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SUMMARY

The role of microenvironment-mediated biophysical
forces in human lymphomas remains elusive. Diffuse
large B cell lymphomas (DLBCLs) are heterogeneous
tumors, which originate from highly proliferative
germinal center B cells. These tumors, their associated neo-vessels, and lymphatics presumably
expose cells to particular fluid flow and survival signals. Here, we show that fluid flow enhances proliferation and modulates response of DLBCLs to specific
therapeutic agents. Fluid flow upregulates surface
expression of B cell receptors (BCRs) and integrin receptors in subsets of ABC-DLBCLs with either
CD79A/B mutations or WT BCRs, similar to what is
observed with xenografted human tumors in mice.
Fluid flow differentially upregulates signaling targets,
such as SYK and p70S6K, in ABC-DLBCLs. By selective knockdown of CD79B and inhibition of signaling
targets, we provide mechanistic insights into how
fluid flow mechanomodulates BCRs and integrins in
ABC-DLBCLs. These findings redefine microenvironment factors that regulate lymphoma-drug interactions and will be critical for testing targeted therapies.
INTRODUCTION
Diffuse large B cell lymphomas (DLBCLs) are lymphoproliferative
tumors that arise from proliferative immune cells in lymphoid tissues. Gene expression profiling has enabled DLBCLs to be subclassified into germinal center B cell (GCB) DLBCL and activated
B cell (ABC) DLBCL subtypes (Alizadeh et al., 2000; Davis et al.,
2001, 2010; Fontán and Melnick, 2013; Fontan et al., 2012). The
current therapy involves a chemo-immunotherapy regimen containing CHOP (cyclophosphamide, hydroxyldaunomycin [doxorubicin], oncovin [vincristine], and prednisone) with rituximab (a
chimeric anti-CD20 IgG1 monoclonal antibody). However, a significant percentage of DLBCL patients are not cured by this
treatment (Friedberg, 2011). ABC-DLBCL is the most chemoresistant DLBCL subtype with a 5-year overall survival as
low as 45% versus 80% for GCB DLBCL (Lenz et al., 2008b;

Roschewski et al., 2014). Understanding factors that promote
resistance to drug therapy and identifying new therapeutic
targets are important to improve clinical outcome of DLBCL
patients.
Targeting hallmark pathways of ABC-DLBCL, such as those
downstream of the chronically activated B cell receptor (BCR)
signaling (Burger and Wiestner, 2018; Davis et al., 2010; Fontan
et al., 2012; Wilson et al., 2015), has the potential to impact a
broad cross-section of ABC-DLBCL patients (Brower, 2015; Wilson et al., 2015). Importantly, even when chronically activated by
somatic mutations, the BCR pathway still needs signals from the
microenvironment to drive cell survival, and yet extracellular factors that regulate BCR signaling remain less understood. The
BCR is a transmembrane protein complex composed of heavychain and light-chain immunoglobulins (Igs), CD79A/Iga and
€ppers, 2005). ABC-DLBCLs commonly manifest
CD79B/Igb (Ku
somatic mutation of components in the BCR pathway, such as
CD79A/B (20% of ABC-DLBCLs) (Davis et al., 2010), CARD11
(10%) (Lenz et al., 2008a), and several others. Proposed therapeutic strategies for ABC-DLBCL target proteins signaling downstream of the BCR pathway, including kinase inhibitors targeting
spleen tyrosine kinase (SYK), and Bruton’s tyrosine kinase (BTK),
among others (Burger and Wiestner, 2018; Fontán and Melnick,
2013). However, the pattern of response to BCR-targeted
therapies varies according to mutations present in a given
ABC-DLBCL. For example, a SYK short hairpin RNA (shRNA)
suppresses the growth of ABC-DLBCL cell line, HBL-1 (Davis
et al., 2010), which expresses a CD79B mutation in the IgM
BCR. In contrast, SYK shRNA is less effective in the ABC-DLBCL
cell line, OCI-LY10, with a CD79A mutation. This underscores the
need for better understanding the regulators of BCR signaling in
heterogeneous subclasses of ABC-DLBCLs, under growth conditions that mimic tumor microenvironment.
A major impediment in the field is that, unlike other tumors, the
importance of the physical nature of the lymphoma microenvironment has not been studied in detail (Scott and Gascoyne,
2014). We have recently shown that the cross talk between
lymphoid tissue’s extracellular matrix, stiffness, and integrins
on lymphoma cells are critical for tumor cell survival and
signaling, both in vitro and in vivo (Apoorva et al., 2017; Cayrol
et al., 2015; Tian et al., 2015). Once DLBCL cells seed a
lymphoid tissue, malignant B cells proliferate steadily, causing
massive distortion, enlargement, and vascularization of these
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Figure 1. Effect of Fluid Shear Stress on Proliferation and Cytokine Secretion in Human DLBCLs
(A) Table represents desirable properties in a micro-reactor to mimic biophysical conditions in lymphoma microenvironment.
(B) Schematic represents layout of the side-flow micro-reactor. Media enters the outer circulation channels through ‘‘Media Inlet’’ port and perfuses into the
central cell culture chamber through high-resistance channel (arrows). Cell suspension is added through ‘‘Cell Inlet’’ port into the middle chamber of the microreactor. Black arrowheads represent media recirculation between inlet and outlet ports.
(C) Side-flow micro-reactor with dimensions and relevant design features.
(D) Micrographs of the micro-reactor with 20-mm-wide media flow channel and 5-mm-wide high-resistance channel. The central chamber where cells are cultured
is shown to contain equally spaced PDMS pillars.
(E) Table summarizing the COMSOL results.

