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Abstract: Neutrophil (PMN) accumulation on liver sinusoidal endothelial cells (LSECs) 

is crucial to pathogen clearance and tissue damage in the liver sinusoids and controlled by 

a series of adhesion molecules expressed on the surface of PMNs and LSECs. The role of 

lymphocyte function-associated antigen-1 (LFA-1) and macrophage-1 antigen (Mac-1) in 

this process is still contentious. Here we compared the dynamic force spectra of the 

binding of β2 integrin to intercellular adhesion molecule-1 (ICAM-1) on LSECs using 

atomic force microscopy (AFM) and performed free and steered molecular dynamics 

(MD) simulations to analyze their structural bases of LFA-1- or Mac-1-I-domain and 

ICAM-1-D1 or D3 pair in their force spectra. Our AFM data suggest that the mechanical 

strength of LFA-1-ICAM-1 bond is significantly stronger than that of Mac-1-ICAM-1 

bond, implying a dominate role for LFA-1 to mediate PMN adhesion under shear flow. 

MD simulations indicated that spontaneous dissociation of Mac-1-I-domain vs. ICAM-

D3-domain is slower with the stronger interaction energy than that for LFA-1 I-domain 

vs. ICAM-D1-domain and that the rupture force for Mac-1 is lower than that for LFA-1, 

which are in qualitative agreement with the above experimental observations. These data 

indicate that the biomechanical features of LFA-1 and Mac-1 to mediate PMN adhesion 

on LSECs in vitro are similar with those in other tissues like cerebrovascular endothelium, 

while Mac-1-mediated PMN recruitment in liver sinusoids may stem from the slow blood 

flow in vivo. These findings further the understandings of PMN recruitment under shear 

flow in liver sinusoids. 
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1 Introduction 

Liver sinusoidal endothelial cells (LSECs) are highly specialized endothelial cells which 

form the wall of the liver sinusoids and the interface between the bloodstream and the 

liver parenchyma [Vollmar and Menger (2009); Xu, Wang, Zou et al. (2017); Zapotoczny, 

Szafranska, Kus et al. (2017)]. LSECs mediate the exchange of oxygen, nutrients, lipids, 

and proteins between hepatic sinusoids and hepatocytes through small fenestrae. These 

fenestrae are non-diaphragmed pores with a diameter of 50-150 nm and organized in 

clusters termed sieve plates [Yamasaki, Ikeda, Nakatani et al. (1999); Poisson, Lemoinne, 

Boulanger et al. (2017)]. Liver injury can cause LSECs to lose their fenestrae and large 

gaps (0.3-2 μm) formation, which mainly promotes the interactions between LSECs and 

circulating leukocytes or tumor cells under biochemical and biomechanical stimuli [Braet, 

Shleper, Paizi et al. (2004); Ito, Abril, Bethea et al. (2006); Sanabria and Dong (2018)]. 

LSECs also serve as an important barrier in the innate immune responses, providing the 

first line of defense against intestinal pathogens and toxins. Polymorphonuclear leukocyte 

(neutrophil, PMN) recruitment in the liver sinusoids is widely observed in almost all liver 

diseases and contributes to pathogen clearance or tissue damage [Ramaiah and Jaeschke 

(2007); Heymann and Tacke (2016)]. PMN accumulation within sinusoids and their 

extravasation into the parenchyma is controlled by a series of adhesion molecules 

expressed on the surface of PMNs and LSECs. Lymphocyte function associated antigen-1 

(LFA-1, αLβ2, CD11a/CD18) and macrophage-1 antigen (Mac-1, αMβ2, CD11b/CD18) are 

two β2 integrins expressed on PMNs and mediate PMN slow rolling, firm adhesion, 

intraluminal crawling and transendothelial migration in postcapillary venules [Ley, 

Laudanna, Cybulsky et al. (2007); Lyck and Enzmann (2015); Shi, Wang and Liu (2016)]. 

However, the role of LFA-1 and Mac-1 in PMN recruitment within liver sinusoids is still 

controversial. Upon intravital microscopic studies, PMN accumulation within the 

sinusoids during lipopolysaccharide (LPS)-induced systemic inflammation does not 

require β2 integrins, while Mac-1, but not LFA-1, does mediate PMN recruitment during 

sterile injury, local virus infection or fMLF stimulation [McDonald, McAvoy, Lam et al. 

