and VLA3
Human neutrophils assayed as in Fig. 2 in the presence or absence of pretreatment with 

VLA5 activating mAb (SNAKA51). (A) After 30 min incubation, neutrophils were isolated 

and stained with directly conjugated mAbs for both total CR3 (ICRF44) and a CR3 

activation specific epitope (CBRM1/5). FACS histograms showing total CR3 (left) and CR3 

activation (right) on Fn and Fn + β-glucan for control cells (blue) and cells treated with the 

VLA5 activating mAb (red). (B) After 30 min incubation, neutrophils were isolated and 

stained with a directly conjugated mAb for a VLA3 (ASC-1). Neutrophils were then 

incubated with 0, 75, 200, or 400 nM ORB and then analyzed by FACS. Representative data 

are plotted as the fraction of donor mean fluorescence intensity in the absence of acceptor 

fluorophore (Fd) to that in the presence of acceptor fluorophore (Fda) on the y-axis (Fd/Fda) 

vs. ORB mean fluorescence on the x-axis.
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Fig. 10. Behavior of human neutrophils in response to intact hyphae elaborated in the context of 
Fn show that NET formation and clustering can be decoupled in response to intact hyphae
C. albicans blastoconidia were allowed to elaborate into hyphae on tissue culture plastic 

coated with 10 μg/ml Fn in YPD at 37°C. Hyphae were washed and human neutrophils, 

pretreated on ice with 10−9 M fMLP, were added and incubated at 37°C in L-15 

supplemented with 2 mg/ml glucose and 1 mM Mn++. After 30 min incubation, NET 

formation was visualized using Sytox green, imaged, and scored for cluster formation and 

NETs with (A) control cells and (B) neutrophils that were additionally pretreated either with 

specific mAbs to block VLA5 (P1D6) or VLA3 (MKID-2) or to activate VLA5 

(SNAKA51). Bright field and FITC images acquired at 20x; bar = 100μm. (C) Enlarged 

images showing cluster aggregation to hyphae.
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Fig. 11. A time course analysis of integrin activation in neutrophils adhered to Fn + β-glucan 
supports temporal model of regulation
Human neutrophils assayed as in Fig. 2 (A) Human neutrophils, pretreated on ice with 10−9 

M fMLP, were incubated at 37°C on tissue culture plastic coated with either Fn alone or 6 

Fn + β-glucan in L-15 supplemented with 2 mg/ml glucose and 1 mM Mn++. After 5, 15, 

and 30 min incubation, cells were isolated and stained with directly conjugated mAbs for a 

CR3 activation specific epitope (CBRM1/5) or a VLA5 activation specific epitope 

(SNAKA51) and assayed by FACS. FACS histograms showing CR3 activation (A) and 

VLA5 activation (B) for cells adhered to Fn alone (left panel) and Fn + β-glucan (right 

panel) for 5 min (red), 15 min (blue), or 30 min (green). (C) Neutrophils assayed as 

described above. After 5 min and 30 min incubation, neutrophils were isolated and stained 

with a directly conjugated mAb for VLA3 (ASC-1). Neutrophils were then incubated with 0, 

75, 200, or 400 nM ORB and then analyzed by FACS. Representative data are plotted as the 

fraction of donor mean fluorescence intensity in the absence of acceptor fluorophore (Fd) to 

that in the presence of acceptor fluorophore (Fda) on the y-axis (Fd/Fda) vs. ORB mean 

fluorescence on the x-axis.
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Fig. 12. Two- stage model of integrin cross-talk in mediating neutrophil clustering and NETosis 
on Fn + β-glucan that decouples clustering and NET formation
We propose an early stage of VLA5 and CR3 adhesion to Fn + β-glucan that triggers 

NETosis and subsequent CR3 inside-out auto activation that leads to a later stage β2 to β1 

cross-talk that inactivates VLA5 and activates VLA3 leading to characteristic neutrophil 

clustering around NETotic foci.
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