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Abstract: Organs On-a-Chip represent novel platforms for modelling human physiology and disease.
The lymph node (LN) is a relevant immune organ in which B and T lymphocytes are spatially orga-
nized in a complex architecture, and it is the place where the immune response initiates. The present
study addresses the utility of a recently designed LN-on-a-chip to dissect and understand the effect
of drugs delivered to cells in a fluidic multicellular 3D setting that mimics the human LN. To do so,
we analyzed the motility and viability of human B and T cells exposed to hydroxychloroquine
(HCQ). We show that the innovative LN platform, which operates at a microscale level, allows real-
time monitoring of co-cultured B and T cells by imaging, and supports cellular random movement.
HCQ delivered to cells through a constant and continuous flow induces a reduction in T cell velocity
while promotes persistent rotational motion. We also find that HCQ increases the production of reac-
tive oxygen species in T cells. Taken together, these results highlight the potential of the LN-on-a-chip
to be applied in drug screening and development, and in cellular dynamics studies.

Keywords: lymph node-on-a-chip; hydroxychloroquine; motility; rotational motion; reactive
oxygen species

1. Introduction

The pharmaceutical drug development industry faces high attrition rates for novel
drug candidates [1–3]. The concluding statement from an intra-establishment study,
involving major pharmaceutical companies AstraZeneca PLC. (Cambridge, UK),
Eli Lilly Inc. (Indiana, IN, USA), GlaxoSmithKline PLC. (Brentford, UK) and Pfizer Inc.
(New York, NY, USA), is that while improved analytical methods and experimental method-
ologies have enhanced drug metabolism and pharmacokinetic profiles, failures due to
efficacy and safety have maintained attrition rates [2]. In particular, 1/3 of the failures
of new drug candidates are attributed to drug toxicity which, in turn, includes immune
toxicity [4].

One major limitation hindering the study and development of immune compatible
drugs is the lack of experimental models that fully recapitulate ex-vivo the properties of
human immune organs, which are extremely complex in nature [5,6]. Therefore, novel bio-
engineered platforms and organ-on-chips that closely mimic the native microenvironment
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of cells should be explored, particularly in the context of less toxic and more efficient
drug design.

Recently, microfluidic technology has been utilized in biological research since it
allows high throughput studies of cellular systems in in vivo-like microenvironments and
enables miniaturization of components [6–8]. Using microfluidic technology, several groups
have developed ex vivo immune-related organs to further investigate immune mechanisms
that participate in major diseases and to develop new therapeutic approaches [8–15].
For instance, Singh et al. generated mouse 3D synthetic immune organoids capable of
undergoing germinal center reactions [11,12]. Furthermore, Giese et al. developed in vitro
lymphatic micro-organoids and utilized them for immunological drug testing [13,14].

Despite the great efforts invested in developing in vitro models of immune organs,
the complex architecture of the lymph node (LN) has still not been fully replicated in vitro
even though the LN is an organ where key immune-drug interactions take place [6,14,15].
The LN is an organ composed of various immune cell types spatially distributed in dif-
ferent micro-domains and of vessels that collect and filter the draining interstitial lymph
that flows across all tissues [16,17]. The structure of the LN is described as a densely
packed cellular environment (B lymphocytes, T lymphocytes and macrophages) with an
extracellular matrix (ECM) primarily made up of type I collagen [18,19]. Lymph enters
the LN through afferent vessels into the subcapsular sinus (SCS), characterized by the
presence of macrophages that play a crucial role in capturing, delivering and presenting
antigens [20,21]. As lymph flows through the SCS, a fraction of the fluid gets diverted
laterally into a web-like conduit system formed by reticular collagen fibrils that penetrate
the B cell follicle as well as the paracortex where the T cells are located [22]. This unique
structural microenvironment of the LN facilitates the optimal activation, proliferation,
and differentiation of the lymphocytes in order to trigger appropriate immune responses
towards toxic agents and infections [23].