(2008); Menezes, Lee, Zhou et al. (2009); McDonald, Pittman, Menezes et al. (2010); 

Jenne, Wong, Zemp et al. (2013)]. In contrast, LFA-1 dominates fMLF-activated PMN 

adhesion while Mac-1 decelerates PMN crawling on tumor necrosis factor-α (TNF-α)-

stimulated LSEC monolayer under shear flow in vitro [Yang, Li, Du et al. (2017)]. Thus, 

it is crucial to elaborate the respective contributions of the two β2 integrins in PMN 

hepatic recruitment. 

One way to elucidate the underlying mechanisms is to quantify the mechanical strength 

of β2 integrin-ligand bonds because the bond strength defines how strong the interactions 

between PMNs and LSECs could be under blood flow [Zhang, Wojcikiewicz and Moy 

(2002); Lü, Ye, Zhu et al. (2006); Zhang, Sun, Lü et al. (2008); Swartjes and 
Veeregowda (2015); Mittal and Dwivedi (2017); Li, Yang, Wang et al. (2018)]. Our 

previous work applied a flow chamber assay to compare the capabilities of LFA-1- or 

Mac-1-mediated PMN adhesion on LSECs to resist shear flow and revealed the higher 

adhesion strength through LFA-1 than Mac-1 at cellular level [Yang, Li, Du et al. 

(2017)]. In the current study, we quantified the dynamic force spectra of the binding of 

β2 integrin to intercellular adhesion molecule-1 (ICAM-1) on LSECs at molecular level 
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using atomic force microscopy (AFM). Force dependence of bond lifetimes, tissue 

specificity and structural differences of LFA-1- or Mac-1-ICAM-1 binding were also 

discussed. These findings provide an insight in understanding PMN recruitment under 

shear flow in liver sinusoids. 

2. Materials and methods 

2.1 Antibodies and reagents 

Recombinant mouse LFA-1 (CD11a/CD18), Mac-1 (CD11b/CD18) and TNF-α were 

purchased from R&D Systems (Minneapolis, MN). FITC-conjugated rat-anti-mouse 

CD146 monoclonal antibodies (mAbs) for cytometry sorting were from Miltenyi Biotec 

(Bergisch Gladbach, Germany). Rat anti-mouse blocking mAbs against CD11a (M17/4) 

and CD11b (M1/70), and isotype control (RTK2758, RTK4530) mAbs were all from 

Biolegend (San Diego, CA). Bovine serum albumin (BSA), fMLF, glutaraldehyde and 

MnCl2 were obtained from Sigma-Aldrich (St Louis, MO).  

2.2 Cells 

LSECs were isolated from 8-12 week-old C57BL/6 male mice obtained from Vital River 

Laboratories (Beijing, China) as previously described [Du, Li, Yang et al. (2017); Yang, 

Li, Du et al. (2017); Li, Yang, Wang et al. (2018)] after approval by the Institutional 

Animal and Medicine Ethical Committee (IAMEC) at the Institute of Mechanics, Chinese 

Academy of Sciences. Briefly, LSECs were isolated by a two-step collagenase perfusion 

of whole liver to digest liver tissues, a low speed centrifugation to separate fraction of 

hepatocytes, a density gradient centrifugation of the nonparenchymal cells on 11.7% to 

17.6% OptiprepTM solution (Axis-Shield, Dundee, Scotland) gradients, and a cytometry 

sorting with CD146 by FACS Aria III (BD Biosciences, San Jose, CA). Isolated LSECs 

and mice brain microvascular endothelial cell line bEnd.3, purchased from American 

Type Culture Collection (Manassas, VA), were cultured in 35 mm culture dishes with 

Endothelial Cell Medium (ECM, Sciencell Research Laboratories, Carlsbad, CA) at 37°C 

with 5% CO2. LSECs and bEnd.3 cells were cultured for 48 h and stimulated with 100 

ng/ml TNF-α or 1 μg/ml LPS for 12 h before use. 

2.3 AFM imaging 

AFM imaging was conducted at room temperature (RT) on a BioScope Catalyst AFM 

(Bruker Corporation, Santa Barbara, CA). All measurements were performed in 

Dulbecco’s phosphate-buffered saline (DPBS) using soft silicon nitride cantilevers 

(MLCT-C, Bruker, Santa Barbara, CA) with pyramidal tips and a spring constant of 0.01 

N/m. LSECs cultured for 48 h in dish were fixed with 1% glutaraldehyde at RT for 15 

min. After being washed 3 times with DPBS, the samples were placed on the AFM stage 

and scanned with contact mode. Whole cell imaging was performed within a 50×50 μm 

scanning area at 512×512 pixels and 0.5 Hz scan frequency. High-magnification images 

were obtained using the following settings: 16.6×16.6 μm scanning area, 256×256 pixels 

and 1 Hz frequency. 
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2.4 Dynamic force spectrum measurements 

