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SUMMARY

A lymph node sinus-on-a-chip adhesion microfluidic platform that recapitulates
the hydrodynamic microenvironment of the lymph node subcapsular sinus was
engineered. This device was used to interrogate the effects of lymph node re-
modeling on cellular adhesion in fluid flow relevant to lymphatic metastasis.
Wall shear stress levels analytically estimated and modeled after quiescent and
diseased/inflamed lymph nodes were experimentally recapitulated using a
flow-based microfluidic perfusion system to assess the effects of physiological
flow fields on human metastatic cancer cell adhesion. Results suggest that both
altered fluid flow profiles and presentation of adhesive ligands, which are pre-
dicted to manifest within the lymph node subcapsular sinus as a result of inflam-
mation-induced remodeling, and the presence of lymph-borne monocytic cells
may synergistically contribute to the dynamic extent of cell adhesion in flow rele-
vant to lymph node invasion by cancer and monocytic immune cells during
lymphatic metastasis.

INTRODUCTION

The presence of cancerous cells in the lymph node (LN) negatively correlates with patient survival in many

cancer types (Fortea-Sanchis et al., 2018; Pai et al., 2011; You et al., 2019). Yet as many as 45% of patients

have LN involvement, and a startling 89% have disseminated tumor cells within their LNs in the context of

colon and pancreatic cancers, respectively (Weledji et al., 2016; Wong, 2009). Although still debated (Wong

and Hynes, 2006), the general hypothesis underlying how LN metastasis occurs is that the lymphatic vascu-

lature provides a conduit for invasive cancer cell movement to LNs through a process likely facilitated by

both chemotactic cues and fluid flows driven by lymph propulsion. Once in LNs, metastatic cells can un-

dergo extensive interactions with resident immune cells that influence their metastatic behavior. In partic-

ular, it is known that immune tolerance is associated with metastatic spread as well as drug resistance (Mak-

kouk and Weiner, 2015; Vinay et al., 2015). Understanding the interactions of metastatic cells within this

anatomical location, which has been widely implicated in influencing anti-tumor immunity and response

to therapy, is thus of high relevance to treating cancer, including that of the colon and pancreas, in the cur-

rent immunotherapy era. In addition, a therapeutic window has been proposed wherein systemic dissem-

ination of metastatic disease can be ameliorated (Fontebasso and Dubinett, 2015). In such a context, un-

derstanding the biology underlying lymphatic metastasis has the potential to identify unique druggable

targets for cancers that have spread to LNs.

Transit via the lymphatic system has the potential to provide lymph-borne cancer cells access to the sys-

temic circulation in two manners. First, lymphatic vessels return lymph and its contents to blood at the

thoracic duct (Moore and Bertram, 2018). However, numerous reports have demonstrated the potential

for a second, perhaps more likely, dissemination route. This may occur via invasion within the local LN

microenvironment and access by LN parenchyma-resident cancer cells to the circulatory system at the

LN’s capillary network (Carr, 1983; Karaman and Detmar, 2014). Thus, the ability of lymph-borne cancer

cells to recapitulate the lymphatic-mediated homing behaviors of immune cells (Boscacci et al., 2010)

and arrest in LNs despite lymph flow and then transmigrate into the LN parenchyma may therefore

contribute to metastatic dissemination through the lymphatic route. Notably, numerous reports have

documented evidence of the accumulation of circulating tumor cells within the subcapsular sinus (SCS).
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The subsequent invasion of these cells into the LN parenchyma can be blocked by inhibition of adhesion

receptors (Jeong et al., 2019; Lee et al., 2013) or chemotactic cues (Ji, 2017). Together, the involvement of

the LNs in the multifaceted progression of the metastatic cascade is thought to allow the formation of

numerous, simultaneously occurring secondary tumors originating from a single primary tumor. However,

the mechanisms by which this occurs remain essentially undefined.

As in the hematogenous context, metastasis by lymph-borne cells occurs within luminal flow fields driven by

propulsive lymph flow (Sleeman et al., 2011; Wong and Hynes, 2006). The resulting hydrodynamic forces

play essential roles in regulating adhesion relevant to metastatic extravasation (Moore and Bertram,

2018). Specifically, the dispersive effects of such hydrodynamic force must be overcome by adhesive inter-

actions in order to enable receptor signaling and chemotaxis (Huang et al., 2018; Wirtz et al., 2011).

Although volumetric flow rates of lymph are far lower than that in blood, the stress levels experienced

within vessels are not dissimilar (Planas-Paz and Lammert, 2014). Thus, it could be expected that adhesive

processes involved in immune cell homing and metastasis through the blood vasculature may be involved

in regulating lymphatic dissemination. This is supported by observations of LNmetastasis via the lymphatic

route being inhibited by loss of function by cell adhesion receptors including, but not limited to, intracel-

lular adhesion molecule (ICAM) and vascular adhesion molecule (VCAM) (Jeong et al., 2019; Kong et al.,

2018) using genetic knockout models or antibody inhibition strategies. Moreover, lymphatic endothelial

cells that line the interior of the LN SCS express cell adhesion molecules E- and P-selectin as well as

ICAM and VCAM, among others, at levels that are dynamically responsive to inflammation state (Achen

and Stacker, 2008; Habenicht et al., 2017; Hinson et al., 2017). In hemodynamic flow, ICAM and/or

VCAM mediate cell arrest via a multistep process facilitated by selectin- and/or VCAM-mediated rolling

adhesion (Jones et al., 1994; Yago et al., 1999; McCarty et al., 2000; Jadhav et al., 2001; Edwards and

Thomas, 2017). How such SCS-presented adhesion molecules influence adhesive interactions by both can-

cer and immune cells in lymph-mimicking flow fields, however, has yet to be elaborated.

Concurrent with stromal cell and lymphocyte responses to disease and/or inflammation, LNs are widely re-

ported to structurally remodel. A hallmark of metastatic disease is lymphadenopathy, i.e. swollen LNs

(West and Jin, 2016). Concurrently, tissue stiffening can occur (Rohner et al., 2015; Swartz and Lund,

2012), which is often attributed to metastatic colonization, but conversely has been reported in LNs prior

to metastasis (Miyaji et al., 1997; Paszek et al., 2005; Rohner et al., 2015). In addition to expansion of the LN

parenchyma-localized fibroblastic reticulum (Riedel et al., 2016) and high endothelial venules (Webster

et al., 2006), both afferent (LN-entering) lymphatic vessels and the SCS are known to dilate in contexts

of human disease (McLaughlin et al., 2010; Pan et al., 2010; Seidl et al., 2018), effects that are also recapit-

ulated in mouse models (Achen and Stacker, 2008; Habenicht et al., 2017; Hinson et al., 2017). How these

changes have the potential to synergistically influence cell dissemination to LNs has not been systemically

explored. This is hampered in large part by the reliance onmousemodels that differ subtly from human LNs

in their structures as well as the inability to uncouple biomolecular versus biophysical changes that often

occur concurrently in states of disease using in vivo models.

To fill these critical gaps, we sought to bring in vitro tools long employed in the context of studying leuko-

cyte adhesion and blood-borne metastasis to the problem of analyzingmechanisms of LNmetastasis. Such

microfluidic systems offer the advantage of enabling high-throughput experimentation under defined mo-

lecular, cellular, and/or biophysical conditions, thus substantially increasing the number of experimental

conditions that can be explored (Edwards et al., 2017; Hanley et al., 2006; Thomas et al., 2008). Further-

more, coupling these microfluidic devices with high-speed videomicroscopy permits rapid and facile visu-

alization and quantification of the adhesive behavior of thousands of cells in a single experiment to increase

statistical robustness (Birmingham et al., 2020; Edwards et al., 2017, 2018; Oh et al., 2015). Using this ‘‘LN

sinus-on-a-chip’’ adhesive microfluidic platform, we explored the effects of wall shear stress (WSS) magni-

tude and dissipation, which were modeled to occur within the LN SCS, on adhesion by cell types that

disseminate to LNs via the lymphatic vasculature, including human metastatic colon and pancreatic carci-

noma and monocytic cell lines. Our results demonstrate that the LN SCS flow microenvironment regulates

the dependencies of E-selectin-enabled adhesion extent but not rolling velocity magnitude on WSS. As a

result, overall levels of E-selectin-mediated metastatic and monocytic cell adhesion in the context of flow

regimes modeled after inflamed relative to quiescent LNs are modulated by the extent of adhesion in the

flow channel, an effect regulated interdependently by context of ICAM and/or VCAM co-presentation. This

suggests the potential for structural changes within the SCS and afferent lymphatic vessel to influence
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interactions of metastatic and immune cells within the LN SCS. Co-perfusion with monocytes, whose

E-selectin enabled adhesion was similarly regulated by flow regime and adhesive ligand presentation,

also increased metastatic cell adhesion in flow in a manner regulated by flow microenvironment, linking

inflammation and mobilization of lymph-borne immune cells to the regulation of lymphatic metastasis.

Our results implicate the biophysical effects of LN remodeling as a potential axis regulating the mecha-

nisms of LN invasion negatively implicated in cancer patient outcomes.

RESULTS

Lymphatic Metastasis, LN Invasion, and LN Tissue Remodeling

Lymphatic metastasis is a multistep process (Figure 1A) wherein lymph-borne metastatic cells invade into LNs

through the SCS, resulting in formation of LN tumors seen in human patients (Karaman and Detmar, 2014) as

Figure 1. Metastatic Cancer and Immune Cells Traffic to Lymph Nodes (LNs) via Draining Lymphatic Vessels, Both

of Which Remodel in States of Inflammation

(A) Invasive cancer cells and immune cells enter the local lymphatic drainage basin to gain access to and invade draining

LNs. Blue arrows: directions of fluid drainage. Black arrows: potential metastatic cancer cell paths of invasion.

(B) Image of LN second harmonic (collagen). Scale bar, 400 mm.

(C) In tumor contexts or in states of inflammation, LNs remodel, a process that can include the dilation of the subcapsular

sinus (SCS) and afferent lymphatic vessel (lymphatic vessel diameter, LVD) and alter adhesion molecule expression by

sinus lining cells.