In an effort to contribute to drug discovery, our lab has developed a LN on-a-chip that
incorporates key features of the native human LN including, (i) comparable extracellular
matrix composition, morphology, porosity, stiffness, and permeability, (ii) compartmental-
ization of immune cells within distinct structural domains, (iii) replication of the lymphatic
fluid flow pattern, (iv) viability of encapsulated cells in hydrogel over the typical time-
frame of immunotoxicity experiments, and (v) interaction among different cell types across
chamber boundaries [24,25]. To the best of our knowledge, there is no readily available
in vitro system of the LN that nears the level of biomimetics achieved by our LN-on-a-chip,
namely the 3D reconstruction of the LN microenvironment. This artificial biomimetic LN
is an attractive alternative to further dissect and understand the mechanisms of action of
drugs delivered to cells in a context that nears the in vivo LN microenvironment more
than the existing state-of-the art. The LN-on-chip is intended for identifying comparative
behavior of immune cells in response to drugs and for recognizing patterns of action.

Hydroxychloroquine (HCQ; molecular formula: C18H26ClN3O) is a derivative of
chloroquine with immunomodulatory properties, that has been FDA-approved for the
treatment of numerous inflammatory and autoimmune conditions, including malaria,
lupus, and rheumatoid arthritis [26]. HCQ has recently attracted attention in the framework
of the ongoing pandemic, leading to dozens of clinical trials [27,28]. It has been described
that HCQ interferes with lysosomal activity and autophagy, interacts with membrane
stability and alters signaling pathways and transcriptional activity [29]. However, despite
an abundance of empirical data, the mechanisms involved in the immunomodulatory
activity of HCQ have not been fully characterized.

In the present study, the LN-on-a-chip is used as a model to investigate cell dynamics
in response to HCQ. Cellular motility is essential in the lymph node not only because
lymphocytes circulate in and out this immune organ but also because T and B cells need
to move inside the lymph node in order to generate a proper immune response [30,31].
Lymphocytes move for searching and presenting antigens, for interacting with other cells
and for proliferating. Inside the lymph node, naïve T cells have been described to move
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by a random walk behaving as sentinels looking for foreign antigens [32,33]. We selected
Jurkat T and Raji B cells because they are, respectively, classical T and B cellular models
in immunology, extensively used during the last 20 years to characterize the biology and
function of T and B lymphocytes [34–52]. Indeed, Jurkat T and Raji B cells have been
used to dissect and understand the molecular mechanisms behind cell polarization and
immunological synapse, cell movement and activation, antigen presentation, and also to
study drug responses [34–53]. T cells and B cells belong to the same lymphoid lineage
but differ in multiple aspects such as their site of maturation, surface receptors, and their
function during the immune response [54]. They are the main cellular components of
the lymph node; thus, we included both of them in the device, in order to approach the
in vivo situation. Activity and efficacy of immune competent cells depend on a number of
factors such as their ability to move and their ability to generate reactive oxygen species
(ROS). The purpose of the present work was to establish base line values for these essential
parameters and to compare and contrast with the effect of exposure to clinically relevant
concentrations of a known immune-modulator i.e., HCQ. We found that HCQ acts on
the migratory machinery of T cells; it reduces cellular velocity while favoring persistent
rotational motion (PRM). Moreover, we showed that levels of cellular ROS increase after
HCQ treatment in T cells which could partly explain the changes observed in motility.
In contrast, no significant changes in motility and ROS where detected with Raji B cells.

2. Materials and Methods
2.1. LN-on-a-Chip Design and Fabrication

As described in a previous publication, the developed LN-on-a-chip consists of a body,
an inlet and an outlet [24]. The body is further divided into an outermost region corre-
sponding to the subcapsular sinus of the native LN, a middle region corresponding to
the reticular conduit network of the native LN, and an inner region corresponding to the
cellular regions of the native LN as shown in Figure 1A. In particular, the inner region is
divided into two sub-regions; one hosts T cells and corresponds to the paracortex of the
native LN and one hosts B cells and corresponds to the follicle of the native LN. All regions
are separated from one another using circular micropillars, which allow for the confinement
of extracellular matrix components within specific compartments.