AFM was also used to measure the rupture force between an ICAM-1-expressing LSEC 

or a bEnd.3 cell and a β2-integrin-captured AFM tip [Li, Yang, Wang et al. (2018)]. All 

force measurements were conducted in Mn2+ stimulation buffer (1 mM Mn2+ in the 

presence of Ca2+- and Mg2+-free HBSS containing 0.1% BSA) at RT on a BioScope 

Catalyst AFM using MLCT-C cantilevers, since it is known that β2-integrin can be 

activated by Mn2+ [Lu, Shimaoka, Ferzly et al. (2001); Shimaoka, Lu, Salas et al. (2002); 

Evans, Kinoshita, Simon et al. (2010); Kinoshita, Leung, Simon et al. (2010)]. To prepare 

the β2-integrin functionalized AFM cantilevers, the cantilever tips were incubated with 

100 μg/ml mouse LFA-1s or Mac-1s for 2 h at 37°C. The cantilevers were then washed 

with DPBS to remove unbound β2-integrin and incubated with 1% BSA for 1 h at 37°C to 

block nonspecific adhesion sites. In some cases, the cantilevers were incubated with 20 

μg/ml isotype control or LFA-1/Mac-1 blocking mAbs in DPBS for 1 h at 37°C. The 

blocking mAbs would bind to the integrins coated on the cantilevers and the unbound 

antibodies were washed out with DPBS. TNF-α-stimulated LSECs or LPS-activated 

bEnd.3 cells in a 35 mm-culture dish were incubated with Mn2+ stimulation buffer for 1 h 

before force measurements. After placing the dish onto the AFM stage, a β2-integrin-

coated cantilever tip was repeatedly driven by a piezoelectric translator (PZT) to 

approach the cell at the rate of 1 μm/s, to make contact at a compressive force of 200 pN 

for 50 ms to allow reversible bond formation and dissociation, and to retract away to 

allow the observation of the adhesion event and the measurement of rupture force, if any. 

The retraction rate of the cantilever was varied from 0.5-8 μm/s to acquire the 

measurements at different loading rates. The rupture force between the two molecules 

was derived from the deflection of the AFM cantilever, which was monitored by 

reflecting a focused laser beam off the back of the cantilever into a quad photodetector 

(QPD). At least three different cells on each dish were tested for 50 cycles each cell to 

collect a set of adhesion events and rupture forces. All experiments were repeated at least 

in triplet. 600~1000 force curves were recorded in each retraction speed. For single 

molecule data analysis, only the force curves exhibiting a single rupture with 

signal/noise >3, but not a force plateau, were considered as single force ramp rupture 

events. Total of >50 single forces at each loading rate (except for LFA-1 vs. bEnd.3 at 

rf=1363 pN/s, which had 36 forces) were collected. The rupture force of the β2-integrin-

ICAM-1 complex, f, was collected from the peak of the rupture event to zero force. The 

loading rate, rf, was determined by first evaluating the slope of the force-displacement 

curve just before each rupture event and then multiplying this number (pN/nm) by the 

retraction velocity (nm/s). According to the Bell model [Bell (1978)], the dissociation 

rate, k(f), is assumed to depend exponentially on applied force is used,  
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where τ is the bond lifetime, k0 is the equilibrium dissociation rate, kB is the Boltzmann 

constant, T is the absolute temperature, and a is a measure of bond compliance width. 

Under the condition of constant loading rate, the probability density function for the 

dissociation of a bond at force f is given by Evans et al. [Evans and Ritchie (1997)]: 
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The average rupture force, <f>, follows the so-called dynamic force spectroscopy (DFS) 

theory [Evans and Ritchie (1997)]: 
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The bond lifetime is transformed directly from the variance of rupture force distribution 

[Dudko, Hummer and Szabo (2008)]: 
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2.5 Molecular dynamics simulation 

Free and steered molecular dynamics (MD) simulations were performed to analyze the 

structural bases of LFA-1- or Mac-1-I-domain and ICAM-1-D1 or D3 pair in their 

distinct force spectra. Simulation systems of human ICAM-1 ligated Mac-1 I domain 

(PDB code: 1JLM) and LFA-1 I domain (PDB code: 1LFA) were built to evaluate the 

binding strength of the complex with the Ca2+ ion in the MIDAS, as previously described 