(D) Second harmonic images of quiescent (tumor-free) and LNs draining day 7 B16F10 tumor (tumor-draining). Red: SCS

height measurements. Scale bars, 150 mm.

(E and F) Immunohistochemical staining for Lyve-1 (red), E-selectin (green), and either ICAM (E) or VCAM (F) (blue)

within 8-mm thick sections of a quiescent (left) murine LN or LN draining day 7 B16F10 tumor (right). Scale bars, 400 (i)

or 150 (ii) mm.
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well as metastatic mouse tumor models (Nakashima et al., 2011; Singh and Choi, 2019). LN structural features

(Figures 1B and 1C) influence fluid flow paths and thus the movement of lymph-borne cells, including afferent

lymphatic vessels and the SCS, which disperses lymph radially around the LN parenchyma (Jafarnejad et al.,

2015; Moore and Bertram, 2018). In the context of disease or inflammation, these LN structures can be altered

(Achen and Stacker, 2008; Habenicht et al., 2017; Hinson et al., 2017) to result in lymphatic vessel (Lund et al.,

2016a; Nakayama et al., 1999) or SCS (Das et al., 2013; Ozasa et al., 2012; Sweety andNarayankar, 2019) dilation.

Within this perfused microenvironment, cells lining the SCS wall express adhesion molecules (Figure 1C),

including E-selectin, ICAM, and VCAM, that are known to synergistically mediate cell adhesion in the context

of fluid flows (Kong et al., 2018; López et al., 1999). Expression of adhesion receptors by lymphatic endothelial

cells, which line the SCS, is altered by shear stress and exposure to other inflammatory mediators (Kawai et al.,

2012; Trevaskis et al., 2015; Yan et al., 2014). For example, the SCS is dilated in LNs drainingmouse melanomas

(Figure 1D), as cell adhesionmolecules expressed within the SCS of these LNs remodel (Figures 1E and 1F). This

is in line with reports in a model of mouse melanoma (Rohner et al., 2015) and in human LN samples (Burns and

DePaola, 2005; Kawai et al., 2009; Rebhun et al., 2010). With respect to the effects of disease and inflammation

on lymphatic flow rates, a consensus has yet to be reached, with both increases and decreases reported in the

context of cancer, inflammation, and other diseases such as lymphedema and obesity (Fujiwara et al., 2014; Har-

rell et al., 2007; Moore and Bertram, 2018). The concerted effects of these biophysical (structural, flow) and

biochemical (adhesion molecule expression) changes on cell adhesion in the context of lymph flow through

the LN SCS, however, have yet to be explored.

Altered Shear Stress Profiles Are Predicted within the Remodeled LN SCS

In order to analyze the effects of LNbiophysical remodeling (Figure 2A) on fluid flowprofiles through the LNSCS

(Das et al., 2013; Hampton and Chtanova, 2019; Jakubzick et al., 2013; Leirião et al., 2012), lymph fluid that dis-

perses radially after reaching a planar LN capsule wasmodeled (Figure 2B) (Das et al., 2013; Hampton andChta-

nova, 2019; Jakubzick et al., 2013; Leirião et al., 2012). First, the solution to this fluid velocityprofilepredicts aWSS

(t in the below equation) profile that decays with radial position roughly an order ofmagnitude along the length

of the afferent-proximal LN SCS (5 versus 0.5mm), approximated based on reported sizes of human (Dalal et al.,

2006) and murine (Zhang et al., 2013) LNs, respectively (Figure 2C and Equation 1).

t =
3mQ

ph2r
(Equation 1)

We note that this highly simplistic approximation neglects several unique attributes of LN flows, though

with reasonable justification for a first-order model. First, lymphatic flows are pulsatile in nature but would

be expected to be governed by Poiseuille flow, given rates of lymphatic contraction, kinematic viscosity of

lymph, and vessel/sinus sizes. Similarly, primary lymphatic valves (Moore and Bertram, 2018; Scallan et al.,

2016) may result in lymph propulsion, but their effects on LN flow fields have yet to be well described. As

lymph is filtered into the LN parenchyma, the total volumetric flow rate through the SCS would also be ex-

pected to diminish along the SCS path, though only to small extents given that it is estimated that�90% of

lymph is directed around the LN periphery through the SCS and medullary sinus (Jafarnejad et al., 2015).

Lastly, afferent lymphatics do not necessarily enter LNs orthogonally relative to the capsule, and thus flow

at the SCS entrance may be subtly altered to direct lymph into the SCS in a radially non-uniform manner.

Based on this radial flowmodel approximation, the magnitude of shear stresses experienced by cells lining

the sinus wall would be highly sensitive to changes in sinus height (h) and volumetric flow rate (Q), though to

a lesser extent for the latter. The magnitude of the peak WSS within the SCS is also a function of lymphatic

vessel diameter (LVD), with the peak value decreasing with increasing diameter. Thus, when considering

the reported geometries of LNs from human and mouse (Table 1), a wide range of potential WSS values

is predicted to be experienced at the LN SCS floor (Figures 2D–2G), though, notably, the order of magni-

tude is similar between species. Over the range of reported values for Q, maximum to minimumWSS levels

range from 0.8–4.0 to 0.2–0.8 dyn/cm2 (Figures 2D) and 0.6–10 to 0.07–0.7 dyn/cm2 (Figure 2E), for human

and mouse, respectively. Holding Q constant and over the range of SCS h values reported for quiescent

LNs (orange), maximum to minimum WSS levels range from 0.4–2.0 to 0.08–0.2 dyn/cm2 (Figures 2F) and

0.8–10 to 0.07–1 dyn/cm2 (Figure 2G), for human and mouse, respectively. SCS h values reported for in-

flamed LNs decrease these WSS levels overall (purple, Figure 2G).

A COMSOL model was also employed to assess the influence of more complex LN geometries on pre-

dicted distributions of WSS and cell trajectories in flow (Figure H-I). When assuming an identical geometry,
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this model showed close approximation to the analytical solution (Figure 2C). Within this framework, par-

ticle trajectory in flow simulations suggest that alterations in LN geometries minimally influence the likeli-

hood of cells being in contact with the inferior SCS floor upon entry into the LN SCS region (Figure S1). LN

curvature was also found to negligibly influence WSS profiles under most physiologically relevant geomet-

ric confirmations based on measured LN aspect ratios that were tested (Figure S2A).

Engineered LN Sinus-On-A-Chip Adhesion Microfluidic System

We engineered a LN sinus-on-a-chip parallel plate adhesion flow chamber (Figure 3A) that can be config-

ured to mimic the hydrodynamic SCS microenvironment of a quiescent or remodeled LN, and, specifically

here, the dissipating WSS flow fields predicted based on reported lymphatic flow rates and geometric

properties of human and mouse LNs. The device, which is easy and rapid to fabricate, is constructed

Figure 2. Lymph Fluid Flow Profiles Were Estimated in Quiescent and Remodeled LNs

To model the affect of lymphatic remodeling or inflammation on the ability of a circulating cell to adhere to SCS-lining

cells (A), a simplified geometric model of an afferent lymphatic vessel leading into the LN SCS (B) was imported into

COMSOL to perform fluid flow simulations quantifying the wall shear stress (WSS) profile along the SCS floor (solid line)

(C). This COMSOL-generatedWSS estimation was in close agreement to the analytical solution forWSS profiles in a radial

flow chamber (dashed line).

(D–G) The analytically calculated ranges of WSS levels for (D, F) human or (E, G) mouse LNs based on maximum and

minimum literature cited parameters (Table 1) for (D, E) volumetric flow rate or (F, G) SCS height.

(H and I) COMSOL shear stress simulation plots along the (H) floor of the subcapsular sinus or (I) Z-plane of the radial flow

chamber LN model.
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from a sheet of polydimethylsiloxane and a polystyrene tissue culture plate between which is a 125 mm ad-

hesive gasket. High-speed videomicroscopy enabled visualization of cell adhesion of an infused cell pulse

along the length of the divergent portion of the channel (Figure 3B), which was functionalized with adhesion

receptors (Birmingham et al., 2019; 2020; Edwards et al., 2018; Oh et al., 2015) to recapitulate their expres-

sion on the lymphatic endothelial cell-lined SCS floor (Figure 3C). The channel was also designed with a 10-

cm long unfunctionalized portion (Figures 3A and 3B) sufficient in length to allow perfused cells to be uni-

formly in contact with the substrate, enabling all cells used in this work to settle to the channel bottom prior

to reaching the functionalized section (Birmingham et al., 2019). This design choice was made to ensure all

perfused cells have uniform contact with the functionalized surface and thus the measured extents of adhe-

sion are comparable between perfusion conditions. In addition, cells entering LNs are expected to imme-

diately be in contact with the SCS floor upon arrival from the afferent vessel based on particle trajectory

analyses using an idealized planar SCS geometry (Figure S1). Simulated WSS profiles were then recapitu-

lated within this perfusion system to close approximation (Figure S2B) through twomeans: (1) the use of a 4-

cm long divergent channel region functionalized with adhesion molecules that increases linearly in width

from 0.2 cm to 1.2 cm (Figures 3D) and (2) by simply varying the volumetric flow rate of fluid perfusion

through the system using the inline syringe pump.

Consensus Q, LVD, and h values were selected (Figure 3E) based on published literature (Table S1) (Das

et al., 2013; Harrell et al., 2007; Hinson et al., 2017; Hoshida et al., 2006; Jafarnejad et al., 2015; Karnezis

et al., 2012; Nakayama et al., 1999; Ohtani and Ohtani, 2008; Singh and Choi, 2019; Turner and Mabbott,

2017), to recapitulate approximate WSS levels predicted to be experienced within quiescent versus in-

flamed LNs (Figure 2F) in the LN sinus-on-a-chip microfluidic system (Figure 2F and Table S2). The influence

of increased LVD and h were individually assessed, given that the necessary co-occurrence of LVD and SCS

dilation has yet to be definitively established (Das et al., 2013; Elmore, 2006; Kawai et al., 2009; Ozasa et al.,

2012; Sweety and Narayankar, 2019). Under these conditions, Q was also left unchanged, an approximation

deemed reasonable given that its magnitudes are less well characterized (Dixon et al., 2006; Jafarnejad

et al., 2015).