(legend continued on next page)
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tumor-seeded tissues as shown by us (Ruan et al., 2013) and
others (Ruan et al., 2009). The increased vascularization and
lymphatic flow presumably expose the lymphoma cells to fluid
flow, i.e., fluid shear stress (tangential forces on cell surface)
and nutrient mass transport, which supports their survival, proliferation, and response to drugs. Here, we have endeavored to
determine how fluid forces regulate human lymphomas.
Because the fluid shear stress values in enlarged, vascularized
lymphoma tissues are also unknown, the current study focuses
on uncovering the biological impact of biophysical forces at
the peak fluid shear stress of 0.8–1.3 dyn/cm2, reported earlier
to be applicable in the subcapsular sinus lumen of lymphoid tissues (Jafarnejad et al., 2015). Conventional tissue culture plates,
which do not induce shear stress and large bioreactors (shear
stress of 6–12 dyn/cm2) are not suitable to study the effect low
fluid shear stresses in the range of 0.8–1.3 dyn/cm2. Here, using
an ex vivo lymphoma micro-reactor platform and inhibiting
various key signaling proteins and knocking down a CD79 complex, we demonstrate, for the first time to our knowledge, that
fluid shear stress alone or in combination with nutrient mass
transport can act as an important biophysical stimulus on
DLBCLs by influencing the BCR and integrin signaling, with consequences on cell proliferation, differentially dependent on heterogeneous DLBCL subclasses.
RESULTS AND DISCUSSION
Ex Vivo Lymphoma Micro-Reactor with High-Resistance
Channels
Our primary goal was to characterize how DLBCLs respond to
fluid forces reported earlier in the subcapsular sinus lumen of
lymphoid tissues. Therefore, we designed our micro-reactors
to achieve a fluid shear stress of 0.3–1.3 dyn/cm2 (Figure 1A).
Our secondary goal was to maintain the pressure difference in
the micro-reactor close to the physiological pressure difference
of 1 mm Hg (or 133 Pa), previously reported between paracortex
and afferent vessels (Jafarnejad et al., 2015). In addition, our goal
was to ensure that fluid flow was uniformly distributed such that
almost all of the cells in the micro-reactor were exposed to the
same biophysical forces. An addition micro-reactor design criterion was to maintain DLBCL cells in 50% conditioned media
through media recirculation (Tian et al., 2015).
To achieve our goal, we considered four micro-reactor designs (Figures 1B and S1–S3) and computationally modeled
them to compare across above-mentioned critera. Engineering
details and analysis of the computational results are included

in Supplemental Experimental Procedures, Figures S1–S3, and
Video S1. Of these four micro-reactors, two of the micro-reactors were chosen from previous reports where they showed utility in studying adherent cell types and hematopoietic lineages
(Lecault et al., 2011; Yu et al., 2014). Our own two micro-reactors
were a modification of recently described work (Nakao et al.,
2011). These were designed to include a cell culture chamber
that was connected to media chamber by 5-mm-wide high-resistance narrow channels, which dramatically reduced media flow
velocity into the cell chamber (Figures 1B and 1C). One of our
micro-reactors (called side flow) had media flow channel
perpendicular to the high-resistance channel (Figures 1C and
1D), and the other micro-reactor (called cross flow) had media
flow chamber aligned with the high-resistance channel (Figure S3). Based on computational analysis, we determined that
the side-flow micro-reactors (Figure 1B) resulted in uniformly
distributed flow patterns and shear stress (0.3–1.3 dyn/cm2)
with approximately 100% of the cell culture area exposed to a
uniform fluid flow (Figure 1E). Importantly, the pressure difference across the side-flow micro-reactor was 100 Pa, which is
very close to the physiological value of 1 mm Hg (or 133 Pa)
(Jafarnejad et al., 2015). These two computational outputs
benchmarked the superiority of our side-flow micro-reactor
against alternative micro-reactor platforms tested in this study,
where only 25%–66% area of the micro-reactor was exposed
to uniform shear forces and the pressure difference was markedly below 1 mmHg (2–20 Pa; Figures 1E and S1E).
In the side-flow micro-reactors, cells were introduced into the
central chamber using the ‘‘Cell Inlet’’ port (Figure 1B). The media was flown through the ‘‘Media Inlet’’ port and perfused into
the central chamber as indicated by purple arrows in Figure 1B.
The media was recirculated and diluted by connecting the
‘‘Media Inlet’’ and ‘‘Media Outlet’’ ports by means of a rotary
pump (Figure 1C). The central cell culture chamber was connected to the circulating media channel (width, 20 mm) through
high-resistance perfusion channels (width, 5 mm), which prevented the 8- to 10-mm cells from leaving the central cell chamber (Figure 1D). Dimensions of the central chamber were length
3 cm, height 100 mm, and width 0.6 cm. To prevent the top of
cell culture chamber from collapsing, we included 40-mmwide polydimethylsiloxane (PDMS) micro-pillars, separated by
800-mm distance within the central chamber of the micro-reactor
(Figures 1C and 1D), which did not significantly affect the flow
rate. Since DLBCLs are loosely adherent cells and conventionally cultured in tissue culture plates without any substrates, the
micro-reactors were not pre-coated with any extracellular