[Mao, Lü, Li et al. (2011); Li, Mao, Lü et al. (2013)]. Each simulation system was 

established by solvating the target molecule(s) into a rectangular water box and 

neutralized with ~100 mM Na+ and Cl- ions. Free MD simulations were conducted firstly 

using NAMD [Phillips, Braun, Wang et al. (2005)] program with CHARMM22 

[MacKerell, Bashford, Bellott et al. (1998)] all-atom force field following the same 

specific parameters as described before [Lü and Long (2005); Mao, Lü, Li et al. (2011); 

Li, Mao, Lü et al. (2013)]. Because Mac-1 I domain was unable to bind to the ICAM-1 

D3 domain stably in free MD simulations, a 200 pN constant force steered MD 

simulation was conducted to enforce the binding by pulling one of the oxygen atoms of 

D229 residue side-chain in ICAM-1 D3 domain to the fixed MIDAS ion in Mac-1 I 

domain. After being equilibrated via free MD simulations for 20 ns to reach steady states 

and similar initial structures [Mao, Lü, Li et al. (2011)], steered MD simulations at a 

constant velocity (cv) of 0.01 Å/ps were conducted to unbind the LFA-1- or Mac-1-

ICAM-1 complex upon the equilibrated complex. Here the C-terminal Cα atom of LFA-1 

or Mac-1 I domain was fixed and the C-terminal Cα atom of ICAM-1 D1 or D3 domain 

was pulled along the vector from the fixed atom to the pulled end. 

The non-covalent interactions between LFA-1/Mac-1 I domain and ICAM-1 D1/D3 

domain, as well as the distribution of main binding sites were calculated in equilibration 

process to estimate the bond strength and zero-force dissociation kinetics. And the rupture 

force and the interaction energy evolution between Ca2+ ion in LFA-1/Mac-1 I domain and 

key residue E34/D229 in ICAM-1 D1/D3 domain were estimated in cv- steered MD 

dissociation process to evaluate the resisting capability of LFA-1/Mac-1 I domain-ICAM-1 
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D1/D3 complex to external force. VMD program was used for system building, data 

analysis and conformation presentation [Humphrey, Dalke and Schulten (1996)]. 

2.6 Statistical analysis 

Data were presented as the mean±SEM. Significant differences between two groups were 

analyzed by the unpaired two-tailed Student’s t test or the Mann-Whitney rank sum test, 

depending on whether the data pass the normality test (Kolmogorov-Smirnov test). For 

multiple group comparisons, one-way analysis of variance (ANOVA) test followed by a 

Holm-Sidak test was performed if passing the normality test or using non-parametric 

Kruskal-Wallis test followed by Dunn’s test if not. P values less than 0.05 were 

considered statistically significant. 

3 Results 

3.1 LSEC identification with AFM 

Primary LSECs were isolated from mice livers and cultured in a 35 mm culture dish for 

48 h to form an interconnecting monolayer. It is well accepted that the isolated LSECs 

undergo capillarization and defenestration over time [Juin, Planus, Guillemot et al. (2013); 

Ford, Jain and Rajagopalan (2015); Poisson, Lemoinne, Boulanger et al. (2017)]. We 

examined the specific fenestrae of LSECs using AFM imaging in order to confirm if the 

LSECs were able to remain undifferentiated.  The results indicated that LSECs cultured 

for 48 h were able to form a monolayer and exhibit well-defined fenestrae arranged in 

sieve plate structures as expected (arrows in Fig. 1), displaying the normal and 

undifferentiated phenotype. 

 

Figure 1: LSECs visualized using AFM in contact mode. (A-B) Cell surface morphology 

(deflection error images) of LSECs cultured for 48 h at low (50×50 μm, 512×512; A) or 

high (16.6×16.6 μm, 256×256; B) magnification. The region chosen for further high-

magnification imaging was marked in A. Thin and thick arrows indicated single 

fenestration and sieve plates respectively 

3.2 Dynamic force spectra for LFA-1 and Mac-1 binding to ICAM-1 on LSECs 

We next used AFM to quantify the bond mechanical strength of the interactions between 

Mn2+-activated β2 integrins on the cantilever tip and ICAM-1s on TNF-α-stimulated 

LSECs at molecular level, since the specific rupture force for quiescent molecular pair in 
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the absence of either Mn2+ or TNF-α activation is too weak to detect (data not shown). 