LN SCS Flow Microenvironment Regulates Robust Adhesion by Cancerous and Monocytic

Cells

The adhesive behaviors of human colon and pancreatic carcinoma cell lines LS174T and PANC-1 that form

lymphatic metastases in xenograft tumor models (Delitto et al., 2017; Emir et al., 2007) were assessed. This

allowed for elucidation of the effects of LN-remodeling-mediated changes in the dissipating WSS range

within the LN SCS on key aspects of carcinoma cell biology. Briefly, cells were perfused individually at vary-

ing flow rates through the microfluidic system that was functionalized within the divergent portion with

various combinations of lymphatic-endothelium-expressed adhesion receptors. Specifically, four different

functionalization schemes were used: 2.5 mg/mL E-selectin alone (1) or in combination with 2.5 mg/mL ICAM

(2), 2.5 mg/mL VCAM (3), or 10 mg/mL VCAM (4). These molecules were chosen given their widely appreci-

ated roles in mediating cell adhesion in fluid flow (Edwards et al., 2017; Kawai et al., 2009; Schlesinger and

Bendas, 2015), expression by SCS lining cells (Berendam et al., 2019), reported changes in LN expression in

inflammation (Burns and DePaola, 2005; Kawai et al., 2009; Rebhun et al., 2010), and potential role in LN

metastasis (Yan et al., 2014). These specific concentrations of adhesive ligands were selected based on

extensive prior characterization by our group demonstrating 2.5 mg/mL Fc-specific anti-IgG to be a mini-

mum concentration that consistently provides uniform functionalization of the microfluidic surface.

Reference Parameters Human Mouse

LVD (mm) SCS h (mm) Lymphatic Transit

Rate (cm/min)

LVD (mm) SCS h (mm) Volumetric Flow

Rate (mL/hr)

Quiescent 0.2–21

1–22

0.7–.33

40–804 0.90–4.235 50–806

907

13.98

15–209

4.5–1,310

0.3–4.011

Inflamed/remodeled 1–212

1–313

80–12,014 0.95–5.765 120–30,014 20–5,716

50–10,017

NA

Table 1. Reference Ranges of Mouse and Human LN Parameters
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Furthermore, we have previously reported that this level of E-selectin used for immobilization is capable of

mediating extensive, but non-saturating, levels of cell adhesion in flow (Edwards et al., 2017) and that

changes in ICAM concentration has no effect on the extent of cell adhesion in flow (Edwards and Thomas,

2017). Likewise, there is a dynamic range of VCAM expression by lymphatic endothelial cells due to inflam-

matory mediators (Lund et al., 2016b; Vigl et al., 2011). Cell adhesion was quantified within the perfusion

system by counting the number of interacting cells and quantification of the average rolling velocity of

the interacting cells at 0.5 cm increments along the center of the functionalized, divergent portion of the

flow channel (left column, Figures S3–S9) over 30 s intervals. As each measurement location corresponds

to a different local WSS level (Table S1), comparisons between the extent of adhesion and rolling velocity

at similar channel positions and WSS levels were also made (Figures 4, 5, 6, 7, and S3–S9).

Adhesion by LS174T colon carcinoma cells, which are well studied for their adhesive properties within flow

fields (Birmingham et al., 2019; 2020; Erin E. Edwards et al., 2018; Oh et al., 2015) and express a variety of

adhesion ligands for selectins (Dallas et al., 2012; Hanley et al., 2006) and other CAMs (Paschos et al., 2010),

were evaluated (Birmingham et al., 2019, 2020; Dallas et al., 2012; Edwards et al., 2017, 2018; Hanley et al.,

2006; Thomas et al., 2008). Consistent with prior reports (Fujisaki et al., 1999), LS174T cells did not adhere in

flow to ICAM or VCAM (Figures 4D, 4H, and 4L) alone under any tested configuration of flow but interacted

extensively with E-selectin (Figures 4A and 4C) at rolling velocities unchanged by flow condition (Figure 4B).

Perfusion in flow experiment configurations with lower WSS ranges, modeling dilation of the LVD and SCS,

appeared to decrease the WSS level at which maximal adhesion occurred (Figure 4A). However, when

considering channel position, the extent of adhesion by LS174T cells was only changed for the dilated

SCS relative to the quiescent LN model (Figure 4C). Thus, the initial increase in adhesion upon initial entry

into the functionalized channel without changes in velocities of rolling cells skew the WSS dependency of

Figure 3. Divergent Channel Perfusion System Interrogates Effects of LN SCS-Mimicking Flow on Cell Adhesion In Vitro

Motivated by dissipatingWSS profiles analytically predicted using COMSOLmodels of LNs, (A) a SCSmicroenvironment-mimicking, divergent parallel-plate

microfluidic perfusion was designed and fabricated. (B and C) The channel was designed with an unfunctionalized settling portion connected to an

adhesion-molecule-functionalized, divergent portion that has a linearly increasing flow channel width. Cell adhesion at various locations along the channel

center line (D) was visualized by phase contrast or fluorescent imaging using an integrated high speed videomicroscopy system. Scale bar, 200 mm. The

divergent shape was designed, and perfusion parameters were selected (E) to recapitulate the WSS profiles of quiescent and remodeled/inflamed LNs

predicted from COMSOL simulations (F) that show close agreement in magnitude but not channel position, given the desire to minimize WSS changes over

each imaging FOV (G).
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LS174T cell adhesion to E-selectin in the dilated SCS flow model. Similar effects were also seen for the

dilated SCS flow model with respect to LS174T cell adhesion to ICAM and VCAM co-presented with E-se-

lectin (Figures 4E–4G, 4I–4K, and 4M–4O). However, adhesion under perfusion conditions modeling

dilated LVD flow closely mirrored those seen for quiescent LN flow models, save for E-selectin co-pre-

sented with ICAM wherein adhesion was increased at more channel inlet-proximal positions (Figure 4C),

and resulted in identical dependencies of adhesion on WSS (Figure 4A). Under flow conditions modeling

quiescent LNs, co-presentation of ICAM increased the overall extent of adhesion at WSS levels >0.4 dyn/

cm2 (Figure 5A) and additionally decreased rolling velocities atWSS levels <0.2 dyn/cm2 (Figure 5B) relative

to adhesion on E-selectin alone. Similar effects of ICAM co-presentation on the extent and velocity of roll-

ing cell adhesion in flow were also seen in dilated LVD and SCS perfusion models, with subtle changes in

the WSS levels relative to the quiescent LN model (Figures 5A and 5B). Co-presentation of VCAM at a con-

centration of 2.5 mg/mL decreased rolling velocities compared with adhesion to E-selectin alone to similar

extents as ICAM under all tested flow conditions (Figure 5B) despite having no effect on the overall extent

of adhesion (Figure 5A). Effects on rolling velocity magnitude compared with E-selectin were more sub-

stantial for the higher (10 mg/mL) VCAM concentration (Figure 5B) and, in contrast to the lower concentra-

tion tested, resulted in higher extents of adhesion under all tested flow conditions (Figure 5A). Co-presen-

tation of ICAM and VCAM changed the location of maximal cell adhesion to more inlet-proximal channel

Figure 4. TheWSS Dependency of LS174T Colon Carcinoma Cell Adhesion in LN SCS-Mimicking Flow Fields andMicroenvironments Is Modified by

Altered Flow Profiles Predicted to Result from LVD and SCS Dilation

The number and average rolling velocity of LS174T cells adhering in flow in divergent channels functionalized with (A–C) 2.5 mg/mL E-selectin alone, (D)

2.5 mg/mL ICAM alone, (E–G) 2.5 mg/mL E-selectin + 2.5 mg/mL ICAM, (H) 2.5 mg/mL VCAM alone, (I–K) 2.5 mg/mL E-selectin + 2.5 mg/mL VCAM, (L) 10 mg/mL

VCAM, or (M–O) 2.5 mg/mL E-selectin + 10 mg/mL VCAM. Data are represented asmeanG SEM. *, #, and $ indicate significance (p<0.05) by two-way ANOVA

with Tukey’s post-hoc test, between quiescent LN and dilated SCS, dilated LVD and dilated SCS, and quiescent LN and dilated LVD, respectively.
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positions relative to that resulting from E-selectin alone, save in the context of co-presentation of low

(2.5 mg/mL) concentrations of VCAM (Figure 5C). These results demonstrate the flow microenvironment

experienced by LS174T cells critically regulates their adhesion extent that is further influenced by the

context of adhesive molecule presentation.

Adhesion of PANC-1 pancreatic cancer cells, which have been shown in vivo to formmetastatic tumors and

also express numerous functional selectin, ICAM, and VCAM ligands, including sialyl Lewis x, lymphocyte-

function-associated antigen 1, and very late antigen 4 (Fan et al., 2015; Kate et al., 2006), respectively, was

next explored. Unlike LS174T cells, these cells adheredminimally to E-selectin (Figure S3A) at rolling veloc-

ities unchanged by flow condition with respect toWSS dependency (Figure S3B). They also exhibited adhe-

sion in flow to ICAM and VCAM only when co-presented with E-selectin (Figures S3A, S3D, S3H, and S3L),

with rolling velocity magnitudes that were independent of perfusion condition (Figures S3F, S3J, and S3N).