(F) Left: A photograph of red food dye-loaded side-flow micro-reactor. Right: immunofluorescence image of entire side-flow micro-reactor with calcein (green,
live)- and ethidium homodimer I (red, dead)-stained ABC-DLBCL over 48 hr.
(G) Table representing cell lines with DLBCL subtypes and BCR mutation.
(H) Proliferation of HBL-1 and OCI-LY10 cells under static or flow conditions (1.3 dyn/cm2) maintained over 5 days. Proliferation was quantified with MTS assay,
where an increased absorbance corresponds to increased proliferation (mean ± SEM; n = 3; *p < 0.05, **p < 0.01, ***p < 0.001 compared to static conditions, twoway ANOVA with Bonferroni’s correction).
(I) Immunofluorescence images indicating the distribution of follicular dendritic cells and ABC-DLBCL line HBL-1 inside a side-flow micro-reactor over 48 hr.
Scale bar: 20 mm.
(J) Proliferation of HBL-1 and OCI-LY10 cells under static or flow conditions (1.3 dyn/cm2) maintained over 5 days, in the presence of follicular dendritic cells
(mean ± SEM; n = 3; **p < 0.01, ***p < 0.001 compared to static conditions, one-way ANOVA with Tukey’s test).
(K) Scatterplots represent ELISA analysis of GM-CSF and TNFa secreted into the culture media by DLBCLs under static and flow conditions (mean ± SEM; n = 3;
**p < 0.01 compared to static, two-tailed unpaired t test). Each plot is representative of n = 3 independent repeats. See also Figures S1–S4.
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Figure 2. Effect of Fluid Shear Stress on
Drug Response in Human DLBCLs
(A) Doxorubicin uptake over 36 hr under static
versus flow conditions (1.3 dyn/cm2) maintained
over 3 days (mean ± SEM; n = 3; *p < 0.05
compared to static conditions, two-way ANOVA
with Bonferroni’s correction). Fluid shear stress
was maintained at 1.3 dyn/cm2 for the entire
duration. MFI, mean fluorescence intensity.
(B and C) Scatterplots represent percentage
apoptosis (B) and MFI (C) in HBL-1 ABC-DLBCLs
exposed to doxorubicin. HBL-1 cells were
cultured for 72 hr in micro-reactors and exposed
to 1 mM doxorubicin for 24 hr. Fluid shear stress
was maintained at 1.3 dyn/cm2 for the entire 96 hr.
HBL-1 cells were stained with fluorescent-tagged
anti-IgM antibody and Annexin V-FITC for
apoptosis analysis (mean ± SEM; n = 3; *p < 0.05
compared to corresponding 0 mM doxorubicin
group, #p < 0.05 compared to static 1 mM group,
two-way ANOVA with Bonferroni’s correction).
(D) Effect of fluid flow on doxorubicin (1 mM)
response in OCI-LY10 ABC-DLBCL, cultured in
static versus flow condition. Fluid shear stress was
maintained at 1.3 dyn/cm2 for the entire 96 hr
(mean ± SEM; n = 3; *p < 0.05 compared to corresponding 0 mM group, #p < 0.05 compared to
static 1 mM group [two-way ANOVA with Bonferroni’s correction]).
(E) Scatterplots represent MFI in ABC-DLBCLs
exposed to histone deacetylase inhibitor (HDACi)
panobinostat. Cells were cultured for 72 hr in micro-reactors and exposed to HDACi for 24 hr. Fluid shear stress was maintained at 1.3 dyn/cm2 for the entire
96 hr (mean ± SEM; n = 3; *p < 0.05 compared to corresponding 0 mM group, #p < 0.05 compared to static 1 mM group; two-way ANOVA with Bonferroni’s
correction). Each plot is representative of n = 3 independent repeats.

matrices. However, these cells can still adhere to serum proteins, such as fibronectin (Blonska et al., 2015), using integrin
receptors. When DLBCL cells were cultured in these micro-reactors (without substrates) over 24 hr, lymphoma cells were uniformly distributed throughout the micro-reactor and did not
accumulate against the micro-reactor wall (Figure 1F). The cells
in the micro-reactor showed excellent viability, as qualitatively
determined using a live-dead assay (Figure 1F).
Fluid Flow Enhances Proliferation of Human DLBCL
Cells and Regulates Drug-Induced Apoptosis in
Lymphoma Cells
We hypothesized that in contrast to static growth conditions, fluid
flow, either as shear stress alone or in combination with mass
transport, will modulate proliferation of lymphoma cells through
mechanical stimulation of surface receptors such as integrins.
Our secondary hypothesis was that fluid flow-mediated changes
in integrin stimulation will modulate BCR through outside-in cross
talk. We first examined the role of fluid flow on the growth of BCRdependent ABC-DLBCL cell lines (Figure 1G) with CD79A mutations (OCI-LY10) and CD79B mutations (HBL-1). We exposed
OCI-LY10 and HBL-1 to a fluid flow (i.e., shear stress of 1.3
dyn/cm2). We observed significantly higher proliferation that
started as early as day 3 in flow conditions compared to static
cultures and continued to grow with time (Figure 1H).
Although DLBCL cell lines are not traditionally cultured with
immune or stromal supports, researchers have explored the

502 Cell Reports 23, 499–511, April 10, 2018

use of follicular dendritic cells in lymphoma cultures as immune-stromal support (Yoon et al., 2010). Therefore, we incorporated human tonsil-derived follicular dendritic cells (Tian
et al., 2015; Yoon et al., 2010) into these cultures (Figure 1I). A
48-hr cell proliferation analysis confirmed that even in the presence of follicular dendritic cells, both OCI-LY10 and HBL-1
proliferated more under flow conditions than static conditions
(Figure 1J), suggesting that micro-reactors are suitable for
mono- and co-cultures of DLBCLs.
We next determined whether fluid flow changes the abundance
of cytokines secreted by OCI-LY10 and HBL-1 cells in the media,
which could have autocrine and paracrine effects. As indicated in
Figure 1K, we observed a significant increase in tumor necrosis
factor a (TNFa) and granulocyte-macrophage colony-stimulating
factor (GM-CSF) in media from OCI-LY10 cells grown under
flow conditions for 72 hr. In contrast, there was no significant
change in aforementioned proteins in media from HBL-1 cells
grown under flow conditions. There was modest or no difference
in the remaining tested cytokines (interferon g [IFN-g], interleukin1A [IL-1A], IL-17A, IL-1B, IL-4, IL-6, IL-8, and IL-12) (Figure S4).
Several of these cytokines play an important and widespread
role in cancer (Hodge et al., 2005; Kawano et al., 1988; Lam
et al., 2008; Ngo et al., 2011; Yang et al., 2012; Yee et al., 1989).
Since DLBCLs proliferate better under flow conditions, we hypothesized that the healthier status of cells under flow conditions
will reduce the apoptosis of ABC-DLBCLs when exposed to antilymphoma drugs. We first determined the uptake of the drug

