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Abstract

Introduction—The leukocyte adhesion cascade is important for the maintenance of homeostasis 

and the ability of immune cells to access sites of infection and inflammation. Despite much work 

identifying the molecular components of the cascade, and numerous simulations to predict the 

relationship between molecule density, identity, and adhesion, these relationships have not been 

measured experimentally.

Methods—Using surfaces functionalized with recombinant ICAM-1 and/or E-selectin along with 

immobilized SDF-1α, we used a flow chamber to measure rates of tethering, rolling and arrest of 

primary naïve human CD4+ T lymphocytes on different surface densities of ligand.

Results—Cells required a minimum level of ligand density to progress beyond tethering. E-

selectin and ICAM-1 were found to have a synergistic relationship in promoting cell arrest. 

Surfaces with both ligands had the highest levels of arrest, while surfaces containing only E-

selectin hindered the cell’s ability to progress beyond rolling. In contrast, surfaces of ICAM-1 

allowed only tethering or arrest. Cells maintained constant rolling velocity and time to stop over 

large variations in surface density and composition. In addition, surface densities of only O(101) 

sites/μm2 allowed for rolling while surface densities of O(102) sites/μm2 promoted arrest, 

approximately equal to previously determined simulated values.

Conclusions—We have systematically and experimentally mapped out the state diagram of T-

cell adhesion under flow, directly demonstrating the quantitative requirements for each dynamic 

state of adhesion, and showing how multiple adhesion molecules can act in synergy to secure 

arrest.
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Introduction

T cells must adhere in the vasculature to traffic into the lymphatics to perform immune 

surveillance and maintain homeostasis12. In addition, T cells are often called upon to exit the 

bloodstream to enter the interstitial space in order to perform effector functions at sites of 

inflammation and injury23. T cell adhesion is thought to follow the canonical leukocyte 

adhesion cascade where cells progress from tethering to rolling to firm adhesion on the 

endothelium as a prerequisite for transmigration20,23. During tethering, cells within reactive 

distance of the endothelial layer begin to interact with P- and E-selectins, which begin to 

slow the cell from the free stream velocity and encourage closer contact between the cell and 

the endothelium22. Specifically, E-selectins on the endothelial layer can interact with a 

number of receptors on the leukocyte, including PSGL-1, ESL-1, and CD4415. During 

rolling, the cell forms and breaks multiple bonds with the P- and E-selectins and also 

partially activated integrins with their respective ligands18,19. As the cell translates across 

the surface using these relatively weak adhesions, chemokine receptors on the cell scan the 

surface for the presence of activating chemokines5. Upon chemokine receptor binding, the 

β2 integrins on the T cell, such as LFA-1, become fully activated and able to rapidly and 

strongly bind their cognate ligands, such as ICAM-14,14,17,26. The integrin-ligand interaction 

causes the firm arrest and activation of the T cell, which can then crawl29. Finally, 

transmigration occurs after the cell has found an appropriate location between endothelial 

cells to enter the lymphatics or interstitial space20,23.

Despite extensive study on the individual molecular components of the adhesion 

cascade1,27,32,33, there have been few experiments to measure how the combination of 

selectins, integrins, and chemokine affect the dynamics of tethering, rolling and firm 

arrest31. Extensive computer simulations2,3,6,8 using Adhesive Dynamics and other 

techniques have been performed to predict the interrelationships between molecular type, 

density and the dynamics of adhesion. These results have been rendered into state diagrams, 

a consolidated representation in which one can map densities to dynamic states of 

adhesion3,7. An interesting prediction of Adhesive Dynamics is that there would be a 

synergy between selectins and integrins in securing firm arrest3. The idea is that by slowing 

down a cell, selectins enable slow reacting integrins to secure firm binding. This synergy 

was borne out in experiments using cell-free systems, combining selectin mediated-rolling 

and antibody-mediated firm arrest9.