Perfusion under flow conditions modeling dilated LVD had no effect relative to quiescent LN flow models

on the WSS dependency of PANC-1 cell adhesion in flow under any tested functionalization scheme (Fig-

ures S3A, S3E, S3I, and S3M). In the context of E-selectin co-presentation with ICAM and high (10 mg/mL),

but not low (2.5 mg/mL), VCAM, however, flow modeling a dilated SCS increased the extent of adhesion

upon cell entry into the functionalized channel portion compared with that observed in flow modeling

quiescent LNs (Figure S3C), mirroring LS174T cell adhesion under all tested functionalization schemes (Fig-

ures 4C, 4G, 4K, and 4O). In the context of ICAM but not VCAM (10 mg/mL) co-presentation, the depen-

dency of the extent of adhesion on WSS, however, was sustained. In flow regimes modeling quiescent

LNs and dilated LVD, co-presentation of both ICAM and 10 mg/mL VCAM increased the extent of

PANC-1 cell adhesion relative to E-selectin alone (Figure S4A), despite no effects on rolling velocity magni-

tude (Figure S4B). Adhesion by PANC-1 cells was also increased by co-presentation of ICAM and VCAM at

either tested concentration in modeled dilated SCS flow (Figure S4A). The net effect of ICAM and VCAM

Figure 5. Co-presentation of Adhesion Molecules Alters the WSS Dependency of LS174T Cell Adhesion in Flow

The number (A and C) and average rolling velocity (B) of LS174T cells adhering to E-selectin alone or when co-presented with ICAM or VCAM in flow regimes

modeled after a quiescent LN (top row), LN with a dilated LVD (middle row), or LN with a dilated SCS (bottom row). Data are represented as meanG SEM. *,

#, and $ indicate significance (p<0.05) by two-way ANOVA with Tukey’s post-hoc test, between E-selectin and E-selectin + 2.5 mg/mL VCAM, E-selectin and

E-selectin + 10mg/mL VCAM, and E-selectin and E-selectin + 2.5mg/mL ICAM, respectively.
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co-presentation was an overall increase in adhesion extent relative to E-selectin presentation alone and not

a change in location of maximal cell adhesion within the channel (Figure S4C). These results suggest the

extent of PANC-1 adhesion in flow to be critically regulated by presentation of adhesive molecules and

flow microenvironment when adhesion is robust.

Monocytes migrate to LNs from peripheral tissues via the afferent lymphatic vessel and into the LN SCS

during states of inflammation and disease (Harmsen et al., 1985; Lund et al., 2016b; Maletto et al., 2006).

We therefore explored adhesion by monocytic cell line THP-1 in the context of LN SCS-mimicking flow

fields. THP-1 cells did not adhere in flow to ICAM or VCAM alone under any tested configuration of flow

(Figures S5D, S5H, and S5L), consistent with previous reports (Edwards and Thomas, 2017). They did, how-

ever, interact extensively with E-selectin (Figure S5A) at velocities unchanged by flow condition (Fig-

ure S5B). In the context of altered flow regimes, the dilated SCS experimental flow model appeared to

diminish the WSS level of maximal THP-1 cell adhesion to E-selectin (Figure S5A), an effect associated

Figure 6. Flow Microenvironment and Adhesive Molecule Presentation Impact Cumulative Extent of Cell

Adhesion along Channel Length

(A–D) Influence of LN SCS-mimicking flow regime during flow across E-selectin (A), E-selectin + ICAM (B), E-selectin + 2.5

ug/mL VCAM (C), and E-selectin + 10 ug/mL (D).

(E–G) Influence of adhesive molecule presentation in microfluidics modeling the quiescent LN (E), dilated LVD (F), and

dilated SCS (G). Data are represented as meanG SEM. * (p<0.05), ** (p<0.01), *** (p<0.001), and **** (p<0.0001) indicate

significance by one-way ANOVA with Tukey’s post-hoc test.
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with higher extents of adhesion at channel locations more proximal to the inlet (Figure S5C). Similar trends

were observed when cells were perfused over E-selectin co-presented with 10 mg/mL VCAM, where adhe-

sion (in this case firm adhesion, as measured rolling velocities were 0 um/s) was sustained at lower levels of

WSS (Figures S5M and S5N). Under these functionalization conditions, high levels of adhesion by THP-1

cells in flow was restricted to inlet-proximal channel positions (Figure S5O). Co-presentation of E-selectin

with VCAM at lower concentrations (2.5 mg/mL) similarly restricted high levels of adhesion to inlet-proximal

channel locations, albeit in the context of dilated SCS flow regimes only (Figure S5K), and had no effect on

the WSS dependency of adhesion extent (Figure S5I). The WSS dependency of adhesion by THP-1 cells in

the context of E-selectin co-presentation with ICAMwas similarly unchanged (or nearly so, given the subtle

Figure 7. Flow Microenvironment and Adhesive Molecule Presentation Impact Relationships between Initial

Adhesion Extent and Channel Position of Maximal Cell Adhesion

(A–D) Influence of LN SCS-mimicking flow regime during flow across E-selectin (A), E-selectin + ICAM (B), E-selectin + 2.5

ug/mL VCAM (C), and E-selectin + 10 ug/mL VCAM (D)Lines represent statistically non-zero slopes (p<0.05) of linear

regressions of (A) quiescent series (left fit) or pooled data for dilated LVD and SCS series (right fit) and (D) all series pooled.

(E–G) Influence of adhesive molecule presentation in models of the quiescent LN (E), dilated LVD (F), and dilated SCS (G).

Data are presented as mean G SEM.
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change in drop of extent adhesion between 0.1 and 0.2 dyn/cm2) by perfusion condition (Figure S5E). The

net effect was maximal adhesion by THP-1 cells to be more restricted to the start of functionalized channel

in the context of dilated LVD and SCS compared with quiescent LN flow models (Figure S5G). Under flow

conditions modeling quiescent LNs, co-presentation of ICAM increased the overall extent of THP-1 cell

adhesion at WSS levels >0.3 dyn/cm2 (Figure S6A) and decreased rolling velocities additionally at WSS

levels >0.6 dyn/cm2 (Figure S6B) relative to adhesion on E-selectin alone. Similar effects of ICAM co-pre-

sentation with E-selectin on the extent and velocity of rolling cell adhesion in flow were also seen in dilated

SCS but not LVD perfusion models at WSS levels �0.15 dyn/cm2 and lower (Figures S6A and S6B). E-selec-

tin co-presentation with VCAM also increased the extent, but not velocity of rolling adhesion in all tested

flow models, although only for the highest functionalization concentration in the context of quiescent LN

and dilated LVD flow models (Figures S6A and S6B). As a result, ICAM and VCAM co-presentation

restricted the region of maximal cell adhesion to more inlet-proximal channel positions relative to that re-

sulting from E-selectin alone, save in the contexts of low VCAM or ICAM co-presentation in flows modeling

quiescent LNs and dilated LVD, respectively (Figure S6C). These results demonstrate that, as LS174T cells,

the flow microenvironment experienced by THP-1 cells critically regulates their adhesion extent that is

further influenced by the context of presented adhesive molecules.

Extent and Trajectory of Cell Adhesion Within Perfusion Channel Are Interdependently

Regulated by Dissipating WSS Regime, Adhesive Ligand Presentation, and Initial Adhesive

Interactions at Channel Inlet

Although WSS dependencies of cell adhesion were found to be only subtly regulated by flow regime, tra-

jectories of cell adhesion within the perfusion channel varied widely. The cumulative effects of both flow

microenvironment and adhesive ligand presentation on overall adhesion by cells in SCS-mimicking flow

fields were made apparent by analysis of total adhesion over the channel length (e.g. the summation of to-

tal adherent cells at each analyzed FOV). Flow fields modeling dilated SCS resulted in adhesion to E-selec-

tin alone to be increased versus decreased for LS174T and THP-1 cells, respectively (Figure 6A). When co-

presented with ICAM, E-selectin-mediated adhesion by metastatic cells was decreased in flow fields

modeling the influence of dilated SCS compared with quiescent LNs (Figure 6B). Adhesion by metastatic

cells was unchanged in dilated SCS-mimicking flows when perfused over E-selectin co-presented with low

(2.5 mg/mL) VCAM levels (Figure 6C). When co-presented with high levels of VCAM (10 mg/mL), however,

flows modeling the dilated LN SCS resulted in lower versus higher adhesion by LS174T and PANC-1 cells,

respectively, compared with that seen in flow fields modeling quiescent LNs (Figure 6D). E-selectin-medi-

ated adhesion by THP-1 cells in flow was similarly regulated by flow microenvironment in a complex

manner. Flow microenvironments modeling the dilated SCS resulted in increased adhesion to E-selectin

alone and diminished adhesion when E-selectin was co-presented with ICAM or 2.5 mg/mL VCAM (Figures

6A–6C). Flow fields modeling dilated LVD had minimal effects, diminishing LS174T cell adhesion to E-se-

lectin co-presented with ICAM (Figure 6B) and decreasing THP-1 cell adhesion to E-selectin co-presented

with 10 mg/mL VCAM (Figure 6D).

When considering a constant flow microenvironment, effects of adhesive molecule presentation on the to-

tal extent of adhesion along the channel length were also apparent. Although adhesion by THP-1 cells re-

mained unaffected, increased adhesion by LS174T cells was observed with 10 mg/mL VCAM co-presenta-

tion and by PANC-1 cells with ICAM co-presentation (Figure 6E). Under conditions mimicking dilated LVD,

10 mg/mL VCAM co-presentation with E-selectin increased adhesion by metastatic cancer cells and

decreased THP-1 cell adhesion (Figure 6F). Co-presentation of E-selectin with 2.5 mg/mL VCAM also

increased adhesion by THP-1 cells (Figure 6F). Co-presentation with ICAM, however, did not affect adhe-

sion by any tested cell type compared with E-selectin alone (Figure 6F). In flow fields modeling a dilated

SCS, adhesion by LS174T cells remained unchanged (Figure 6G). However, adhesion by PANC-1 cells

was increased by co-presentation with 10 mg/mL VCAM and decreased for THP-1 cells when either

ICAM or 2.5 mg/mL VCAMwas co-presented (Figure 6G). Together, these results demonstrate the complex

interplay of both flowmicroenvironment and adhesive molecule presentation in the regulation of adhesion

extent by both metastatic cancer and monocytic cells in SCS-mimicking flow fields.