To realize an enabling technology, further miniaturization of the device design and thus
increasing throughput have been accomplished (Figure 1). In particular, device schematics
were drafted in AutoCAD 2018 (AutoDesk Inc., San Rafael, CA, USA), and photomasks
were produced by Front Range Photomask (Lake Havasu, AZ, USA). A DRIE Bosch process
(Plasmalab 100, Oxford Instruments, Abingdon, UK) was used to etch 400 micron deep
trenches into silicon wafers (University Wafer, Boston, MA, USA) to produce the mold.
PDMS elastomer (Corning Inc., Corning, NY, USA) was poured into the mold, and cured at
room temperature for several days, followed by 2 h at 115 ◦C to remove residual monomer.
After curing, devices were manually separated with a blade. Subsequently, oxygen plasma
bonding was performed (Plasma prep III, Structure Probe Inc., West Chester PA, USA) at
1000 mTorr and 20 watts to permanently bond the chips to glass microscope slides (Corning)
to produce the finished LN device. Plasma surface treatment leaves the inner device walls
hydrophilic, preventing the adsorption of hydrophobic elements from cell media.

Deep reactive ion etching resulted in 400 micron deep features on the mold. A thick
layer of photoresist was sufficient as an etch mask. After etching features and stripping
resist, a brief exposure to C4F8 plasma created a thin hydrophobic film, easing removal
of PDMS. The etched silicon structures, treated with a hydrophobic coating are suitable
for long term, repeated molding. The deep etches resulted in sufficiently tall features for
a 10 microliter total volume within the device. This volume can accommodate roughly
30,000 cells at 2,000,000 cells/mL, enough for statistically significant analysis of cell be-
havior, while also allowing single cell tracking and analysis if so desired. Plasma bonding
effectively sealed the device, creating a water tight boundary between the chip and glass.
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Even contact between glass and PDMS indicates a highly anisotropic silicon etch with
good uniformity.
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Figure 1. Lymph Node-on-a-chip (LN-on-a-chip). (A) Schematic showing the different regions of
the device formed using micropillars. Region labelled 1 corresponds to the Subcapsular Sinus of the
native LN, Region labelled 2 corresponds to the Reticular Network, Region labelled 3A corresponds
to the Follicle and Region labelled 3B corresponds to the Paracortex. Regions 3A and 3B are cellular
regions loaded with immune cells embedded in 3D hydrogel matrices. (B) Miniaturized LN-on-a-
Chip. With respect to the previous published device, the LN-on-a-chip has been further miniaturized
(2.5 times smaller) to allow efficient and high throughput experimentation and (C) two different
fluorescently labelled immune cells (Raji B-red and Jurkat T-green), each in a distinct compartment
within the LN-on-a-Chip.

2.2. Cell Culture

In this study, Jurkat T cells (ATCC, Manassas, VA, USA) and Raji B cells (AddexBio,
San Diego, CA, USA) were used. Jurkat T cells are cells derived from acute human (male)
T cell leukemia and Raji B cells are lymphoblast-like cells established from a male Burkitt’s
lymphoma. Cells were cultured, as recommended, in Roswell Park Memorial Institute
(RPMI) 1640 medium containing 4.5 g/L D-glucose (hyperglycemic amount), 2.383 g/L
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 0.3 g/L L-glutamine, 1.5 g/L
sodium bicarbonate, and 0.11 g/L sodium pyruvate (Gibco, Fisher Scientific, Waltham,
MA, USA). HEPES buffer was required to maintain the physiological pH while preparing
the cells in the device and during live imaging. The media was supplemented with 10%
heat inactivated fetal bovine serum (FBS; Gibco) and 1% penicillin–streptomycin (Biosera,
Nuaille, France). The cells were incubated at 37 ◦C and 5% CO2.

2.3. Cell Staining

For some of the time-lapse microscopy experiments, Raji B and Jurkat T cells were
labelled in order to be distinguishable from one another while under the microscope.
Cells were stained using CellTracker (Invitrogen, Thermo Fischer Scientific) dyes following
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the manufacturer’s protocol. In brief, a CellTracker stock solution was prepared by diluting
the product in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA) to a final
concentration of 10 mM. Next, a staining working solution was prepared by diluting the
stock solution to a final concentration of 1 µM in RPMI serum-free media. Cells were then
harvested, suspended in pre-warmed working solution and incubated for 30 min at 37 ◦C
and 5% CO2. Finally, the staining solution was removed from the cells and they were
resuspended in full growth medium and used for experiments within 1–3 days. Jurkat T
cells were stained green while Raji B cells were stained red.