Figure 3. Effect of Fluid Flow on Integrin and B Cell Receptor Expression in Human ABC- and GCB-DLBCLs
(A) Histogram overlays represent flow cytometry analysis of the surface expression level of IgM B cell receptor (BCR) (top) and integrin a4 (bottom) in ABC-DLBCL
cell lines OCI-LY3, OCI-LY10, and HBL-1, and GCB-DLBCL cell line OCI-LY1 under static or flow conditions.
(B–E) Scatterplots represent flow cytometry analysis of the surface expression level of IgM BCR (B), CD20 (C), integrin a4 (D), and integrin b1 (E) in DLBCLs under
static or flow conditions. Fluid shear stress was maintained at 1.3 dyn/cm2 for the entire 4 days (mean ± SEM; n = 3; *p < 0.05 compared to static group, #p < 0.05
compared to the other cell lines, two-way ANOVA with Bonferroni’s correction). MFI, mean fluorescence intensity.
(F) Image represents NSG mice implanted with OCI-LY10 xenografts. After 4 weeks of engraftment, tumors were harvested for analysis. Histogram overlays
represent flow cytometry analysis of the surface expression level of integrin a4 (bottom). Scatterplots (top right) represent flow cytometry analysis of the surface

(legend continued on next page)
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doxorubicin by DLBCLs under static and flow conditions using
flow cytometry (doxorubicin is fluorescent; Frank et al., 2005).
These experiments were performed by culturing DLBCLs in
micro-reactors for 72 hr, followed by exposure to the drug. We
did not observe significant differences in uptake of the drug
over 24–36 hr (Figure 2A). Both HBL-1 and OCI-LY10 cells exhibited a significant decrease in apoptosis (Annexin-V+) when
exposed to doxorubicin under flow conditions (Figures 2B–2D).
Finally, we tested whether the reduced apoptosis could be
extended to other classes of anti-cancer therapeutics and evaluated the response to a histone deacetylase inhibitor (HDACi)
(Panobinostat) under flow conditions. As illustrated in Figure 2E,
a similar pattern of reduced apoptosis was observed under flow
conditions compared to static conditions. Collectively, these results suggest that drug-induced DLBCL apoptosis is affected by
the presence of fluid flow.
Fluid Flow Upregulates the Surface Expression of BCRs
and Integrin Receptors in ABC-DLBCL, Similar to
Xenografted Human Tumors in Mice
The BCR is vital for the growth of ABC-DLBCL through downstream pathways and abrogation of BCR signaling results in proliferation arrest of ABC-DLBCL (Davis et al., 2010; Fontan et al.,
2012). Hence targeting of BCR signaling pathways has emerged
as a promising therapeutic approach for these tumors (Brower,
2015; Fontan et al., 2012; Goldstein et al., 2015; Wilson et al.,
2015). To determine whether flow conditions affect the level of
expression of the BCR, which could affect its signaling, we
measured the levels of IgM BCR, by flow cytometry. As indicated
in Figures 3A, top, and 3B, in HBL-1 ABC-DLBCLs (CD79B mutation), cell surface expression of IgM was significantly increased by
3.8-fold under flow conditions. By contrast, in OCI-LY10 ABCDLBCLs (CD79A mutation), there was no change under flow conditions. Notably, OCI-LY3 ABC-DLBCL cells, which have WT
CD79A/B, also exhibited significantly increased IgM expression
under flow conditions. However, no differences were observed
in the GCB-DLBCL cell line OCI-LY1. Collectively, these findings
suggest that true levels of expression of the BCR are under-appreciated in 2D static cultures and the BCR expression is differentially
upregulated among subsets of ABC-DLBCLs.
Although the majority of B cell lymphomas express surface
CD20 receptor, only 76% of patients respond to CHOP plus rituximab (Coiffier et al., 2002) and 50% to rituximab alone
(McLaughlin et al., 1998; Wojciechowski et al., 2005). The differences in response have been attributed to decreased CD20
expression observed in some patients treated with rituximab
(Wojciechowski et al., 2005). Therefore, understanding mechanisms that regulate CD20 expression is important. We deter-

mined the effect of fluid shear stress on CD20 expression by
exposing the cells to either static or flow conditions. As indicated
in Figure 3C, fluid flow induced 3.5-fold higher upregulation of
CD20 on the surface of OCI-LY10 cells (p < 0.05). In contrast,
we observed only 1.3-fold upregulation of CD20 in HBL-1 cells.
Integrins have been shown to play important roles in transmitting mechanical stimuli received from fluid shear stress into intracellular signals in a wide variety of cells (Lee et al., 2010; Tzima
et al., 2001). In lymphoid cells, integrins can function as pro-survival signals (Blonska et al., 2015; Cayrol et al., 2015), and upregulation of a4b1 integrins in DLBCLs provides a protective pro-survival signal (Tian et al., 2015; Tjin et al., 2006). We, therefore,
determined the role of fluid shear stress on the expression of
a4b1 integrins on ABC-DLBCL cells. Flow induced a significant
1.7-fold higher expression of a4 subunits in OCI-LY10 and a 4.3fold increase in HBL-1 (Figures 3A, bottom, and 3D). No differences were observed in OCI-LY3 and OCI-LY1 cells. HBL-1 cells
also exhibited a significant 1.3- to 1.5-fold increase in the b1 integrin subunit under flow conditions (p < 0.05) (Figures 3E and S5A).
These findings suggest that the expression levels of integrin mechanoreceptors on ABC-DLBCL cells are dependent on fluid forces.
To determine whether changes in BCR and integrin expression
were observed in vivo, we performed a direct comparison of
HBL-1 and OCI-LY10 cell lines to their xenografted tumors in
immunocompromised NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/
SzJ) mice, a model of choice for cancer xenograft modeling. Xenografts were harvested when tumors grew, and BCR, integrin
a4, and integrin b1 levels were evaluated to compare with their
levels on cells before implantation (representing static conditions). As indicated in Figure 3F, tumors developed in NSG
mice implanted with OCI-LY10 xenografts, often well vascularized. Flow-cytometric analysis showed higher mean fluorescence intensity in integrin a4 signal in xenografted cells (Figure 3F, bottom). Quantitative analysis of the surface expression
level of IgM (as a measure of the BCR), integrin a4, and integrin
b1 on HBL-1 xenografts under static (in vitro conditions) versus
in vivo conditions show a similar pattern of differential expression
as was observed in our micro-reactors (Figures 3F, right, and
3G). These results clearly demonstrate that lymphoma micro-reactors are more similar to tumors in vivo, therefore confirming the
power and importance of a microfluidic-based model system.
We were intrigued by the question of what these integrin receptors bind to in a tissue culture system that is not pre-coated
with an extracellular matrix. Although lymphomas are loosely
adherent cells, in our experiments we did not see these cells
moving under flow conditions. This led us to hypothesize that
there was weak but significant adhesion between DLBCLs and
the underlying glass substrate in the micro-reactors, likely due