The capacity for cells to mediate adhesion in flow is influenced by both secondary tethering as well as

length of contact with an adhesive substrate during transit in the flow direction (Edwards and Thomas,

2017). As such, the influence of flow microenvironment on the extent of initial adhesion at the channel inlet

(0 cm into divergent channel) versus the channel position at which cell adhesion was maximal was
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tabulated. When perfused over E-selectin alone, adhesion by cells in flow fields mimicking quiescent LNs

becamemaximal at channel positions farther in the flow direction at correspondingly lower extents of initial

adhesion when compared with that seen for dilated LVD and SCS flow fields (Figure 7A). Regression anal-

ysis revealed significant relationships between channel position and number of interacting cells (p<0.0001

when compared with a slope of 0 for both quiescent and inflamed scenarios with r2 values of 0.9023 and

0.6482, respectively), with the quiescent LN flow fields demonstrating higher extents of initial adhesion

(p=0.0215) (Figure 7A). On the other hand, no discernable relationships between initial adhesion extent

and channel position of maximal adhesion were seen for E-selectin when co-presented with either ICAM

or 2.5 mg/mL VCAM, with no non-zero slopes found by linear regression (p = 0.187 and 0.8141, respectively;

Figures 7B and 7C). Under these conditions, however, flow fields modeling dilated SCS did result in

maximal adhesion at more inlet proximal positions for all three tested cell types compared with flow fields

modeling quiescent LNs (Figures 7B and 7C). In distinct contrast to trends seen for adhesion to E-selectin

alone, co-presentation with 10 mg/mL VCAM resulted in maximal E-selectin-mediated cell adhesion occur-

ring at more inlet proximal channel positions when initial adhesion was greater, a trend seen irrespective of

flow microenvironment (Figure 7D). Linear regression analysis revealed a non-zero slope (p<0.0001) with

high correlation (r2=0.6869; Figure 7D), fortifying this conclusion. Under comparable perfusion flow condi-

tions, no relationship between the levels of initial adhesive interactions and channel positions at which

maximal adhesion was measured were observed (Figures 7E–7G). These results demonstrate the potential

for both flowmicroenvironment and adhesive molecule presentation to regulate the trajectory of adhesion

within the LN SCS microenvironment.

LS174T cell Adhesion in Flow Is Increased by Co-Perfusion with THP-1 Cells

Monocytes have been reported to facilitate adhesive interactions by metastatic cancer cells (León et al.,

2007; Lund et al., 2016b; Randolph et al., 1999; Shi and Pamer, 2011). The effects of THP-1 monocytic cells

on adhesive interactions by metastatic LS174T colon carcinoma cells in LN SCS-mimicking flow fields and

adhesive microenvironments were thus investigated. Specifically, a total of 105 LS174T cells diluted with

different amounts of THP-1 cells to LS174T:THP-1 ratios (3:1, 1:1, and 1:3) were perfused over E-selectin

functionalized surfaces under quiescent LN or dilated LVD and SCS flow configurations. Under all tested

flow conditions, co-perfusion both increased the number of interacting cells (Figure 8A) and decreased

the average rolling velocity of interacting cells (Figure 8B). In flow fields modeling quiescent LNs,

increased adhesion was seen at WSS levels of >0.4 dyn/cm2 (although not statistically significant at 1.0

dyn/cm2) versus >0.3 dyn/cm2 for perfused cell ratios of 1:1 and 1:3, respectively (Figure 8A) and slower

rolling velocities at all WSS levels tested for cell ratios of 1:3 and from 0.3–0.5 dyn/cm2 for cell ratios of 1:1

(Figure 8B). In flow regimes mimicking inflamed LNs, perfused cell ratios of 1:3 increased the extent of

adhesion over all tested WSS levels and above �0.15 dyn/cm2 for dilated LVD versus SCS, respectfully

(Figure 8A) where corresponding decreases in cell velocities were also measured, and in the case of

dilated SCS flow extended to 0.04–0.07 dyn/cm2 WSS levels (Figure 8B). The extent of LS174T adhesion

to E-selectin by cells perfused at ratios of 1:1 was also increased over all tested WSS levels in flow

modeled after dilated LVD and �0.1 and 0.2 dyn/cm2 for dilated SCS flow regimes (Figure 8A). The ve-

locity of rolling adhesion was also generally decreased at these conditions under which the number of

interacting cells was generally higher (Figure 8B). A cell perfusion ratio of 3:1 tended to have the smallest

overall effect on E-selectin adhesion by LS174T cells, having no influence in quiescent LN flow, and

increasing adhesion at WSS levels less than �0.15 dyn/cm2 versus �0.3 dyn/cm2 in dilated LVD versus

SCS flows, respectively (Figure 8A). Magnitudes of rolling adhesion velocities were also decreased at

WSS levels >0.115 dyn/cm2 (save at 0.25 dyn/cm2) and 0.04–0.07 dyn/cm2 for dilated LVD versus SCS

flow regimes, respectfully (Figure 8B). To verify that increased adhesion did not result strictly from alter-

ations in sterics/cellular collisions, the extent of adhesion by 2x the number of perfused LS174T

cells (2x105) was assessed (Figure S7). In all three flow regimes, the extent of adhesion per 105 LS174T

cells was equivalent over all WSS levels, in distinct contrast to when diluted to a 1:1 ratio with 105

THP-1 cells to a total perfusion cell count of 2x105 (Figure S7). These findings are strongly suggestive

of THP-1 cells modulating LS174T cell adhesivity with E-selectin in a manner that is WSS magnitude-

and dissipation rate-dependent.

The influence of co-perfusion with THP-1 cells on LS174T cell adhesion to various configurations of adhe-

sive ligand co-presentation was next investigated. Using a 1:1 ratio of cells (for a total of 2x105 cells

perfused and adhesion by 105 fluorescent LS174T cells quantified), adhesion to E-selectin co-presented

with ICAM or VCAM under various flow configurations was quantified using fluorescent microscopy. The
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extent and velocity of rolling adhesion by LS174T cells in the context of E-selectin co-presentation with

ICAM was generally increased (Figure 9A) and decreased (Figure 9B), respectfully, when co-perfused

with THP-1 cells for all tested flow models. THP-1 cell co-perfusion generally had a weaker effect on the

extent of adhesion by LS174T cells to E-selectin co-presented with VCAM. When functionalized with low

(2.5 mg/mL) levels of VCAM, co-perfusion both increased and decreased the extent of adhesion in the

context of quiescent LN flow configurations at high versus low WSS levels, respectively, and increased

somewhat the extent of adhesion at WSS levels >0.12 dyn/cm2 in dilated SCS flow (Figure 9C). More sub-

stantial influences were seen for adhesion to E-selectin when co-presented with 2.5 mg/mL VCAM under

dilated LVD flow, where adhesion extents were increased when LS174T cells were co-perfused with THP-

1 cells (Figure 9C), whereas rolling velocities were generally unaffected (Figure 9D). Co-perfusion with

THP-1 cells only very modestly increased adhesion (Figure 9E) and diminished the velocities (Figure 9F)

of LS174T cell adhesion at high (10 mg/mL) VCAM co-functionalization levels. This suggests that co-perfu-

sion with THP-1 cells generally enhances the adhesive propensity of LS174T cells most substantially in the

context of adhesion to E-selectin alone or when co-presented with ICAM in a manner regulated by flow

regime.

DISCUSSION

Engineeredmicrofluidic systems represent unique in vitro tools capable of uncoupling the influences of ad-

hesivemolecule expression levels and/or spatial patterns, vessel size, and flow rates that change in vivo as a

result of vascular remodeling in pathological states to orchestrate local cell recruitment/homing to sites of

inflammation on the regulation of cell adhesion in flow. For example, previous work from our group

explored the influence of adhesive molecule presentation length in the translational flow direction on

Figure 8. Extent of Adhesion andWSS Dependency of LS174T Cell Adhesion to E-Selectin in Flow Is Regulated by

Amount of Co-perfused THP-1 Cells

The number (A) and average rolling velocity (B) of LS174T cells adhering to E-selectin in flow regimes modeled after a

quiescent LN (top row), LN with a dilated LVD (middle row), or LN with a dilated SCS (bottom row). Data are presented as

mean G SEM. *, #, and $ indicate significance (p<0.05) by two-way ANOVA with Tukey’s post-hoc test, between LS174T

cells only versus 50% LS174T + 50% THP-1, LS174T versus 75% LS174T + 25% THP-1, and LS174T versus 25% LS174T + 75%

THP-1, respectively.
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interactions by THP-1 cells to ICAMwith P-selectin that, as E-selectin, mediates rolling adhesion in flow (Ed-

wards and Thomas, 2017). We found rolling adhesion velocity to diminish and ICAM co-presentation to

mediate the accumulation of adhesive cells over channel lengths in a manner that wasWSS dependent (Ed-

wards et al., 2017). This suggests that the area of adhesive ligand presentation has the potential to regulate

Figure 9. Co-perfusion with THP-1 Cells Alters the WSS Dependency of Adhesion by LS174T Cells to E-Selectin

Co-presented with ICAM or VCAM

The number (A, C, and E) and average rolling velocity (B, D, and F) of interacting LS174T cells perfused in a total of 125 uL

perfusion media either alone (105 total) or as 50% LS174T cells and 50% THP-1 cells (105 cells each) under flow conditions

modeling quiescent LN (orange), dilated LVD (blue), or dilated SCS (purple) WSS levels. Channels were functionalized

with 2.5 mg/mL E-selectin + 2.5 mg/mL ICAM (A,B), + 2.5 mg/mL VCAM (C and D), or + 10 mg/mL VCAM (E andF). Data are

presented as mean G SEM. * indicates significance by two-way ANOVA with Tukey post-hoc test.
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crosstalk between transiting cells and adhesive substrate with respect to signaling or as we demonstrated,

secondary cell adhesion in flow (Edwards et al., 2017).