Despite these predictions, there have been no reports an experimentally determined state 

diagram of adhesion, in which one has measured the effect of changing ligand density type 

or amount on the type of adhesion observed experimentally. Thus, this paper presents an 

experimentally determined state diagram of CD4+ T cells interacting with a surface 

containing recombinant E-selectin and ICAM-1, with the addition of the chemokine SDF-1 

as shown in Figure 1.
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Materials and Methods

Adsorption of Protein A/G and SDF-1α

Non-tissue culture treated polystyrene petri dishes (Corning, Corning, NY) were enclosed 

using a single well FlexiPerm gasket (Sigma-Aldrich, St. Loius, MO). A solution of 2 μg mL
−1 of Protein A/G (Themo-Fisher Scientific, Waltham, MA) and 1 μg mL−1 of SDF-1α 
(R&D Systems, Minneapolis, MN) was applied and incubated overnight at 4°C. The 

surfaces were then washed three times with PBS before a 30 minute incubation of a 0.2% 

w/v solution of Pluronic F-127 (Sigma-Aldrich). The surfaces were washed again three 

times with PBS. Next, a solution of ICAM-1/Fc and/or E-selectin/Fc chimera (R&D 

Systems) was applied to the surface and incubated for three hours at room temperature. The 

completed surfaces were then washed again three times with PBS before use. For 

experimentally tested points, molar ratios of 1:0, 10:1, 1:1, 1:10, and 0:1 E-selectin/

Fc:ICAM-1/Fc were chosen to highlight differences between similar surfaces. In addition, 

total protein concentrations were chosen to yield total site densities of 4–5, 35–45, 130–160, 

310–360, 550–610, and 1200–1300 sites/μm2.

CD4+ T Cells

Purified primary human CD4+ T cells from anonymized donors were obtained from the 

University of Pennsylvania Human Immunology Core. Cells were resuspended in 

RPMI-1640 media supplemented with 0.1% BSA and 2 mg mL−1 of glucose and used 

immediately.

Flow Chamber Assays

Flow chamber experiments were performed in a circular parallel plate flow chamber 

(GlycoTech, Gaithersburg, MD) with a gasket width of 0.25 cm, thickness of 127 μm, and 

length of 2 cm. Before flow chamber experiments, a functionalized dish was washed with 

prewarmed PBS and media to remove air bubbles in the flow path. The assembled flow 

chamber was mounted on an inverted Axiovert 200 (Carl Zeiss, Gottigen, Germany) 

enclosed by a XL-3 microscope incubator (PeCon, Ulm, Germany). All experiments were 

performed at 37°C. T cells were suspended at a concentration of 5 × 105 mL−1 and were 

perfused into the flow chamber via syringe pump (Harvard Apparatus, Holliston, MA) at a 

flow rate corresponding to a calculated wall shear rate of 100 s−1. Rolling and adhesion of T 

cells on the immobilized ICAM-1 and E-selectin was observed via phase contrast 

microscopy under a 10× objective (NA = 0.2, Type A-Plan, Carl Zeiss). All points were 

tested twice on three different days with different anonymized donors and the results 

averaged.

Data Acquisition and Cell Tracking

A CCD camera (QImaging, Surrey, BC, Canada) was used to monitor T cell adhesion events 

with adhesive E-selectin/ICAM-1/SDF-1α substrates. Adhesion of T cells was recorded on 

DVD+RW discs for cell tracking analyses. Cell adhesion videos were redigitized to 640×480 

pixels at 29.97 frames s−1 and deinterlaced with HandBrake software (http://handbrake.fr/) 

then converted to image stacks with MATLAB (MathWorks, Natick, MA). The stacked 
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images were thresholded and converted to binary images. The coordinates of the centroid of 

interacting T lymphocytes with a surface every video frame were then acquired using the 

MTrack2 plugin (http://valelab.ucsf.edu/~nico/IJplugins/MTrack2.html) in the ImageJ 

program (http://imagej.nih.gov/ij; National Institutes of Health).

Analysis of Cellular Adhesion

MATLAB was used to analyze the tracked centroids obtained from the MTrack2 plugin. 