2.4. Gel Protocol and Device Filling

Cells at concentration of 2–3 × 105 cells/mL were suspended in collagen gel (Gibco,
Fisher Scientific) at 2 mg/mL in phosphate buffer at pH 7.5 as described by Sapudom et al. [55].
A 250 micron glass capillary coupled to a GasTight syringe (Hamilton Co., Reno, NV, USA)
was used to specifically fill the separate chambers with the desired cell populations (around
2–3 × 104 cells). Filled devices were then incubated for 30 min for polymerization of the
collagen gel.

2.5. Time Lapse Experiments and Cell Tracking Analysis

To analyze the motility of immune cells within the LN-on-a-Chip, we loaded the
different cell types into their designated chambers and mounted the device on a microscope
stage with a built in incubator for live cell tracking (Zeiss AxioCam HRm, Carl Zeiss,
Oberkochen, Germany). We took images of the cells every 90 s for 1–3 h depending on the
study and we continued to perfuse the system with media (flow rate 3 µL/min) for the
whole duration of imaging using a microfluidic pump (PHD Ultra, Harvard Apparatus,
Massachusetts, MA, USA). We tracked the movement of the cells using the tracking plugin
provided by ImageJ and a custom built analysis tool [56–58]. Microsoft Excel (Microsoft
corporation, Washington, WA, USA) was then used to calculate cell motility statistics.
Cells were considered motile and included in the analysis when they moved a minimum
distance equivalent to a cell body. A minimum of 50 cells were analyzed per experiment.
The frequency of motility was calculated as the percentage of motile cells. Coordinate data
was imported from the tracking algorithm, and x and y values at each time point were used
to calculate total track length, net length and average step sizes. The tracking algorithm
returned pixel coordinate values, so all measurements were normalized to micrometers
by microscope manufacturer specified pixel to micron ratios. See Figure S1 for detailed
Excel algorithms.

To assess the effect of HCQ (Sigma-Aldrich) on cell movement, Jurkat T and/or Raji
B cells were loaded in the LN-on-a-chip chambers and HCQ was added in the culture
medium and administered through a continuous flow along the experiment. A 5 µM
concentration of HCQ was chosen, based on the cytotoxicity study described in Section 2.6.
Cellular motility was visualized by time-lapse microscopy and images were analyzed using
the tracking plugin provided by ImageJ and a custom built analysis tool [56]. Microsoft
Excel was then used to calculate cell motility statistics as described above.

2.6. Cytotoxicity of Hydroxychloroquine

To measure the toxicity of HCQ to Jurkat T and Raji B cells, an MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Sigma-Aldrich) reduction assay
was performed. In brief, cells of both types were seeded in 96 well plates at a concentration
of 6 × 105 cells/mL and incubated for 24 h at 37 ◦C and 5% CO2. After 24 h of incubation,
the drug was added to cells at variable concentrations (5, 20, 50 and 200 µM). Cells with
media only and no drug were kept as a control. Cells were then incubated for an additional
48 h. After 48 h, MTT was added to cells and cells were subsequently incubated for 4 h.
During this incubation time, yellow MTT solution was reduced to purple formazan in
living cells. After 4 h, media containing MTT was removed from all wells and replaced by
DMSO. The absorbance of each sample was then measured at 570 nm using the microplate
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reader. Percentage cell viability was calculated by comparing the absorbance of the control
cells (cells with medium only and no drug) to that of cells with the drug. Percentage cell
viability = (cells with drug and MTT) / (control cells with MTT but no drug) × 100.

2.7. Assessment of Reactive Oxygen Species

To assess whether HCQ affects the production of ROS or not, the amount of ROS
produced by cells incubated with HCQ was determined and compared to that of cells
incubated with media only using CM-H2DCFA (DCFDA) (Invitrogen, Thermo Fischer
Scientific) ROS detection kit. In brief, cells of both types were seeded in 96 well plates at a
concentration of 6 × 105 cells/mL and incubated for 24 h at 37 ◦C and 5% CO2. After 24 h of
incubation, the drug was added to cells at variable concentrations (5 µM, 50 µM, 200 µM).
After 3 h and after 24 h, 2 µM of DCFDA dye was added to the cells and they were
incubated for 30 min at 37 ◦C and 5% CO2. After 30 min, the fluorescence of each well was
measured at λex = 480 nm and λem = 520 nm using the microplate reader (Tecan Trading
AG, Zurich, Switzerland).