expression level of IgM BCR, integrin a4, and integrin b1 in static versus in vivo HBL-1 xenografts (mean ± SEM; n = 3; *p < 0.05, **p < 0.005, ***p < 0.001
compared to static group, two-tailed unpaired t test).
(G) Scatterplots represent flow cytometry analysis in static versus in vivo OCI-LY10 xenografts (mean ± SEM; n = 3; *p < 0.05, **p < 0.005, ***p < 0.001 compared
to static group, two-tailed unpaired t test).
(H) Micrograph representing 2D culture of ABC-DLBCLs under flow conditions (1.3 dyn/cm2) with or without integrin b1 blocking. Letter P represents pillars in the
micro-reactor. Images are representative of n = 3 independent repeats. Scale bar: 40 mm.
(I) Scatterplot represents flow cytometry analysis of the surface expression level of integrin a5 in OCI-LY3, HBL-1, and OCI-LY10. Fluid shear stress was
maintained at 1.3 dyn/cm2 for the entire 4 days (mean ± SEM; n = 3; ***p < 0.001 compared to static group, one-way ANOVA with Tukey’s test). Each plot is
representative of n = 3 independent repeats. See also Figure S5.
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Figure 4. Effect of Fluid Flow on Phosphorylation of Intracellular Signaling Proteins
(A–F) GCB-DLBCL (OCI-LY1) and ABC-DLBCL
(OCI-LY3, OCI-LY10, HBL-1) cells were exposed
to flow rates inducing 0 or 1.3 dyn/cm2 shear stress
for 72 hr. Levels of the phosphoproteins p-LYN
(Tyr507) (A), p-SYK (Tyr352) (B), p-p70 S6K (Thr389/
Thr412) (C), p-ERK 1/2 (Thr185/Tyr187) (D), p-cJUN
(Ser73) (E), and p-p38 (Thr180/Tyr182) (F) were
measured by multiplex Luminex assays. Data were
normalized to b-tubulin levels (by sample) and then
fold-change normalized to static cultures (by cell
line). Dots from n = 3 biological replicates with a
line at the mean. *Significant at p < 0.05. Fluid
shear stress was maintained at 1.3 dyn/cm2 for the
entire 4 days. These experiments were repeated
three times.
See also Figure S6.

to the serum proteins deposited from the media. Since b1 is a
common integrin subunit involved in dimerization with multiple
a subunits, including a4 and a5, we determined whether b1 integrin was involved in adhesion of DLBCL cells to the underlying
surface. When integrin b1 was blocked using a monoclonal antib1 antibody, HBL-1 ABC-DLBCL cells accumulated at the edges
and a few high-resistance channels of the micro-reactor through
which media is supposed to exit the cell culture chamber (Figure 3H; Videos S2 and S3). In contrast, in the absence of blocking
anti-b1 integrin antibody, the cells remained in their initial position, suggesting that b1 integrin was a surface receptor involved
in adhesion to the floor of the micro-reactors. Unlike HBL-1,
blocking b1 integrin did not markedly affect the adhesion of
OCI-LY10 under flow conditions despite the fact that both
HBL-1 and OCI-LY10 express similar levels of integrin b1 (Figures S5B and S5C). Finally, we also tested whether a5 integrin
was expressed by these cells and observed a very modest
increase in HBL-1 cells grown in flow conditions, but not in
OCI-LY3 and OCI-LY10 (Figure 3I), suggesting a5 integrin may
not play an important role in our observations.
We also determined whether the pattern of increase or decrease
in these surface receptors under fluid flow was maintained under
three-dimensional (3D) extracellular matrix rich conditions, which
involve different relative tangent and normal shear stresses. We
encapsulated ABC-DLBLCs in Matrigel matrix inside the micro-reactors and exposed them to the same shear stress (1.3 dyn/cm2)
as in the 2D micro-reactors. The change in BCR and integrin a4 followed similar patterns as in conditions without a matrix (Figure S5D). However, we observed consistent upregulation of b1
subunit, which could be attributed to the engagement of b1 integ-