State diagrams were created in MATLAB using the Curve Fitting Toolbox. Surfaces were fit 

to experimental points with linear interpolation between points. Rolling was defined as the 

movement of an interacting cell over the substrate at an instantaneous velocity in any frame 

less than 20% of the calculated free stream velocity of a noninteracting cell13 while 

remaining in the field of view. Cell stopping was defined as reduction of its instantaneous 

velocity below 5% of the free stream velocity. Adherent T lymphocytes were further 

classified as tethering, rolling or firmly arrested cells based on their instantaneous velocities 

and the duration of their stopping. A tethering cell is defined as a cell that “rolls” less than 

30 video frames (1 s) in a rolling period within the field of view. A firmly arrested cell is 

defined as a cell that “stops” stably more than 90 frames (3 s). Time and distance to stop 

were both calculated based on the initial time and location of the cell rolling. Values for 

figures were calculated based on cells that interacted with the surface. Cells which were 

tracked but did not interact with the surface were excluded from the analysis. A single flow 

chamber experiment resulted in 200–250 cells interacting with the surface on surfaces 

containing O(102) or more sites/μm2 to around 10 cells on surfaces containing O(100) sites/

μm2. The number of cells interacting with the surface was also somewhat dependent on 

surface composition. To highlight differences in relative rates of adhesion, data are presented 

as fraction of cells undergoing a specific kind of motion.

Determination of Site Densities

A solution of 2 μg mL−1 of Protein A/G (Themo-Fisher Scientific) and 1 μg mL−1 of 

SDF-1α (R&D Systems) was added to the wells of a non-tissue culture treated 96 well 

polystyrene plate (Corning). This solution was allowed to coat the wells overnight at 4°C. 

The wells were then washed three times with PBS before blocking with 0.2% Pluronic F127 

(Sigma-Aldrich) for 30 minutes. The wells were again washed three times with PBS and 

then serial dilutions of human IgG1 (Invitrogen, Carlsbad, CA) were added and allowed to 

incubate for 3 hours. Wells were washed three times with PBS and remaining binding sites 

on Protein A/G were blocked using 50 μg mL−1 murine IgG1 (Invitrogen) for two hours at 

37°C. Next, an AlexaFluor 488-tagged anti-human IgG hinge antibody (Southern Biotech, 

Birmingham, AL) at 2.5 μg mL−1 was added to the wells and allowed to bind for one hour at 

RT in the dark. After the incubation, wells were washed three times with PBS. Wells were 

then filled with PBS and fluorescence compared to dilutions of fresh AlexFluor-tagged 

antibody using a Tecan M200 Infinite plate reader. Fluorescence readings from the IgG1 

treated wells were converted to an equivalent concentration and then into number of 

molecules per well, assuming two AlexaFluor 488 antibodies per IgG1 molecule, due to the 

two hinge regions available for binding and molar excess of antibody. The resulting number 

concentration was converted to a surface density by dividing by the wetted area of the well. 

This was performed on three different days and the results averaged. To determine site 
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densities of the experimental conditions, the experimentally determined site densities were 

fitted to a four parameter logistic regression using R (R Core Team) and the drc package. 

Site densities are reported as monomer molecules per μm2 in order to facilitate comparison 

to previously reported studies.

Results

Determination of Site Densities

As described in the Materials and Methods section, we determined the site densities of 

surfaces using an isotype-matched IgG1 as a probe. The results of these experiments are 

shown in Supplementary Figure 1. When using chimeric molecules, it was assumed that the 

chimeras had the same binding affinity with Protein A/G as the IgG1. In the case of mixtures 

of two different chimeras, it was assumed that they partitioned onto the surface at the same 

ratio as their molar ratio in the bulk. To confirm this assumption, diffusivities for each of the 

chimeras were calculated according to the procedure in Young, et al34, which showed a 

difference in diffusivities of only 5%. In addition, since both chimeras have the same Fc 

domain, we assumed that the resulting KD’s for binding protein A/G were the same. When 

plotting the state diagrams, the reported densities are derived from these calibration curves. 

This system allows us to study E-selectin concentrations above and below levels provided by 

stimulated HUVECs (100–150 sites/μm2)16. In addition, the density can reach levels roughly 

equivalent to activated HUVEC expression of ICAM-1 (1000–2000 sites/μm2)21,28,30.