2.8. Analysis of Cellular Rotational Motility

We assessed whether HCQ affects the rotational motion of cells. We used the cell track-
ing information to calculate, per imaging frame, the average angular movement αaverage,
and the angular bias αbias that contributes to cumulative rotation Rotn. With reference to
Figure 2, αaverage (angular movement) is the magnitude of the average angular movement
per frame, which normally occurs in clockwise or counterclockwise direction in a balanced
manner, while αbias (angular bias) is the quantification of the Persistent rotational motion, i.e.
the per-frame deviation from a non-rotational motion, either clockwise or counterclockwise.
Equations applied are also reported in the figure.
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2.9. Statistical Analysis

All experiments were done at least in triplicate and data is presented as mean ± stan-
dard error mean. Unpaired Student t-tests were used to determine statistical significance
of different groups. In all statistical analysis, p < 0.05 was considered significant.

3. Results
3.1. Three-Dimensional Lymph Node-on-a-Chip model to Study Cellular Dynamics

Trafficking of lymphocytes within lymphoid organs is essential for initiating contact
with antigen-presenting cells [30]. Moreover, the ability of B and T cells to move among
strategic locations in the LN is critical to achieve a fully humoral response [31]. Two-photon
laser microscopy has allowed to characterize B and T cell movement within the LN and has
shown that lymphocytes move by a random walk [32,33]. In order to address whether the
LN-on-a-chip supports cellular motility we analyzed in real time the movement of T and
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B immune cells by time-lapse microscopy. Jurkat T cells and Raji B cells were embedded
in the collagen gel, injected in the microfluidic flow-through device and monitored for
150 min. We found that 90% of Jurkat T cells while only 30% of Raji B cells move freely
inside the biomimetic LN (Figure 3A). The rose plots showing the cellular tracks stress
the characteristic random T cell motility (Figure 3B) and underlie the different motility
behaviors between the two cell types. Jurkat T cells travel longer distances than Raji B cells
(average track length 123.4 ± 9.4 µm for Jurkat T cells and 24.5 ± 1.9 µm for Raji B cells;
Figure 3C), and move with an increased average velocity (Jurkat T cells 2.6 ± 0.2 µm/min;
Raji B cells 0.66 ± 0.05 µm/min; Figure 3C). Similar speed values have been previously
reported for these cells in different experimental settings [59,60]. These results are also
consistent with previous studies showing that, in their native environment, T cells move
more than B cells (motility coefficient is five to six times bigger) and explore a wider
territory [32]. Taken together, these results show that we have established a 3-D LN model
that supports immune cell movement.
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CoV-2 (Cov-19) pandemic, and the fact that the mechanisms involved in its immunomod-
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Figure 3. 3D Lymph-Node on-a-Chip supports cell motility. (A) Frequency of motility (B) represen-
tative individual cell tracks (C), total track length and velocity of Jurkat T and Raji B cells seeded
in the LN-on-a-chip. Time-lapse imaging was performed and movie recorded for 150 min. Data in
panel A corresponds to the merge of 3 experiments and represents mean ± standard error mean.;
tracks plotted in panel B correspond to one representative experiment and data in panel C represent
individual cells from three pooled experiments (mean is also indicated).