rins by Matrigel, causing their upregulation
(Poincloux et al., 2011). Although we chose
Matrigel for this study because of its extensive use by others in the cancer field, we
have previously shown that ABC-DLBCL
subtypes have a heterogeneous need for
integrin subtypes for survival and Matrigel
may not be the ideal matrix (Singh et al.,
2018; Tian et al., 2015). Therefore, future
studies will focus on understanding the role of fluid flow and ligands specific to the integrin receptors found on each DLBCL
subtype.
Fluid Flow Differentially Regulates Phosphorylation of
Complementary Signaling Pathways in ABC-DLBCLs
To understand the mechanism of signaling through the integrin
and BCR pathways induced by fluid flow, we exposed ABC- and
GCB-DLBCLs to fluid flow (1.3 dyn/cm2) and examined phosphoprotein levels of various downstream proteins using multiplexed
bead-based Luminex assays (Cosgrove et al., 2010). A GCBDLBCL cell line, OCI-LY1, was used as a negative control. Since
we observed that surface expression of BCR is differentially
modulated in ABC-DLBCL cells under flow conditions, we determined the phosphorylation of immediate downstream molecules
LYN (p-Lyn) and SYK (p-SYK), which are critical for activation of
the BCR. We found that p-LYN and p-SYK exhibited >2-fold increase in HBL-1 due to fluid flow exposure, whereas, in OCILY10, there was no change due to fluid flow (Figures 4A and 4B).
p-LYN was also increased in OCI-LY3 cells; however, no significant increase in p-SYK was observed. We further observed no
change in p-LYN and p-SYK in OCI-OCI-LY1 cells under flow conditions. Upregulation of p-LYN and p-SYK with HBL-1 (CD79B
mutant) but not in OCI-LY10 (CD79A mutant) is in agreement
with our observations in Figure 3 that there is significant upregulation of the BCR in HBL-1, and not in OCI-LY10. Our observations
are further aligned with the finding by Staudt and colleagues (Davis
et al., 2010) that shRNA targeting SYK suppresses the growth of
ABC-DLBCL line HBL-1 but not OCI-LY10, OCI-LY3, or GCBDLBCL lines. Typically, BCR activation can trigger downstream
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Figure 5. Understanding the Contributions
of Fluid Shear Stress and Mass Transport
in Mechanomodulation of DLBCLs
(A–C) Fold change in the surface receptor
expression of integrin (A), CD20 (B), and IgM BCR
(C), using dextran-based viscous media (mean ±
SEM; n = 3; *p < 0.05 compared to all groups for
A–C, one-way ANOVA with Tukey’s test). MFI,
mean fluorescence intensity.
(D) Fold change in the surface receptor expression
of integrin and CD20 under static versus static
(viscous) conditions (mean ± SEM; n = 3; *p < 0.05
compared to static, one-way ANOVA with Tukey’s
test).
(E) The effect of static (viscous) condition on
surface receptor expression of IgM BCR and b1
integrin in HBL-1 ABC-DLBCL using a dextranbased viscous media (mean ± SEM, n = 3, *p <
0.05 compared to static, two-tailed unpaired t
test). All results represent 4 days experiments with
or without flow. Each plot is representative of n =3
independent repeats.
See also Figure S7.

AKT signal, which activates mechanistic target of rapamycin
(mTOR) by inhibiting the tuberous sclerosis complex, leading to
p70S6K activation. We observed elevated levels of p-AKT in these
cells and p-p70SK expression level was increased by a significant
>3-fold in HBL-1 when exposed to fluid flow, whereas OCI-LY10
showed a marginal decrease or no change with fluid flow (Figures
4C and S6).
We next explored the impact of fluid flow on the MAPK
signaling pathway (Dai et al., 2009; Nguyen et al., 2010), which
is also linked to the BCR receptor pathway (Figures 4D–4F).
The phosphorylation of p38 and the downstream target cJUN
was increased >3-fold in HBL-1 and 2-fold in OCI-LY3, when
exposed to the fluid flow. In contrast, OCI-LY10 and OCI-LY1
showed a marginal decrease or no change with fluid flow. While
OCI-LY3 manifested a small but significant increase in p-ERK
levels under flow conditions, no such increase was observed in
OCI-LY10 and HBL-1 cells.
Understanding the Contributions of Fluid Shear Stress
and Mass Transport in ABC-DLBCL Surface Receptor
Expression
The differences seen in the expression of the surface receptors
can be attributed to the effect of fluid shear stress (i.e., more
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forces on cell receptors from the flow),
or increased mass transport (i.e., faster
removal of secreted factors and metabolic products because the flow carries
them away), or both. We created matched
experiments with culture solutions with
different transport properties to establish
that shear stress at the cell surface plays
a prominent role in generating the differences seen in BCR, integrin, and CD20
expression. We added dextran to the culture solution to increase the solution viscosity and thus increase the tangential stress on cells in flow
(Figures 5A–5E). Adding dextran reduces the rate at which species diffuse toward or away from the cell (Li et al., 2009). The
addition of 1% dextran increased the viscosity by ten times (Figure S7A) and is expected to have decreased solute molecular
diffusivity by a similar amount. We then performed the following
comparisons: (1) compared static culture with and without
dextran, where the addition of dextran reduced solute molecular
diffusivity and is expected to reduce transport of secreted factors and metabolic products, and (2) compared flow culture
with and without dextran, in which we increased the viscosity
of flow media and reduced flow by ten times to maintain the
same tangential shear stress (1.3 dyn/cm2). For the flow culture
comparison, the flow with dextran had lower diffusion of species
than that without dextran because the dextran reduced solute
diffusivity. Furthermore, the flow with dextran had lower convection of species than that without dextran because for the same
tangential shear stress a lower velocity flow was used.
Under these defined conditions, we found that there was no
effect of flow versus flow (viscous) on a4 integrin mechanoreceptor expression in HBL-1 cells (Figure 5A). This suggests
that the increase in a4 integrin in HBL-1 cells is primarily due
to fluid shear stress and not diffusive or convective-diffusive

Figure 6. Proposed Mechanistic Model and
Effect of Inhibiting Signaling Pathways
(A) Schematic represents the proposed model of
fluid shear stress and mass transport-based mechanosignaling of HBL-1 ABC-DLBCL with CD79B
mutation. Red arrows represent increased
expression level of the specified surface marker.
Red circles represent nutrient mass transport.
(B) Dot plots represent growth percentage
normalized to static conditions without any
blocking antibodies (mean ± SEM; n = 5; *p < 0.05
compared to all groups, two-way ANOVA with
Bonferroni’s correction). Integrin receptors were
blocked with a4b1 antibody over 48 hr with recirculating media in micro-reactors.
(C and D) Effect of SYK inhibition (R406, 200 nM)
on (C) HBL-1 cell growth and (D) integrin b1 over
48 hr (mean ± SEM, n = 3, *p < 0.05 compared to all
groups, one-way ANOVA with Tukey’s test).
(E) Comparative effects of two SYK inhibitors
(R406, 200 nM; PRT062607; 5 nM) on cell growth
over 48 hr (mean ± SEM; n = 3; two-tailed unpaired
t test was performed to compare Flow+R406 and
Flow+PRT062607).
(F and G) Effect of mTOR inhibition on (F) cell
growth and (G) IgM BCR over 48 hr (mean ± SEM;
n = 3; *p < 0.05 compared to all groups, one-way
ANOVA with Tukey’s test). ‘‘ns’’ represent p > 0.05.
In all experiments with fluid flow, the fluid shear
stress was maintained at 1.3 dyn/cm2 for the entire
duration. Each plot is representative of n = 3 independent repeats. See also Figure S7.