Fig. 2A presented a series of typical force-displacement curves. Adhesive events and 

rupture forces were visualized from the middle and lower panels. To achieve the 

measurement of rupture forces at single-molecule level, the experimental settings such as 

molecular densities, contact time, and compression force were optimized to result in the 

binding probability <30%, ensuring a>83% single-bond events [Tees, Waugh and 

Hammer (2001)]. Here the adhesion probabilities were 22±4% and 13±3% when the 

LFA-1- or Mac-1-coated tips contacted the LSECs but the adhesion was significantly 

reduced to 1-5% for tips coated with BSA only or in the presence of LFA-1 or Mac-1 

blocking mAbs, demonstrating that the observed adhesion events were mainly mediated 

by the specific interactions between β2 integrin-ICAM-1 molecules (Fig. 2B). 

 

Figure 2: AFM force measurements of Mn2+-activated LFA-1s or Mac-1s on the AFM 

cantilever tip to ICAM-1s expressed on TNF-α-stimulated LSECs. (A) A series of typical 

force-displacement curves. The LFA-1 or Mac-1-coated AFM tip was driven to approach 

to (from left to right, grey lines), make contact with, and retract from (from right to left, 

black lines) the LSECs in the 35 mm culture dish. Adhesion was identified from 

cantilever deflection and fr was the rupture force of the β2 integrin-ICAM-1 bond (middle 

panel). ks is the system spring constant derived from the slope of the force-displacement 

curve. (B) Binding specificity. The BSA, LFA-1- or Mac-1-coated tip was pretreated with 

isotype control (open bars), LFA-1 (cross bars) or Mac-1 blocking (closed bars) mAbs. 

Adhesion probabilities were measured between the AFM tips and the LSECs at retraction 

velocity of 1 μm/s. Data were presented as the mean ± SEM of three distinct tips for 5~13 

cells in each case. Significant differences among BSA, LFA-1- or Mac-1-coated tips were 

analyzed with Kruskal-Wallis test followed by Dunn’s test and indicated by *, p<0.05; **, 

p<0.01. Significant differences between each blocking group and isotype control were 

analyzed with unpaired two-tailed Student’s t test and indicated by #, p<0.05; ##, p<0.01 
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Figure 3: Typical rupture force distributions (histograms) of the bindings between Mn2+-

activated LFA-1s (A, C) or Mac-1s (B, D) on the AFM cantilever tip and ICAM-1s 

expressed on TNF-α-stimulated LSECs acquired at the indicated loading rates. Total 

36~144 single-bond rupture force data at each loading rate were collected and analyzed 

using a force bin of 10 pN. The fitted curves (lines) were obtained using Eq. (2) 

Rupture forces of single bonds followed a distribution fitting well with Eq. (2) for both 

LFA-1 (Figs. 3A, 3C) and Mac-1 (Figs. 3B, 3D) at a given loading rate. The force 

distribution exhibited a single peak at each loading rate and was shifted toward higher 

values with increasing loading rates. Both the mean force spectra of LFA-1 and Mac-1 

followed a linear increase with logarithm of loading rate (points in Fig. 4A). Higher 

strength of LFA-1-ICAM-1 bond was found in most cases except for the lowest loading 

rate (Fig. 4A), consistent with the dominate adhesion strength of LFA-1 in mediating 

fMLF-activated PMN adhesion on TNF-α-stimulated LSECs at cellular level [Yang, Li, 

Du et al. (2017)]. Fitting the loading rate dependence of mean force by a dynamic force 

spectroscopy theory [Eq. (3); Bell (1978); Evans and Ritchie (1997)] (lines in Fig. 4A) 

gave the Bell model parameters, k0 and a (Tab. 1), for LFA-1- or Mac-1-ICAM-1 bond, 

respectively. The equilibrium dissociation rate k0 was 0.034 s−1 for LFA-1 and 0.017 s−1 

for Mac-1, suggesting a longer bond lifetime (1/k0) for Mac-1 at zero-force. In order to 

compare the force-dependent lifetimes between LFA-1- and Mac-1-ICAM-1 bonds under 

external force, those rupture force histograms were directly transformed into the force 

dependence of bond lifetimes measurable in constant-force experiments by Eq. (4) (Fig. 

4B) [Dudko, Hummer and Szabo (2008)], which also fitted the Bell model well, as 

expected (lines in Fig. 4B). The lifetime of LFA-1-ICAM-1 bonds was longer than those 

of Mac-1-ICAM-1 bonds under same pulling force, implying the slower dissociation of 

LFA-1-ICAM-1 bonds to support PMN firm adhesion. These results confirm the 
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observation at cellular level [Yang, Li, Du et al. (2017)], revealing the high strength and 

long lifetimes for LFA-1-ICAM-1 bonds to support PMN adhesion on LSECs under shear 

flow. 