3.2. Impact of Hydroxychloroquine on Translational and Rotational Cell Motility

The observation that immune cells move freely in the lymph-node-on-a-chip and that
cellular motility can be monitored in a controlled dynamic microsystem led us to address
its potential use for drug development. We decided to analyze B and T cell movement in
response to HCQ, due its recent introduction as a potential treatment of current SARS-CoV-
2 (Cov-19) pandemic, and the fact that the mechanisms involved in its immunomodulatory
activity have not been fully characterized [27]. Initially, we performed a toxicity curve
(MTT reduction assay) to measure the toxicity of HCQ after it was incubated with Jurkat T
and Raji B cells for 24 h. Figure 4 shows the percent viability of both cell types cultured
with different concentrations of HCQ. In fact, for Jurkat T cells, at low concentrations of
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the drug (5, 20, 50 µM), there was no significant difference between the viability of cells
treated with HCQ and the viability of control cells. However, at higher concentration
(200 µM), there was a significant decrease in the viability of Jurkat T cells treated with
HCQ compared to control cells. In fact, we determined the LD50 for Jurkat to be 200 µM.
On the other hand, for Raji B cells, even low concentrations of the drug (20, 50 µM),
caused a significant decrease in the viability of cells treated with HCQ compared to control
cells. A concentration of 5 µM HCQ was selected for cell motility experiments as this
concentration is 40 times lower than the LD50, has been employed in other studies and is
within the accepted limit for therapeutic range [61–63].
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Figure 4. Relative viability of cells treated with hydroxychloroquine. Jurkat T and Raji B cells were incubated with different
concentrations of hydroxychloroquine for 24 h and then MTT assay was performed to measure cytotoxicity. (A) Viability of
Jurkat T cells. At low concentrations of the drug (5, 20, 50 µM), there was no significant difference between the viability of
cells treated with HCQ and the viability of control cells. At higher concentration (200 µM), there was a significant decrease
in the viability of cells treated with HCQ compared to control cells. (B) Viability of Raji B cells. At low concentrations of the
drug (20, 50 µM), there was a significant decrease in the viability of cells treated with HCQ and the viability of control cells.
(* p < 0.05 compared to control- no hydroxychloroquine treatment).

To evaluate the effect of HCQ on cell movement, Jurkat T and Raji B cells were seeded
in the microchip chambers and HCQ (5 µM) was added in the culture medium and admin-
istered through a continuous flow along the experiment. Cellular motility was analyzed by
time-lapse microscopy. We found that Jurkat T cell motility was significantly decreased in
the presence of HCQ (Figure 5D). However, no effect was observed in Raji B cells (Figure S2).
Total track length was reduced by 21% (average track length 119.7 ± 6.3 µm for control
cells and 94.84 ± 3.0 µm for HCQ treated cells, Figure 5D). Similarly, a slower motion was
detected in Jurkat T cells in the presence of HCQ (average velocity 2.49 ± 0.13 µm/min for
control cells and 1.98 ± 0.06 µm/min for HCQ treated cells, Figure 5D).

Recently, rotational motion of cells has attracted wide attention in both cellular and
developmental biology [64]. Interestingly, cells cultured on 2D substrates do not tend to
exhibit rotational motion, but cells cultured on 3D substrates tend to do so [64]. We ana-
lyzed the rotational motion of T and B cells in response to HCQ and found that this drug
induces persistent rotational motion (PRM) in Jurkat T cells with no change in average
angular movement per step. PRM was calculated as the angular bias contributing to the cu-
mulative rotation (PRM 0.097 for control cells and 0.76 for HCQ treated cells, fold change 8,
Figure 5D). It has been described that various cell polarity mechanisms regulate persistent
rotational motion of mammalian cells [65]. Altogether, our results show that HCQ affects
the motility behavior of T cells. Further studies are needed to clarify the mechanisms
behind this effect and its biological relevance.
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Figure 5. Cell motility in response to Hydroxychloroquine (HCQ). (A) Frequency of motility (B) representative individual
cell tracks (C) total track length and velocity and (D) persistent rotational motion and average rotational movement per step
of Jurkat T cells seeded in the LN-on-a-chip. Hydroxychloroquine was added in the culture media and administered through
a continuous. After 30 min of HCQ treatment, time-lapse imaging was performed and movie recorded for 150 min. Data in
panel A and D correspond to the merge of three experiments and represents mean ± standard error mean; tracks plotted
in panel B correspond to one representative experiment; data in panel C represent individual cells from three pooled
experiments (mean is also indicated).