mass transport. In contrast, OCI-LY10 cells showed a significant decrease in a4 integrin expression under viscous flow
conditions compared to regular flow conditions. Because foldchange values in flow (viscous) conditions were still higher
than under static conditions, we concluded that the effect in
OCI-LY10 is a combined contribution from mass transport and
fluid shear stress. We did not see differences in a4 integrin
expression in static versus static (viscous) for OCI-LY3 or
HBL-1 (Figure 5D).
The cell surface expression of the remaining markers, CD20,
b1 integrin, and BCR (Figures 5A–5D), showed a significant
decrease in surface expression in OCI-LY10 and HBL-1 cells
when cultured under flow (viscous) conditions compared to
flow conditions. Because expression under flow (viscous) values
were still higher than static conditions, we concluded that the effect in HBL-1 and OCI-LY10 were a combinatorial effect of mass
transport and fluid shear stress for these receptors. The only
exception here is the expression of integrin b1 in OCI-LY10,
which showed an increase in surface expression under viscous
conditions, the reasons for which are not yet clear and will
require further investigation. We further compared static
(viscous) versus static conditions and determined that there
was no significant difference in IgM/BCR and b1 integrin expression levels in HBL-1 (Figure 5E).
Mechanistic Model of Fluid Flow-Mediated
Mechanomodulation of ABC-DLBCLs
Based on our findings in previous sections, we propose a mechanomodulation model in HBL-1 ABC-DLBCLs. Here, fluid

flow upregulates the cell surface expression of IgM, integrin
a4, and integrin b1, which in turn increases phosphorylation of
LYN, SYK, p38, c-JUN, and p70S6K, and affects cell proliferation (Figure 6A). In contrast, fluid flow does not upregulate IgM
and integrin signaling in OCI-LY10 and other complementary
mechanisms may be responsible for its proliferation. To prove
our hypothesis, we blocked integrin receptors by using an antia4b1 antibody over 48 hr and observed statistically significant
50% decrease in proliferation of HBL-1 but no decrease in
OCI-LY10 cells (Figure 6B). These findings indeed support the
hypothesis that fluid flow mechanomodulates integrin receptors
to control HBL-1 proliferation.
To further understand the role of IgM BCR and the interplay of
signaling molecules that are upregulated in HBL-1 ABCDLBCLs, we first inhibited SYK by using two complementary
SYK inhibitors, R406 or PRT062607. The dose of R406 and
PRT062607 was chosen at the maximum inhibitory dose, which
is capable of inhibiting the activity of signaling target but remains
non-toxic (cell survival, 94% ± 4%; Figure S7B). As indicated in
Figure 6C, inhibition of SYK (R406, 200 nM) prevented an increase in HBL-1 proliferation under flow conditions, suggesting
that SYK signaling regulates cell proliferation. Inhibition of SYK
did not reduce the integrin b1 expression levels under flow conditions (Figure 6D), suggesting that the limiting of proliferation
was attributable to the blocking of SYK signaling, independent
of any effect in modulating integrin expression levels. We further
verified our results by using PRT062607 (Geng et al., 2015) at
5 nM dose. The anti-SYK activity of PRT062607 is at least
80-fold greater than for other kinases (Spurgeon et al., 2013).
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Figure 7. The CD79B Complex Cross Talk with Fluid Flow in Mechanomodulation of DLBCLs
(A) Western blot indicating knockdown of CD79B in HBL-1 using a doxycycline-inducible shRNA against CD79B (shRNA744) or Luciferase (shRNALuc). Induced
shRNA encoded expression of GFP in cells. Tubulin served as control.
(B) Scatterplots represents flow cytometry gating and expression of GFP in HBL-1 cells, exposed to doxycycline and fluid flow for 72 hr.
(C) Dot plots represent total cell percentage and GFP+ cell percentage, each indicating the effect of CD79B knockdown under flow conditions (mean ± SEM; n = 3;
*p < 0.05 compared to all groups).
(D and E) Dot plots represent integrin b1 (D) and IgM (E) expression in GFP+ cells, indicating the cross talk of CD79B mutation with these surface proteins under
fluid flow conditions (mean ± SEM; n = 3; *p < 0.05 compared to all groups).
(F and G) Dot plots represent p-SYK (F) and p-LYN (G) expression in GFP+ cells, suggesting increase in tumor growth under fluid flow conditions is further
mediated by downstream p-SYK and p-LYN (mean ± SEM; n = 3; *p < 0.05 compared to all groups). In all experiments, a one-way ANOVA with Tukey’s test was
used for statistical comparison. In all experiments with fluid flow, the fluid shear stress was maintained at 1.3 dyn/cm2 for the entire duration. These experiments
were repeated three times. See also Figure S7.

As shown in Figure 6E, cell proliferation and expression of integrin a4 and b1 was similar between R406 and PRT062607. We
next inhibited p70S6K using an mTOR inhibitor at 0.5 nM dose
(maximum inhibitory dose while still maintaining 95% viability).
As indicated in Figure 6F, inhibition of mTOR prevented an increase in HBL-1 proliferation under flow conditions, suggesting
that p70S6K signaling also regulates cell proliferation. The
mTOR inhibitor did not reduce the IgM expression under flow
conditions (Figures 6G and S7C), suggesting that the limited proliferation was attributable to the blocking of downstream p70S6K
signaling and not a reduction in IgM BCR expression.
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The CD79B Complex in BCR Cross Talks with Integrins
under Fluid Flow Conditions to Mechanomodulate
Human DLBCLs
Finally, we tested whether the CD79B protein in HBL-1 is a
target of fluid flow-based mechanomodulation and whether it
modulates integrin-BCR cross talk. To study this, we used
doxycycline-inducible shRNAs against CD79B (or Luciferase
as control), which were validated using western blot analysis
(Figures 7A and S7D). When exposed to doxycycline to induce
the shRNA, the cells expressed GFP (Figures 7B and S7E),
and the induced shRNA reduced expression of CD79B. Under