 

Figure 4: Rupture forces and lifetimes of the bonds between Mn2+-activated LFA-1s 

(open squares, dashed lines) or Mac-1s (closed circles, solid lines) on the AFM cantilever 

tips and ICAM-1s expressed on TNF-α-stimulated LSECs (A-B) or LPS-stimulated 

bEnd.3 cells (C-D). (A, C) Dependence of rupture force on loading rate. Data are 

presented as the mean ± SEM of 36~144 force data at each loading rate and fitted by Eq. 

(3) (lines). (B, D) Lifetime (points) as a function of applied force, obtained from the 

variance of rupture force distribution using Eq. (4). The fitted curves (lines) were 

obtained using Eq. (1).  

Table 1: Summary of Bell model parameters of LFA-1/Mac-1-ICAM-1 interactions 

Integrin Cell k0 (s-1) a (Å) 

LFA-1 LSEC 0.034 3.03 

Mac-1 LSEC 0.017 3.87 

LFA-1 bEnd.3 0.033 2.71 

Mac-1 bEnd.3 0.0004 4.67 

To further understand the tissue specificity of ICAM-1 binding strength to β2 integrins, a 

distinct mouse cerebrovascular endothelial cell line bEnd.3 was applied as control group 

where PMN recruitment are assumed to follow the classical paradigm involving selectin-

mediated rolling and β2 integrin-dominated firm adhesion [Ley, Laudanna, Cybulsky et al. 

(2007); McDonald, McAvoy, Lam et al. (2008)]. Noting that the binding of LFA-1- or 
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Mac-1-coated tips to ICAM-1s on TNF-α-stimulated bEnd.3 cells was quite low (data not 

shown), a LPS stimulating model of bEnd.3 cells was instead used to produce the specific 

adhesive events and rupture forces of the interactions between β2 integrin-ICAM-1 

molecules. Rupture force of LFA-1-ICAM-1 binding was also higher than Mac-1-ICAM-

1 binding under same loading rates on bEnd.3 cells (Fig. 4C) and the lifetime of LFA-1-

ICAM-1 bonds was longer than those of Mac-1-ICAM-1 bonds under same external force 

(Fig. 4D), implying that LFA-1-ICAM-1 complex might play the dominant role in shear-

resistant adhesion of PMNs compared with Mac-1-ICAM-1 complex on bEnd.3 cells. 

The zero-force dissociation rate k0 was 0.033 s−1 for LFA-1 and 0.004 s−1 for Mac-1, 

suggesting that the spontaneous dissociation of Mac-1-ICAM-1 were slower than that for 

LFA-1. These data indicated that the differences between LFA-1- and Mac-1-ICAM-1 

interactions seem irrelevant to tissue specificity, which may be attributed to their distinct 

conformations, as discussed below. 

3.3 Structural basis of the binding of β2-integrins to ICAM-1s 

Force differences so observed in LFA-1- or Mac-1-ICAM-1 binding are assumed to 

correlate their distinct conformations. Here structural differences were compared using 

human LFA-1-I-domain vs. ICAM-1-D1-domain and Mac-1-I-domain vs. ICAM-1-D3-

domain as the templates, since the LFA-1/Mac-1 I domain and ICAM-1 D1/D3 domain 

are the direct ligand-binding domains and no crystal structures have been found for 

murine ICAM-1-β2-integrin complexes yet. Our previous MD analyses implied that the 

association of Mac-1 to ICAM-1 is much harder than that of LFA-1 since LFA-1-I-

domain is able to bind spontaneously to ICAM-1 D1 domain but Mac-1-I-domain 

requires external force to bind effectively to ICAM-1 D3 domain due to shielding effect 

of side-chain of D229 residue in D3 domain by S142 and S144 in Mac-1 I domain [Li, 

Mao, Lü et al. (2013)]. From the viewpoint of bond dissociation, it was indicated here 

that total interacting energy between LFA-1/Mac-1 I-domain and ICAM-1 D1/D3 domain 

was higher for Mac-1 than that for LFA-1 (black bars in Fig. 5A). Further analysis of 

binding sites distribution illustrated two main sites on ICAM-1 side for each system. That 

is, E34 and Q73 residues of ICAM-1 D1 domain bound respectively to Ca2+ cation and 

N207 of LFA-1 I domain (Fig. 5B) that were consistent with the crystallized structure of 

LFA-1 I domain-ICAM-1 complex [Shimaoka, Xiao, Liu et al. (2003)] and experimental 

measurements [Bella, Kolatkar, Marlor et al. (1998)], while D229 and E254 of ICAM-1 

D3 domain bound respectively to Ca2+ cation and H148 and R151 of Mac-1 I domain 

(Fig. 5C) that were in accordance with the measurements of the impact of D229 and E254 

mutation on Mac-1-ICAM-1 interaction [Diamond, Staunton, Marlin et al. (1991)]. 