Although these previous investigations focused on flow contexts with continuous WSS levels, the po-

tential influence of diminishing WSS predicted to occur within the LN SCS microenvironment was

explored herein. By altering the initial interactions of cells with adhesive substrates, diminished WSS

levels in flow regimes mimicking remodeled LNs and context of adhesive ligand presentation were

found to shape the trajectories and total extents of E-selectin-mediated cell adhesion over the perfu-

sion channel length. This is unsurprising because, save the shear threshold effect, adhesion likelihood

generally increases with diminishing WSS (Edwards and Thomas, 2017; Li et al., 2016). Cell adhesive

behaviors, such as single molecule interactions, also depend in part on history of prior adhesion

and cell-cell interactions (Edwards and Thomas, 2017). Lower levels of WSS encountered by cells

upon entry into the functionalized channel portion in flows mimicking remodeled LNs thus facilitated

locally higher levels of adhesion that, in most instances, decreased along the channel length in the

direction of flow. This diminution may result in part due to cells in rolling adhesion transiting the chan-

nel at lower velocities, which remained unaffected by perfusion configuration, or also increased sec-

ondary adhesion resulting from higher initial adhesion extents. Notably, the channel position of

maximal cell adhesion on E-selectin alone versus when co-presented with 10 mg/mL VCAM, which over-

all mediate the fastest versus slowest velocities of rolling adhesion, respectively, exhibited a direct

versus inverse relationship with initial adhesion extent at the channel inlet irrespective of analyzed

cell type. In the context of adhesion to E-selectin alone, however, this direct relationship diverged be-

tween models of quiescent versus inflamed LN flows, motivating future studies to unfurl the individual

effects of WSS magnitude versus rate of dissipation to individually alter the dynamics of cell adhesion

in shear flow. Overall, these findings suggest the influences of flow regime and adhesive ligand pre-

sentation on WSS magnitude, the length of adhesive substrate contact, and rolling velocity interdepen-

dently regulate cell adhesion in flow fields relevant to LN metastasis.

Immunoglobulin family members ICAM and VCAM are widely implicated in mediating immune cell migra-

tion into and through peripheral tissue lymphatics (Faveeuw et al., 2000; Harjunpää et al., 2019). Their

expression is also correlated clinically with increased LN metastases in a variety cancers (Schlesinger and

Bendas, 2015; Yan et al., 2014) and adhesion by colon adenocarcinoma cells to lymphatic endothelial cells

in vitro (Kawai et al., 2012). Our results illustrate a potential means by which ICAM and VCAM may enable

cancerous and monocytic cell homing to LNs by modulating the extent and dynamics of adhesion within

the SCS. In vitro adhesion to ICAM and VCAM in the context of physiologically relevant fluid flow necessi-

tated co-presentation with E-selectin, as would be expected given the synergistic role selectins play in

adhesion initiation in shear flow environments (Burns and DePaola, 2005; Prabhakarpandian et al., 2001).

This also helps contribute understanding to the previous observations of the involvement of E-selectin

and other cell adhesion molecules in lymphatic metastasis in mouse models (Shaker et al., 2006; Steele,

2016; Zhu et al., 2018). In the context of lymphatic metastasis, this has not been clearly delineated but is

supported by observations of correlation between the expression of these adhesion molecules and the

incidence of LN metastasis (Schlesinger and Bendas, 2015; Yan et al., 2014).

Monocytes home to the LN via the afferent lymphatic vessel into the SCS and play a crucial role in mounting

an immune response against disease (Evani et al., 2013; Ingersoll et al., 2011; Lund et al., 2016b). Prior work

elucidating regulatory mechanisms of this migration pathway have focused on monocyte activation state,

chemotactic cues, or adhesionmolecule expression by the lymphatic endothelium within peripheral tissues

(Shi and Pamer, 2011; Yang et al., 2014). Results from this work using monocytic THP-1 cells suggest the

potential for homing by monocytes to LNs to also be regulated at the level of the LN itself, with respect

to both locally presented adhesive cues as well as remodeling that may occur as a result of inflammation

or disease. Monocytes are additionally implicated in metastatic dissemination by promoting colon cancer

extravasation and the formation of lungmetastases (Evani et al., 2013; Häuselmann et al., 2016). Monocytes

also mediate and increase the adhesive behavior of cancer cells under flow (Evani et al., 2013; Häuselmann

et al., 2016) with co-perfusion with cancer cells resulting in co-activation (Evani et al., 2013), suggestive of

cell-cell cross-talk regulating adhesion in flow. In line with this, we found adhesion by metastatic LS174T

cells to E-selectin in flow to be enhanced by co-perfusion with THP-1 cells in a manner not resultant

from altered sterics/cell collisions and the WSS dependency of which was further influenced by both

flow microenvironment and ICAM or VCAM co-presentation. This supports previous reports of monocytes
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increasing cancer cell extravasation and metastatic tumor formation in LNs in vivo (Evani et al., 2013; Häu-

selmann et al., 2016).

In summary, a LN sinus microenvironment-mimicking microfluidic platform was developed to enable the

in vitro interrogation of how different dissipating WSS flow models estimated to occur as a result of LN re-

modeling in response to disease or inflammation influence the adhesivity of cancerous and monocytic hu-

man cells in flow. Our results elaborate the influence of LN SCS flowmicroenvironment on the WSS depen-

dencies of E-selectin-enabled adhesion extent but not rolling velocity magnitude, effects regulated

interdependently by context of ICAM and/or VCAM co-presentation. These findings implicate the biophys-

ical effects of LN remodeling as a potential axis regulating the mechanisms of LN invasion negatively impli-

cated in cancer patient outcomes.

Limitations of the Study

Limitations of this work include the omission of lymphatic flow rates as a considered variable despite

it being widely hypothesized that they are substantially changed in disease contexts (Habenicht et al.,

2017; Hinson et al., 2017; Ji, 2017; Otto et al., 2014; Stacker et al., 2014; Sun et al., 2019). Given that

the dependencies of WSS on SCS height and volumetric flow rate are first versus second order,

respectively, we focused instead on how small changes with respect to SCS height could influence

cell interactions within the SCS under the influence of fluid flow. The pulsatile nature of lymphatic

flow was also not considered in the experimentally implemented perfusion regimes. In addition, levels

of adhesion receptor expression within LNs in vivo have not been quantified, nor were densities of

adhesive ligands on functionalized surfaces used for in vitro experimentation conducted here. The

biochemical composition of the in vitro perfusion system is thus not necessarily physiological. Finally,

the lymphatic vessel was approximated as entering the SCS at a 90� angle, resulting in uniform radial

flow; however, the angle at which this vessel enters the SCS may vary significantly, making radially

non-uniform flow.
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Röthlin, T., Antsiferova, O., and Halin, C. (2011).
Tissue inflammation modulates gene expression
of lymphatic endothelial cells and dendritic cell
migration in a stimulus-dependent manner.
Blood 118, 205–215.

Vinay, D.S., Ryan, E.P., Pawelec, G., Talib, W.H.,
Stagg, J., Elkord, E., Lichtor, T., Decker, W.K.,
Whelan, R.L., Kumara, H.M.C.S., et al. (2015).
Immune evasion in cancer: mechanistic basis and

therapeutic strategies. Semin. Cancer Biol. 35,
S185–S198.

Webster, B., Ekland, E.H., Agle, L.M., Chyou, S.,
Ruggieri, R., and Lu, T.T. (2006). Regulation of
lymph node vascular growth by dendritic cells.
J. Exp. Med. 203, 1903–1913.

Weledji, E.P., Enoworock, G., Mokake, M., and
Sinju, M. (2016). How Grim is pancreatic cancer?
Oncol. Rev. 10, 294.

West, H., and Jin, J. (2016). Lymph nodes and
lymphadenopathy in cancer. JAMAOncol. 2, 971.

Wirtz, D., Konstantopoulos, K., and Searson, P.C.
(2011). The physics of cancer: the role of physical
interactions and mechanical forces in metastasis.
Nat. Rev. Cancer 11, 512–522.

Wong, S.L. (2009). Lymph node counts and
survival rates after resection for colon and rectal
cancer. Gastrointest. Cancer Res. 3, S33–S35.

Wong, S.Y., and Hynes, R.O. (2006). Lymphatic or
hematogenous dissemination: how does a
metastatic tumor cell decide? Cell Cycle 5,
812–817.

Yago, T., Tsukuda, M., and Minami, M. (1999). P-
selectin binding promotes the adhesion of
monocytes to VCAM-1 under flow conditions.
J. Immunol. 163, 367–373.

Yan, J., Jiang, Y., Ye, M., Liu, W., and Feng, L.
(2014). The clinical value of lymphatic vessel
density, intercellular adhesion molecule 1 and
vascular cell adhesion molecule 1 expression in
patients with oral tongue squamous cell
carcinoma. J. Cancer Res. Ther. 10, 125–130.

Yang, J., Zhang, L., Yu, C., Yang, X.-F., andWang,
H. (2014). Monocyte and macrophage
differentiation: circulation inflammatory
monocyte as biomarker for inflammatory
diseases. Biomark Res. 2, 1.

You, M.S., Lee, S.H., Choi, Y.H., Shin, B., Paik,
W.H., Ryu, J.K., Kim, Y.-T., Jang, D.K., Lee, J.K.,
Kwon, W., et al. (2019). Lymph node ratio as
valuable predictor in pancreatic cancer treated
with R0 resection and adjuvant treatment. BMC
Cancer 19, 952.

Zhang, Z., Procissi, D., Li, W., Kim, D.-H., Li, K.,
Han, G., Huan, Y., and Larson, A.C. (2013). High
resolution MRI for non-invasive mouse lymph
node mapping. J. Immunol. Methods 400-401,
23–29.