Flow chamber adhesion experiments

We conducted a number of flow chamber experiments using surfaces functionalized with 

ICAM-1, E-selectin, and SDF-1α. These surfaces allowed for visualization of three states of 

T cell adhesion - tethering, rolling, and firm arrest. Because we could specifically vary the 

density and composition of the surfaces, we could probe the effects of different surface 

densities on the types of adhesion observed. For each combination of densities of ICAM-1 

and E-selectin, along with a fixed concentration of SDF-1α, we mapped the fraction of cells 

displaying each kind of motion, as shown in Figure 2. Surfaces containing ICAM-1 but 

lacking SDF-1α did not show significant levels of arrest, with fewer than 7% of cells 

arresting on these surfaces (data not shown). The presence or absence of SDF-1α did not 

change the cellular response to surfaces containing only E-selectin (data not shown). An 

additional set of experiments were carried out at a much higher ligand density, but these did 

not show any significant change from the points presented here (Supplementary Figure 2).

Tethering—Surfaces presenting low densities of molecules (O(100) sites/μm2) allowed 

only tethering. Overall, the rate of tethering decreased as surfaces contained increasing 

surface densities of ligand. In addition, surfaces containing only ICAM-1 showed higher 

rates of tethering at all densities compared to surfaces with similar levels of ICAM-1 paired 

with E-selectin.

Rolling—Rolling required a surface density of O(101) sites/μm2. Surfaces displaying only 

E-selectin exhibited the highest levels of rolling at all surface densities, due to a decrease in 

the level of firm arrest. T cells proved to be largely unable to roll on surfaces presenting only 
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ICAM-1, with less than 5% of cells rolling during their interaction with the surface, 

compared to 40–50% of cells on surfaces with E-selectin.

Arrest—Surfaces containing both ICAM-1 and E-selectin at sufficient densities (O(102) 

sites/μm2) were found to be the most efficient at allowing cells to firmly adhere. Surfaces 

containing an equal density of ICAM-1 and E-selectin as well as surfaces with a 10-fold 

higher density of ICAM-1 compared to E-selectin were the most efficient at causing the 

arrest of cells. Surfaces containing a 10-fold higher density of E-selectin compared to 

ICAM-1 had a modestly lower level of arrest, with a concomitant increase in the level of 

rolling on these surfaces. Surfaces containing only E-selectin did not support robust levels of 

arrest. In addition, when cells did arrest, surfaces containing only E-selectin did not support 

significant levels of cell spreading in comparison to surfaces that also contained ICAM-1, as 

shown in Supplementary Figure 3.

Synergy of arrest—As seen in the state diagrams, reductions in the level of one of the 

ligands could be rescued by an increase in the level of the other ligand. This indicates the 

presence of synergy between the molecules. Surfaces with more E-selectin than ICAM-1 

showed slight reductions in the level of firm arrest, but increases in ICAM-1 density fully 

rescued reductions in the level of E-selectin. However, fully removing one of the ligands 

reduced the level of firm adhesion on the surface, regardless of the remaining ligand density.

Rolling velocity

In addition to types of adhesion, we measured the rolling velocity and time to stop, as shown 

in Figure 3. Surprisingly, the rolling velocity of the naïve CD4+ T cells was nearly constant 

across large changes in surface density and surface composition. The two exceptions were 

on surfaces containing very low surface densities of molecules, where cells rolled much 

faster, and on surfaces consisting of only ICAM-1, where the very few cells rolled (typically 

fewer than five cells per flow chamber). These few cells had a lower rolling velocity 

compared to other cells, but not enough cells were in this category to make a definitive 

determination.

Time to stop

A metric of the strength of arrest is the time to stop for rolling cells to stop – that is, how 

long they roll until arrest. Cells which did not stop were excluded from this metric. Cells on 

surfaces containing only E-selectin rolled a very long time before they stopped, if at all. 

However, as the amount of ICAM-1 on the surface increased, the time for cells to stop 

showed a concomitant decrease. The shortest time to stop occurred on surfaces containing 

only ICAM-1, on which cells stopped extremely rapidly when compared to other surfaces. 

An additional metric, distance to stop (a convolution of rolling velocity and time to stop), is 

shown in Supplementary Figure 4.

Discussion and conclusion

In this work, we present the first experimentally determined state diagram for the adhesion 

of naïve CD4+ T cells on varying densities of ICAM-1 and E-selectin.
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Synergy

Our results demonstrate the presence of a synergy between ICAM-1 and E-selectin, as 

predicted by simulation3, as both ligands were required for the highest levels of arrest on the 

surfaces. In addition, reductions in the level of one ligand were compensated by increases in 

the density of the other, thus maintaining an overall constant density. In contrast, surfaces 

containing only E-selectin were less efficient at causing cells to arrest, perhaps due to the 

fast on-off rates of selectins and their ligands1,7,10,11, coupled with the fact that the bonds 

are relatively weak22. Consistent with numerous other reports, LFA-1/ICAM-1 interactions 

are needed for firm arrest25,26. Surfaces displaying only ICAM-1 could support low levels of 

arrest, but the level of arrest was greatly enhanced by the presence of E-selectin interactions. 