3.3. Effect of Hydroxychloroquine on Reactive Oxygen Species Production

ROS are generated during mitochondrial oxidative metabolism as well as in response
to external signals such as cytokines, and bacterial invasion [66]. ROS regulate many
signal transduction pathways and have been involved in multiple immune cell functions
including positive responses such as cell activation and movement, but also in negative
ones, such as cell death or growth inhibition [67]. Cells need to clear ROS to regulate the
reduction-oxidation (REDOX) balance and avoid oxidative stress, which induces progres-
sive cellular damage and has been associated with numerous human pathologies [47,68–70].
As chloroquine and hydroxychloroquine induce ROS production in human astrogial cells,
we decided to investigate whether ROS might be involved in the motility behavior ob-
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served in response to HCQ in our model [71]. We measured the amount of ROS produced
by cells after incubation with HCQ for 24 h. Figure 6 shows the percent change in ROS
in response to HCQ after 24 h. There was a significant increase in ROS levels in cells
treated with HCQ compared to control cells. This increase was seen at all concentrations
of HCQ. We also checked the amount of ROS produced by Raji B cells upon exposure to
HCQ, but we did not see any significant change between ROS produced by cells treated
with HCQ and that produced by control cells. Our results indicate that HCQ stimulates
ROS production in immune T cells at a concentration currently used in clinic. It would
be relevant to investigate the implication of HCQ-induced ROS in T cell functionally and
address its involvement in the motility response we observed.
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4. Discussion

The complexity of interaction between a drug and the different immune cell types is
not easy to be replicated with conventional cell culture plates. Thus, more sophisticated
and more physiologically relevant in vitro systems are required. In this study, we sought to
demonstrate the ability of our newly developed LN-on-a-chip to support cellular motility
and immune-drug interaction studies in an in vivo like LN microenvironment using HCQ
as a model drug. When administered, HCQ is found widely distributed in the human
body accumulating in tissues and blood cells [72–76]. We show, through continuous real
time monitoring, that T and B immune cells freely move in the biomimetic LN-on-a-chip.
HCQ negatively affects the translational motility of T cells while induces rotational motion
of the cells. We hypothesize that this change in rotational motion is partly due to increased
production of ROS in response to HCQ exposure.

From a technical perspective, the LN-on-a-chip is well suited for efficient, high through-
put experimentation. Device features are 400 microns tall, for a total chamber volume of
10 microliters. The low height of the chamber allows for proper imaging of cells despite the
opacity of the gel, which rapidly increases with thickness. Additionally, very low volumes
of cells and reagents are needed to fill the device allowing for highly efficient use of cells
and reagents. Wafer layout allows for the molding of multiple devices simultaneously,
leading to high throughput chip production with little waste. A highly scalable produc-
tion process, combined with very low reagent utilization signify that this system can be
deployed for large-scale studies in an efficient and highly repeatable fashion. The device
supports long term culturing of cells and our data show that the device supports in-situ
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viability testing (Figure S3) providing a user-friendly method of measuring cell death
without the need to extract cells from the device.

Our developed LN-on-a-chip consists of multiple components that make it superior
to 2D cell culture plates and more suitable for immune-drug interaction studies and
these include (1) multi-compartments that allow co-culture of multiple immune cell types
simultaneously (2) 3D biomimetic matrices that resemble the ECM components of the
native human LN and (3) fluid flow that is similar to that of the native human LN. The LN-
on-a-chip is transparent and thus enables real-time monitoring of multiple immune cell
types at the same time under the microscope. Time-lapse microscopy showed that Jurkat T
and Raji B cells are freely moving in the LN-on-a-chip. Jurkat T cells show higher motility
than Raji B cells, with longer cell trajectories and increased speed, in agreement with the
behavior observed in the human LN [32]. Next experiments including primary T and B
cells will help us to confirm our current results and to demonstrate the suitability of the
platform to support cell motility in closer conditions to the in vivo situation.

Cellular movement is an essential process to all living things as it enables the develop-
ment of an organism (morphogenesis), the healing of wounds and the response to foreign
antigens [77]. Movement among different cellular types is extremely diverse and depends
on their physiological state; healthy or diseased [78]. In the lymph node cellular motility
is essential to generate a proper immune response; T and B lymphocytes are found in
specific locations and need to move for searching and presenting antigens, for interacting
with other cells, for proliferating among others [30,31]. In 3D models based on collagen
matrix, it has been reported that focal adhesion is the primary mechanism by which cells
interact with the extracellular matrix (ECM) and that vinculin regulates cell polarization
and directionality [79]. The LN-on-a-chip here described would be a suitable model to
continue these studies and investigate the mechanisms behind cell–matrix adhesion and
signaling that regulate cell polarity and movement. Moreover, it could be used to model
more complex immune reactions in which cell motility is essential such as antigen presenta-
tion, cell activation and antibody production [30,31]. Exploring these opportunities might
lead to a novel and attractive platform for vaccine and drug development.