Specifically, the interaction energy between E34 in D1 domain or D229 in D3 domain 

and Ca2+ cation yielded more than 50% of total energy for both LFA-1 and Mac-1 

systems (white bars in Fig. 5A). These results suggested that the spontaneous dissociation 

of Mac-1-I-domain vs. ICAM-D3-domain seemed slower with the stronger interaction 

energy than that for LFA-1. 
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Figure 5: Microstructural basis of LFA-1-ICAM-1 and Mac-1-ICAM-1 interactions in 

both equilibration and forced dissociation simulations. (A, B, C) Nonbond interaction 

energy of global interaction between LFA-1/Mac-1 I domain and ICAM-1 D1/D3 domain 

(black bars) and of partial interaction between metal ion of LFA-1/Mac-1 I domain and 

E34/D229 of ICAM-1 D1/D3 domain (white bars) (A), and distribution of key binding 

sites for LFA-1 I domain-ICAM-1 D1 domain (B) and for Mac-1 I domain-ICAM-1 D3 

domain (C) interactions in equilibration simulations. Nonbond interaction energy was 

presented as mean ±SD of the last 5-ns average of eleven and three runs for LFA-1-

ICAM-1 and Mac-1-ICAM-1 systems, respectively. 10-ns snapshots of one typical 

equilibration run for LFA-1/Mac-1-ICAM-1 complex were presented in (B-C). Key 

residues involved in binding from LFA-1/Mac-1 I domain (pink cartoon) or ICAM-1 

D1/D3 domain (blue cartoon) were shown as Licorice and CPK, respectively, and Ca2+ 

cation was presented as VDW. (D, E, F) Rupture force of complex dissociation under cv-

steered MD of 0.01 Å/ps (D), and typical dissociation dynamics of force-time (black) and 

metal ion-key residue interaction-time (red) profiles for LFA-1-ICAM-1 (E) and Mac-1-

ICAM-1 (F) systems. Rupture force was quantified as the maximum force around the 

moment for metal ion dissociation and presented as mean ±SD of seven and three 

independent runs for LFA-1-ICAM-1 and Mac-1-ICAM-1 systems, respectively 

Under external force, however, the rupture force for Mac-1 was lower than that for LFA-

1 (Fig. 5D). Evolution of a typical cv-steered MD forced unbinding process demonstrated 

that the release of cation from ligand was the key step of complex dissociation with the 

abrupt dropping of interaction energy between E34 in D1 domain or D229 in D3 domain 

and Ca2+ cation (red line), which was in synchronization with the maximum rupture force 

(black line) (Figs. 5E-5F). This finding suggested that the E34- or D229-Ca2+ cation 

interaction governed the rupture force. Although the D229-Ca2+ interaction energy in 

Mac-1-ICAM-1 complex was higher than the E34-Ca2+ interaction energy in LFA-1-

ICAM-1 complex during equilibration simulation (white bars in Fig. 5A), the former was 

less stable with large fluctuation and gradual reduction under external force (red line in 

Fig. 5F) while the latter kept stable until complex dissociation (red line in Fig. 5E), 

resulting in the lower rupture force for Mac-1-ICAM-1 complex than that for LFA-1-
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ICAM-1 complex (Fig. 5D). Collectively, these MD analyses are in qualitative agreement 

with the above experimental observations on the equilibrium dissociation and forced 

rupture between LFA-1- and Mac-1-ICAM-1 interactions (Tab. 1 and Fig. 4). 

4 Discussion 

PMNs adhesion on LSECs and extravasation into the parenchyma is crucial to pathogen 

clearance or tissue damage [Ramaiah and Jaeschke (2007); Kolaczkowska and Kubes 

(2013)]. While selectin-mediated PMN tethering and rolling unlikely appears in liver 

sinusoids due to the absence of selectins on LSECs, the binding of LFA-1 and Mac-1 to 

their ligands on LSECs has a pivotal role in supporting the recruitment of PMNs under 

shear flow [Menezes, Lee, Zhou et al. (2009); Yang, Li, Du et al. (2017)]. Here we 

quantified the mechanical strength binding LFA-1 or Mac-1 to ligands on LSECs at 

molecular level and revealed a dominate role for LFA-1. 