Zhu, T., Hu, X., Wei, P., and Shan, G. (2018).
Molecular background of the regional lymph
nodemetastasis of gastric cancer. Oncol. Lett. 15,
3409–3414.

ll
OPEN ACCESS

20 iScience 23, 101751, November 20, 2020

iScience
Article

http://refhub.elsevier.com/S2589-0042(20)30948-2/sref74
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref74
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref74
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref74
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref74
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref75
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref75
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref75
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref76
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref76
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref76
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref76
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref76
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref77
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref77
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref77
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref77
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref77
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref78
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref78
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref78
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref78
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref78
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref78
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref79
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref79
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref79
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref79
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref80
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref80
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref80
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref80
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref80
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref81
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref81
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref81
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref81
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref81
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref82
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref82
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref82
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref82
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref83
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref83
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref83
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref83
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref83
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref83
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref84
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref84
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref84
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref84
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref85
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref85
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref85
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref86
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref86
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref86
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref86
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref87
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref87
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref87
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref87
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref88
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref88
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref88
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref88
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref88
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref89
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref89
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref89
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref89
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref90
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref90
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref90
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref90
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref91
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref91
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref91
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref91
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref92
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref92
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref92
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref92
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref92
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref94
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref94
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref94
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref94
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref94
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref94
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref96
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref96
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref96
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref96
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref97
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref97
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref97
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref98
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref98
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref98
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref98
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref98
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref98
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref99
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref99
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref99
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref99
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref99
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref99
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref100
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref100
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref100
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref100
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref101
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref101
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref101
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref102
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref102
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref103
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref103
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref103
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref103
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref104
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref104
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref104
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref105
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref105
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref105
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref105
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref106
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref106
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref106
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref106
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref107
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref107
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref107
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref107
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref107
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref107
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref108
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref108
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref108
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref108
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref108
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref109
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref109
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref109
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref109
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref109
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref109
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref110
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref110
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref110
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref110
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref110
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref111
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref111
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref111
http://refhub.elsevier.com/S2589-0042(20)30948-2/sref111


iScience, Volume 23

Supplemental Information

Lymph Node Subcapsular Sinus Microenvironment-

On-A-Chip Modeling Shear Flow Relevant to Lymphatic

Metastasis and Immune Cell Homing

Katherine G. Birmingham, Meghan J. O'Melia, Samantha Bordy, David Reyes
Aguilar, Bassel El-Reyas, Gregory Lesinski, and Susan N. Thomas



Transparent Methods 

Cell Culture 

THP-1 monocytes were cultured RPMI-1640 supplemented with 10% heat 

inactivated fetal bovine serum and 1% penicillin/streptomycin/amphotericin B. PANC-1 

cells were cultured in Dulbecco’s Modified Eagle Medium supplemented with 10% heat 

inactivated fetal bovine serum, 1% penicillin/streptomycin/amphotericin B, and 1% 

Glutamax. Parental and Phamret-expressing (Edwards et al., 2018) human colorectal 

adenocarcinoma LS174T cells were cultured in Dulbecco’s Modified Eagle Medium 

supplemented with 10% heat inactivated fetal bovine serum and 1% 

penicillin/streptomycin/amphotericin B. For perfusion experiments, LS174T and PANC-1 

cells were harvested via mild trypsinization with 0.25% trypsin/ethylenediaminetetraacetic 

acid, centrifuged at 400 X G for 5 min, resuspended in culture medium, and incubated in 

suspension for 2 h at 37°C to allow regeneration of adhesive cell surface ligands prior to 

centrifugation and resuspension in perfusion medium [0.1 % bovine serum albumin (BSA) 

in D-PBS with calcium and magnesium] and subsequent storage on ice until use (< 1 h). 

THP-1 cells were directly harvested (without trypsinization), centrifuged at 400 X G for 5 

min, and resuspended in perfusion medium for storage on ice until use (< 1 h). B16F10 

cells were cultured in Dulbecco’s Modified Eagle Medium with 10% heat-inactivated fetal 

bovine serum and 1% penicillin/streptomycin/amphotericin B and harvested by 

trypsinization prior to use in vivo experimentation. 

 

LN immunohistochemistry, imaging, and analysis 



 Brachial LNs from naïve C57Bl6 mice or draining melanomas 7 d post intradermal 

implantation in the lateral dorsal skin with 5x105 B16F10 cells (Rohner et al., 2015) were 

surgically excised, embedded in optimum cutting temperature embedding medium, and 

stored at -80°C. A cryostat was used to slice 10 μm thick tissue sections that were 

mounted onto histological slides and stored at -20°C. Sections were acetone fixed for 20 

min at -20°C, blocked with 10% goat serum diluted in Dulbecco’s Phosphate Buffered 

Saline (D-PBS) with calcium and magnesium for 1 h at room temperature, and incubated 

overnight at 4°C with the following primary antibodies: (1) rabbit anti-mouse LYVE-1 

(1:200, Invitrogen, PA1-16635), (2) chicken anti-mouse CD62E (1:100, Novus 

Biologicals, AF575), and (3) hamster anti-mouse CD54 (1:100, Novus Biologicals, NBP2-

22540) or rat anti-mouse CD106 (1:50, Novus Biologicals, NB100-77474). The following 

day, the slides were incubated for 1 h at room temperature with the following fluorophore 

conjugated secondary antibodies: (1) goat anti-rabbit Alexa Flour 633 (1:300, Invitrogen, 

A-21070), (2) goat anti-chicken Alexa Flour 488 (1:200, Invitrogen, A-11039), and (3) goat 

anti-hamster DyLight 550 (1:1000, Novus Biologicals, NBP1-71730R) or goat anti-rat 

DyLight 550 (1:100, Invitrogen, SA5-10019). In between each staining step, slides were 

washed three times with gentle agitation in 0.1% Tween 20 diluted in D-PBS with calcium 

and magnesium. Washed slides were mounted using Vectashield mounting medium with 

DAPI and microscopic images were taken using a Zeiss 710 confocal microscope. 

Collagen structures of whole LNs pre-treated with increasing concentrations of 2-2' 

thiodiethanol (10, 25, 50, 97%) for 10-30 min prior to mounting in Fluorogel were imaged 

in 2 μm intervals up to a 100 μm tissue depth using two-photon microcroscopy collecting 



the collagen second harmonic on a LSM 510 confocal microscope up to 100 um depth. 

SCS heights were measured using Zen Black Software.  

 

COMSOL Modelling 

 WSS profiles along the SCS floors were modeled using COMSOL Multiphysics 

Software version 5.4. An idealized LN sinus was designed in SolidWorks, modeling the 

afferent lymphatic vessel as a cylinder leading fluid to radially disperse into the LN SCS 

modeled as a thin disk (Figure 2B). Various LN dimensions, including the afferent LVD 

and SCS height were used to construct three variations of the idealized LN luminal 

geometry (Figure 2B), while the upper limit of the SCS radius was maintained at 5 mm 

and 0.5 mm was chosen based on the average size of human and mouse LNs, 

respectively (Jafarnejad et al., 2015; Kikuchi et al., 2020; Takeda et al., 2017). LN 

geometries were exported as .STL files and imported into COMSOL. Within COMSOL, 

the fluid material was defined as a Newtonian, incompressible fluid with a dynamic 

viscosity of 1800 Pa s and density of 1009 kg m-3 (Moore and Bertram, 2018). The fluid 

flow was set to laminar flow with a constant volumetric flow rate of 1.33E-10 m3 s-1, which 

is within the range of flow rates observed in humans (Blatter et al., 2016). The boundary 

walls were chosen to be the outer surface of the liquid domain, the inlet was defined as 

the top of the afferent vessel cylinder, and the outlet was defined to be the circumferential 

side wall of the SCS thin disc. The boundaries were set as impermeable. Finally, the cut 

plane where the WSS values were quantified was defined as the bottom of the thin disc 

(z = 0, Figure 2I), representing the inferior floor of the LN SCS.  



 The Particle Tracing for Fluid Flow module of COMSOL Multiphysics Software 

version 5.4 was used to simulate cell trajectories during movement from the afferent 

vessel into the LN SCS and to determine the location at which cells were in close proximity 

with the inferior surface of the SCS. Particle properties were modeled after that of 

cancerous cells, with a diameter of 14 μm and a mass density of 1032 kg m-3 (Moore and 

Bertram, 2018). The same inlet, outlet, flow rate, fluid properties, and boundary walls as 

used in the WSS modeling described were used in particle trajectory simulations. For 

each simulation, a particle (cell) began its flow trajectory through the geometry at the top 

of the afferent vessel (2.5 mm from the SCS floor) in a randomly selected radial position 

(less than or equal to one half the diameter of the afferent vessel), and the height and 

radial position of the particle was tracked until it reached the periphery of the SCS. The 

particle was defined as settled on the SCS floor when the center of the particle was at a 

height of 7 μm, the particle radius. 

 

Channel Fabrication 

Microfluidic channels were fabricated in a manner similar to that detailed previously 

(Birmingham et al., 2019b; Erin Elizabeth Edwards et al., 2018; Tran et al., 2017). Briefly, 

the adhesive microfluidic channel, which consisted of a straight 10 cm long by 0.2 cm 

wide section connected to a 4 cm long divergent section that increased in width from 0.2 

cm to 1.2 cm, was cut from sheet of 125 µm thick double-sided adhesive tape backed 

with a release liner. The channel was then affixed to polydimethylsiloxane, which was 

previously cured by mixing polydimethylsiloxane base with curing agent at a ratio of 9:1 

and curing at 90˚C for 3 h in a Pyrex dish prior to being cut to the outer dimensions of the 



channel shape. An inlet hole was punched into the beginning of the long, straight portion 

of the channel using a 3 mm biopsy punch, and the construct was attached to a non-

tissue culture treated polystyrene plates into which an outlet hole was drilled prior to 

assembly.  

 

Channel Functionalization 

The short, divergent portion of the channel nearest the outlet was functionalized 

by incubation overnight at 4°C with Fc specific anti-IgG diluted in D-PBS without calcium 

and magnesium to a concentration of 2.5, 5, or 12.5 µg mL-1 for eventual use with E-

selectin alone or in combination with 2.5 µg mL-1 ICAM or  VCAM or 10 µg mL-1 VCAM 

experiments, respectfully. Next, plates were blocked for 1 h at room temperature with 1% 

BSA in D-PBS with calcium and magnesium after which E-selectin alone or in addition to 

either ICAM or VCAM diluted in D-PBS with calcium and magnesium was incubated for 

2 h at room temperature. The entire channel was blocked for 1 h at room temperature 

with 1% BSA in D-PBS with calcium and magnesium at room temperature, after which 

plates were washed and immediately used in perfusion experiments. In between each 

step, the channel was washed three times with 1 mL of D-PBS with calcium and 

magnesium. 