flow conditions, doxycycline-inducible shRNA knockdown of
CD79B in HBL-1 cells led to significantly decreased proliferation of total cells as well as GFP+ cells compared to HBL-1
cells transduced with the control shLuc (Figure 7C). Furthermore, under flow conditions, knockdown of the CD79B significantly reduced integrin b1 expression to the levels of static
conditions with CD79B knockdown (Figure 7D). In contrast, induction of shRNA against luciferase in HBL-1 cells as a control
did not reduce integrin b1 expression. In the same studies, under flow conditions, knockdown of the CD79B did not reduce
upstream IgM/BCR expression levels (Figure 7E). Last, we
observed a significant reduction of pSYK and pLYN expression in as well as GFP+ cells treated with shRNA against
CD79B, but not with shRNA against Luciferase (Figures 7F
and 7G). The decrease in pSYK and pLYN correlates with
the decrease in cell number when CD79B is knocked out,
and confirms that the increase in tumor growth under fluid
flow conditions is partially mediated by downstream activation
of SYK and LYN, as proposed in the model in Figure 6. Knocking down CD79B in HBL-1 cells under static conditions did not
affect pSYK levels (Figure S7F). These new findings provide
mechanistic insight into the cross talk of fluid flow, integrin
b1, and CD79B, and may explain how heterogeneous subtypes of ABC-DLBCLs are differentially influenced by fluid
flow.
Conclusions
This study highlights how complex biophysical forces in lymphomas differentially regulate heterogeneous B cell lymphoma
subtypes and the expression levels of surface receptors, as
well as downstream signaling proteins, which otherwise
remain comparable under static culture conditions. Our
current findings underscore the need for a lymphoma microreactor platform that is more biologically similar to the situation in vivo than a simple static 2D culture, to better understand the biology and predict the response of lymphomas to
drugs. While it has been shown that CD79A/B mutations do
not enhance BCR clustering, nor are they better at inducing
nuclear factor kB (NF-kB) activity than their wild-type counterparts, our studies demonstrate that fluid flow has a differential
effect on ABC-DLBCL subsets. Future studies will explore
whether the differences observed could also be attributed to
CD79A/B mutations themselves or other downstream mutations, such as those in CARD11. Future investigations will
also determine the effect of knocking down/disrupting multiple
pathways and understanding the role of fluid flow in new classes of therapeutic inhibitors (such as those targeting BCR
signaling pathway). In the current study, we used fluid shear
stresses reported for subcapsular sinuses in lymphoid tissues;
however, more detailed measurements of fluid flow and associated stresses in lymphoma tissues need to be performed in a
tumor-specific manner, followed by integration into the microreactors to model the effect outside of the body. Understanding the fluid flow-mediated effect on lymphomas could provide
mechanistic insight into why some DLBCLs are sensitive to
treatment while others are refractory and, importantly, allow
a faster and more rational translation of targeted therapeutic
regimens.

EXPERIMENTAL PROCEDURES
Cell Culture in Lymphoma Micro-Reactors
In all studies, we loaded 100,000 DLBCL cells per micro-reactor. In studies that
involved human tonsil-derived follicular dendritic cells, co-cultures were
seeded at 1:1 ratio, with total cell number being 200,000 per micro-reactor.
Static conditions were chosen as standard 2D non-treated tissue culture
plates, which are routinely used in lymphoma research. Remaining details of
cell lines, flow cytometry, and phosphoprotein levels are included in Supplemental Experimental Procedures.
Human Cell Line Xenografts in NSG Mice
NSG mice (6–8 weeks) were implanted with OCI-LY10 and HBL-1 xenografts.
Bilateral tumor grafts (106 cell/injection) were implanted into the subcutaneous
pockets (retronucal and caudal regions) using a syringe with Matrigel. The cut
edges were sealed with a suture of fibrin glue. Tumor development was
monitored, and mice were sacrificed at a pre-determined time point. All
studies were performed in compliance with the Institutional Animal Care and
Use Committee (IACUC) approval at Cornell University.
Inducible shRNA-Mediated CD79B Knockdown
shRNAs were delivered by lentivirus infection, which were produced by transfection of 293T cells with the LT3GEPIR vector (Fellmann et al., 2013). Infected
HBL1 cells were selected by puromycin treatment (1 mg/mL). Doxycycline
(1 mg/mL) was used to induce the expression of the indicated shRNAs
along with GFP, which was used to monitor shRNA expression. Mature
antisense sequences of shRNA used to knockdown CD79B and Luciferase
were as follows: shCD79B#744, 50 -TTCAGCTGTGCCAAGGTGCTGA-30 , and
shLuciferase, 50 -TTAATCAGAGACTTCAGGCGGT-30 , respectively. Negative
control included cells not treated with doxycycline. The knockdown of
CD79B was validated by western blot analysis. For micro-reactor experiments, after 48 hr of treatment with doxycycline, cells were exposed to flow
or static conditions for 72 hr, and doxycycline concentration was maintained
during the course of the experiment. The phospho-SYK (Tyr525/526)
(C87C1; #2710) and phospho-LYN (Tyr507) (#2731) were purchased from
Cell Signaling Technology. A donkey anti-rabbit IgG H&L (Alexa Fluor 647;
Abcam; ab150075) secondary antibody against these primary antibodies
was used for detecting expression levels of pSYK and pLYN.
Statistical Analysis
Statistical analysis was performed using a two-tailed unpaired t test or a oneway ANOVA with Tukey’s post hoc test or a two-way ANOVA with Bonferroni’s
correction. Statistical analysis for each plot is described in the figure legend.
Statistical analyses were performed using GraphPad Prism software and a
p value of less than 0.05 was considered significant. All values are reported
as mean ± SEM. Data presented in this manuscript are a triplicate experiment
representative of at least three independent experiments, except the NSG
mice study.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and three videos and can be found with this article online at
https://doi.org/10.1016/j.celrep.2018.03.069.
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