The first step required for testing LFA-1 and Mac-1 binding on LSECs is to obtain 

undifferentiated primary cells. It is well known that isolated primary LSECs quickly lose 

their phenotype out of their in vivo environment. In current work, we used AFM to image 

LSEC ultrastructure and confirmed that the fenestration phenotype could be maintained 

well within experimental duration (Fig. 1). Traditional fenestration imaging using 

scanning electron microscope (SEM) [Wisse, Zanger, Jacobs et al. (1983)] requires the 

samples fixed by glutaraldehyde-osmium tetroxide, dehydrated, dried at critical point, 

and coated with a thin layer of gold. This complicated preparatory process may cause the 

structural damage and even create the additional holes on cell surface [Braeta and Wissea 

(2012); Poisson, Lemoinne, Boulanger et al. (2017)]. In the current work, the AFM 

imaging only need the samples to be fixed by glutaraldehyde, reserving the valid 

information for fenestra at the greatest degree. 

The adhesion of fMLF-activated PMNs on TNF-α-stimulated LSECs is mediated by the 

interactions between β2 integrins on PMNs and their ligand ICAM-1 on LSECs [Menezes, 

Lee, Zhou et al. (2009); Yang, Li, Du et al. (2017)]. Mechanical force imposed by blood 

flow is an important factor to regulate the formation and dissociation of β2-integrin and 

ICAM-1 bonds [Feng, Lee and Lim (2017)]. While a body of experimental evidences and 

theoretical predictions has been reported to elucidate the mechanistic insights of rupture 

force and energy landscape for forced dissociation of β2-integrin-ICAM-1 bond 

[Wojcikiewicz, Abdulreda, Zhang et al. (2006); Yang, Yu, Fu et al. (2007); Chen, Lou 

and Zhu (2010); Evans, Kinoshita,  Simon et al. (2010); Kinoshita, Leung,  Simon et al. 

(2010); Celik, Faridi, Kumar et al. (2013)], this work first tested the rupture force of 

reconstructed LFA-1s or Mac-1s immobilized on a AFM cantilever tip to ICAM-1s 

anchored onto a LSEC cell. Our data indicated that the higher rupture force was observed 

for binding of hepatic ICAM-1 to LFA-1 than that to Mac-1 (Fig. 4A), consistent with 

our steered MD analysis (Fig. 5D) and the shear-resistant data in our previous work [Li, 

Yang, Wang et al. (2018)]. Taken together, these results suggest that LFA-1 appears to be 

more important in PMN adhesion on LSECs in vitro, which is similar with data from 

postcapillary venules or purified recombinant proteins but not consistent with previous in 

vivo works [Ding, Babensee, Simon et al. (1999); McDonald, McAvoy, Lam et al. (2008); 

Menezes, Lee, Zhou et al. (2009); McDonald, Pittman, Menezes et al. (2010); Jenne, 
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Wong, Zemp et al. (2013); Robert, Brechtefeld and Walzog (2013); Li, Yang, Wang et al. 

(2018)]. It is notable that the liver sinusoids have specialized narrow luminal diameter 

(d=7-15 μm) and slow blood flow (τw=0.1-1 dyn/cm2), potentiating a great impact on 

PMN recruitment [McDonald, McAvoy, Lam et al. (2008)]. The force (=32τwr2) applied 

to mouse PMNs by physiological shear flow in the liver sinusoids is estimated to be 8-80 

pN (the radius r is calculated as 4 μm) [McEver and Zhu (2010)]. Therefore both LFA-1 

and Mac-1 could resist the quite low mechanical force applied by slow blood flow in the 

liver sinusoids. Together with the 10-fold higher molecular density of Mac-1 than that of 

LFA-1 on fMLF-activated PMNs [Yang, Li, Du et al. (2017)], the effects of Mac-1 may 

outdo LFA-1 in vivo [Menezes, Lee, Zhou et al. (2009)]. 

5 Conclusion 

We investigated the mechanical strength binding LFA-1 or Mac-1 to ICAM-1 on LSECs 

using AFM tests and MD simulations and proposed a dominate role for LFA-1 to mediate 

shear-resistant adhesion, indicating that the biomechanical features of LFA-1 and Mac-1 

to mediate PMN adhesion on LSECs in vitro are similar with that in other tissues like 

cerebrovascular endothelium. Those Mac-1-controled PMN recruitment in vivo in the 

sinusoids may stem from the slow blood flow in liver sinusoids. This work bridges the 

gap between mechanical strength through LFA-1s or Mac-1s and their biological 

functions in cell adhesion under shear flow, providing an insight into understanding the 

mechanisms of distinct PMN recruitment paradigm in liver. 
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