 

Perfusion Experiment Workflow 

Perfusion experiments were performed in a similar manner to that formerly 

described (Birmingham et al., 2019b). Succinctly, an inlet syringe connected to tubing 

filled with perfusion media was connected to a syringe pump and used to withdraw a cell 



pulse into the inlet tubing at a rate of 0.5 mL min-1. For perfusion experiments using a 

single cell type, the cell pulse consisted of 2x105 LS174T, PANC-1, or THP-1 cells diluted 

in 125 μL of perfusion media. The tubing and syringe assembly was inserted into the inlet 

hole of the channel and an outlet reservoir was made by connecting a 5 mL test tube to 

the bottom of the drilled outlet hole on the polystyrene plate. The assembled platform was 

placed on an Eclipse TI optical microscope with an objective magnification of 10X and 

linked to NIS-Elements software to acquire videos at a frame rate of 25 frames per sec at 

an exposure time of 0.281 µsec and 2x2 binning of a 500 by 376 pixels.  

To begin perfusion, the syringe pump was set to a constant flow rate, based on 

desired WSS ranges of different LN flow models, to initiate inflow into the channel from 

the syringe-tubing assembly. Flow rates of 34.7, 27.4, and 9.7 mL min-1 were used to 

model quiescent LN, dilated LVD, and dilated SCS flows, respectively. Once cells 

reached the divergent portion of the channel during perfusion experiments, 30 sec videos 

were taken along the center line of the channel at 0.5 cm increments using the integrated 

Nikon camera. Perfusions were continued until all cells, except those that firmly adhered 

to the functionalized portion of the channel, eluted from the device as determined by the 

lack of any rolling cells within the functionalized portion as verified by videomicroscopy.  

 

LS174T Cell and THP-1 Cell Coperfusion Workflow 

 For studies involving the co-perfusion of LS174T in combination with THP-1 cells, 

125 μL total volume cell pulse was made by diluting 105 Phamret-expressing LS174T 

cells with 0, 0.33x105, 1.0x105, or 3.0x105 THP-1 monocytes immediately before 

perfusion. Furthermore, the Phamret-expressing LS174T cells were pre-photoconverted 



prior to perfusion to permit the visualization of the LS174T cells, but not the THP-1 cells, 

using a fluorescein isothiocyanate filter (Birmingham et al., 2020; Edwards et al., 2018). 

The perfusion workflow and adhesion quantification was the same as described above, 

save adhesion by fluorescent LS174T cells being imaged using a fluorescein 

isothiocyanate filter (excitation bandpass 475-492 nm, emission bandpass 505-535 nm) 

with a Chroma Technology 100W PhotoFluor mercury lamp with same microscope using 

an exposure time of 200 ms. 

 

Quantification of Adhesive Cell Behavior 

An adhering cell was defined as one that was seen to exhibit horizontal translation 

at a velocity substantially slower than the non-interacting cells, e.g. those transiting the 

imaging field of view at the calculated free fluid velocity as well as cell velocities observed 

when perfused over unfunctionalized channels. Individual cell velocities over 30 sec 

intervals were quantified using ImageJ with a manual particle tracking plugin.  

 

Statistical Analysis 

 Statistical significance was defined as p<0.05 following one- or two-way ANOVA 

and post hoc analysis or linear regression using the analysis tools in Graphpad Prism 8. 

  



Supplemental Figures 

 
Figure S1. Computationally modelled trajectories of cells entering the LN SCS, 
related to Figures 2 and 3. COMSOL cell trajectory simulations using (A-C) human or 
(D-F) mouse LN parameters showing the position of the center of a cell of diameter 14 
μm as it moves from the afferent lymphatic vessel into the SCS. Each colored line 
represents the trajectory of a single cell with a randomized radial starting location at the 
top of the afferent vessel. Dashed line on y-axis at a height of 7 μm, indicating the cell 
has settled to the bottom of the SCS floor. Dashed line on x-axis represent afferent 
vessel radius of (A,C) 0.6 mm (quiescent afferent LVD, human), (B) 0.9 mm (dilated 
LVD, human), (D,F) 40 μm (quiescent LVD, mouse), (E) 80 μm (dilated LVD, mouse). 
 



 
Figure S2. Computationally modelled effects of LN curvature effects on WSS and 
percent difference between COMSOL and divergent experimental flow model WSS 
profiles, related to Figures 2 and 3. (A) WSS levels predicted by COMSOL laminar 
fluid flow simulations through quiescent LNs (top), LNs with a dilated LVDs (middle), or 
LNs with a dilated SCS (bottom) with varying degrees of SCS curvature. (B) Percent 
difference between COMSOL and microfluidic experimental flow model WSS profiles.  
 

 
Table S1, related to Figure 3. Perfusion conditions used to model literature reported 
parameters human LNs. 
 
 
 



 
Table S2, related to Figure 3. WSS levels along the length of the divergent channel at 
different flow rates based on COMSOL simulations of human LN parameters.  
 

 
Figure S3. The WSS dependency of PANC-1 colon carcinoma cell adhesion in LN 
SCS-mimicking flow fields and microenvironments is altered by altered flow 
profiles predicted to result from LVD and SCS dilation, related to Figures 6 and 7. 
The number and average rolling velocity of PANC-1 cells adhering in flow in divergent 
channels functionalized with (A-C) 2.5 µg/mL E-selectin alone, (D) 2.5 µg/mL ICAM 
alone,  (E-G) 2.5 µg/mL E-selectin + 2.5 µg/mL ICAM, (H) 2.5 µg/mL VCAM alone, (I-K) 
2.5 µg/mL E-selectin + 2.5 µg/mL VCAM, (L) 10 µg/mL VCAM, or (M-O) 2.5 µg/mL E-
selectin + 10 µg/mL VCAM. Statistical analysis by two-way ANOVA with post-hoc 
analysis between points at each channel position. p < 0.05 between: $ quiescent LN 
and dilated LVD, * quiescent LN and dilated SCS, and # dilated LVD and dilated SCS.  
 



 
Figure S4. Co-presentation of adhesion molecules alters the WSS dependency of 
PANC-1 cell adhesion in flow, related to Figures 6 and 7. The number (A,C) and 
average rolling velocity (B) of PANC-1 cells adhering to E-selectin alone or when co-
presented with ICAM or VCAM in flow regimes modelled after a quiescent LN (top row), 
LN with a dilated LVD (middle row), or LN with a dilated SCS (bottom row). Statistical 
analysis by unpaired t-test between points at each WSS or channel position. p < 0.05 
between: $ E-selectin vs. E-selectin + 2.5 μg/mL ICAM, * E-selectin vs. E-selectin + 2.5 
μg/mL VCAM, and # E-selectin vs. E-selectin + 10 μg/mL VCAM.  
 



 
Figure S5. The WSS dependency of THP-1 colon carcinoma cell adhesion in LN 
SCS-mimicking flow fields and microenvironments is altered by altered flow 
profiles predicted to result from LVD and SCS dilation, related to Figures 6 and 7. 
The number and average rolling velocity of THP-1 cells adhering in flow in divergent 
channels functionalized with (A-C) 2.5 µg/mL E-selectin alone, (D) 2.5 µg/mL ICAM 
alone, (E-G) 2.5 µg/mL E-selectin + 2.5 µg/mL ICAM, (H) 2.5 µg/mL VCAM alone, (I-K) 
2.5 µg/mL E-selectin + 2.5 µg/mL VCAM, (L) 10 µg/mL VCAM, or (M-O) 2.5 µg/mL E-
selectin + 10 µg/mL VCAM. Statistical analysis by two-way ANOVA with post-hoc 
analysis between points at each channel position. p < 0.05 between: $ quiescent LN 
and dilated LVD, * quiescent LN and dilated SCS, and # dilated LVD and dilated SCS.  
 



 
Figure S6. Adhesion molecule co-presentation alters WSS dependency of THP-1 
adhesion in flow, related to Figures 6 and 7. The number (A,C) and average rolling 
velocity (B) of THP-1 cells adhering to E-selectin alone or when co-presented with ICAM 
or VCAM in flow regimes modelled after a quiescent LN (top row), LN with a dilated LVD 
(middle row), or LN with a dilated SCS (bottom row). Statistical analysis by two-way 
ANOVA with post-hoc analysis between points at each WSS or channel position. p < 
0.05 between: $ E-selectin vs. E-selectin + 2.5 μg/mL ICAM, * E-selectin vs. E-selectin 
+ 2.5 μg/mL VCAM, and # E-selectin vs. E-selectin + 10 μg/mL VCAM.  
 



 
Figure S7. Increased adhesion by LS174T cells co-perfused with THP-1 cells is 
not due to steric interference, related to Figure 8. The number of LS174T cells 
mediating adhesion to E-selectin in flow when perfused alone (a total of 105 LS174T 
cells perfused) or during co-perfusion with either an additional 105 LS174T cells (total of 
2x105 LS174T cells perfused) or 105 THP-1 cells (total 2x105 cells) in flows modeled 
after a (A) healthy LN, (B) LN with a dilated LVD, or (C) a LN with a dilated SCS. To 
adjust for differences in the number of perfused LS174T cell during a single cell 
perfusion of 2x105 LS174T cells, the total number of interacting cells at each measured 
WSS was divided by two. Statistical analysis by two-way ANOVA with post-hoc analysis 
between points at each WSS. p < 0.05 between: $ 105 LS174T vs + 105 LS174T, * 105 
LS174T vs + 105 THP-1, and # + 105 LS174T vs. + 105 THP-1.  
 


	ISCI101751_proof_v23i11.pdf
	Lymph Node Subcapsular Sinus Microenvironment-On-A-Chip Modeling Shear Flow Relevant to Lymphatic Metastasis and Immune Cel ...
	Introduction
	Results
	Lymphatic Metastasis, LN Invasion, and LN Tissue Remodeling
	Altered Shear Stress Profiles Are Predicted within the Remodeled LN SCS
	Engineered LN Sinus-On-A-Chip Adhesion Microfluidic System
	LN SCS Flow Microenvironment Regulates Robust Adhesion by Cancerous and Monocytic Cells
	Extent and Trajectory of Cell Adhesion Within Perfusion Channel Are Interdependently Regulated by Dissipating WSS Regime, A ...
	LS174T cell Adhesion in Flow Is Increased by Co-Perfusion with THP-1 Cells

	Discussion
	Limitations of the Study
	Resource Availability
	Lead Contact
	Materials Availability
	Data and Code Availability


	Methods
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References