Because the ICAM-1 only surfaces had a higher rate of tethering and a very low rate of 

rolling, we suggest that in this system, cells on an ICAM-1 only surface have a binary state 

space. In the brief time that these cells are initially interacting with the surface, either the 

requisite number of bonds for firm arrest is reached and the cell stops, or it is not achieved 

and the bonds that have formed are broken due to the shear force, thus resulting in a 

tethering event. With the addition of E-selectin, the cells interact with the surface for a 

longer period of time and are more able to form enough bonds to resist the shear forces 

applied.

Rolling velocity

We measured the velocity of cells rolling on various surfaces. We found that rolling velocity 

of these cells was nearly constant across a large variety of surface densities and 

compositions, provided some amount of E-selectin was present. However, surfaces 

displaying solely ICAM-1 supported a much lower rolling velocity than surfaces containing 

ICAM-1 and E-selectin. ICAM-1-only surfaces, as mentioned previously, did not support 

robust levels of rolling, It has been shown previously that neutrophils, another type of 

leukocyte, can use LFA-1/ICAM-1 interactions to support rolling on surfaces with P-

selectin24,27. However, we did not see a significant difference in the rolling velocity between 

surfaces containing only E-selectin and surfaces with both ligands. We did not see these 

“slow rolling” interactions in our system, as the rolling velocity of cells on surfaces with 

ICAM-1 and E-selectin was comparable to surfaces containing E-selectin only. Our 

experiments do not allow us to determine whether E-selectin does not support the 

intracellular signaling required for slow rolling or if naïve human T cells do not support this 

functionality.

Time to stop

We also tracked the time to stop of the cells, which was the difference in time between when 

cells initiated rolling and when they became arrested. Once again, the cells showed a 

surprising consistency in the time to stop across a wide range of surface densities and 

compositions. However, surfaces containing only ICAM-1 or E-selectin had divergent 

responses. For cells on surfaces containing only E-selectin, the time to stop was much higher 

than similar surfaces to which ICAM-1 was added. This once again highlights the 

importance of ICAM-1 in mediating the transition from rolling to firm arrest. In contrast, 
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cells interacting with surfaces of only ICAM-1 stopped essentially immediately upon 

contact. This result highlights the binary state space that ICAM-1-only surfaces create.

In summary, we show that surfaces combining ICAM-1 and E-selectin allow for the most 

efficient arrest. This indicates the presence of synergy between these two molecules for the 

purposes of completing the leukocyte adhesion cascade. Surfaces containing only one of 

these molecules were not as efficient, but still managed a basal level of adhesion. These 

results point out that the bonds between E-selectin and its sialyated and fucosylated T-cell 

surface ligands and between LFA-1 and ICAM-1 are biomechanically different and tuned to 

support, by themselves, different dynamics of adhesion. Like many other adhesion 

systems9,19,27, nature has evolved a system in which multiple molecules act in synergy to 

support robust and multi-level control of the dynamics of adhesion, and that one cannot 

compensate for mechanochemical deficiencies by increasing molecular density. In addition, 

our results can provide important information for the verification of computer models of cell 

rolling and adhesion, such as Adhesive Dynamics, especially regarding the effect of 

changing ligand identity and density.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic representation of T cell dynamic adhesion with a surface containing recombinant 

ICAM-1/Fc and E-selectin/Fc chimeras with SDF-1α.
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Figure 2. 
State diagrams of the fraction of cells undergoing (A) tethering, (B) rolling, or (C) firm 

arrest. Red dots indicate experimentally tested points. All experiments were performed at a 

calculated wall shear rate of 100 s−1.
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Figure 3. 
Calculated surfaces showing the effect of ICAM-1 and E-selectin densities on (A) rolling 

velocity and (B) time to stop. Red dots indicate experimentally tested points.
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