Besides the translational movement, cells cultured on 3D substrates are able to ro-
tate. Epithelial and endothelial cells have been shown to undergo persistent rotational
motion around each other in micro-patterned cell culture plates [65]. Rotational motion
has been related to collective cell motility and might be involved in processes such as
cancer spreading and embryo development [65]. Here, we observed that HCQ reduces
translational movement while induces persistent rotational motion in T cells. It has been
proposed that different polarity mechanism including contact inhibition of locomotion and
neighbor alignment regulate persistent rotational motion [65]. Further studies on rotational
motility using primary cells in the LN-on-a-chip will help to evaluate the significance of
our observation and the mechanism underlying. One possibility is that HCQ interferes
with cell’s internal chemical polarity.

We have also found that HCQ induces ROS production in T cells which might collab-
orate in the increased rotational motion detected. A growing body of evidence suggests
that ROS play a key role in regulating cellular movement. We hypothesize that in our
model, ROS production might induce rotational motion but it is not sufficient to promote
translational cell motility; other pathways activated by HCQ would be contributing to the
reduced cell motility. Further studies using primary T and B cells are needed to confirm
these results and address its relevance. Our results highlight the potential of the LN-on-a-
chip as a novel 3D platform to study cellular dynamics and complex biological processes as
well as to assess drug-cell interactions in a multi-compartment and user-friendly system.
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354/8/2/19/s1, Figure S1: Cell tracking analysis, Figure S2: HCQ does not interfere with Raji low
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Author Contributions: Conceptualization, C.S. and L.P.; methodology, L.P. and C.S.; software, N.H.
and J.S.; validation, L.P., C.S. and N.H.; formal analysis, N.H., L.P., C.S. and A.S.; investigation, N.H.
and A.S.; resources, C.S., J.T. and S.L.; data curation, N.H. and A.S.; writing—original draft prepa-
ration, N.H., A.S. and L.P.; writing—review and editing, C.S., J.T., S.L. and G.P.; visualization, A.S.,
N.H., C.S, L.P.; supervision, C.S. and L.P.; project administration, C.S. and L.P.; funding acquisition,
C.S. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by ADEK Award for Research Excellence (AARE) 2017, project
name“AARE17-261, Biomimetic Lymph Node for Pharmaceutical Research” TIP Healthcare 2018
Patent and Proof of Concepts Awards launched via a joint partnership between the Department of
Health and Department of Economic Development in Abu Dhabi, UAE and Khalifa University of
Science and Technology under Award No. RC2-2018-022 (HEIC).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors thank YR. Carrasco for helpful advice on time- lapse experiments.

Conflicts of Interest: Authors declare no conflict of Interest.

References
1. Roberts, R.A.; Kavanagh, S.L.; Mellor, H.R.; Pollard, C.E.; Robinson, S.; Platz, S.J. Reducing attrition in drug development: Smart

loading preclinical safety assessment. Drug Discov. Today 2014, 19, 341–347. [CrossRef] [PubMed]
2. Waring, M.J.; Arrowsmith, J.; Leach, A.R.; Leeson, P.D.; Mandrell, S.; Owen, R.M.; Pairaudeau, G.; Pennie, W.D.; Pickett, S.D.;

Wang, J.; et al. An analysis of the attrition of drug candidates from four major pharmaceutical companies. Nat. Rev. Drug Discov.
2015, 14, 475–486. [CrossRef] [PubMed]

3. Kidd, B.A.; Wroblewska, A.; Boland, M.R.; Agudo, J.; Merad, M.; Tatonetti, N.P.; Brown, B.D.; Dudley, J.T. Mapping the effects of
drugs on the immune system. Nat. Biotechnol. 2016, 34, 47–54. [CrossRef] [PubMed]

4. Guengerich, F.P. Mechanisms of drug toxicity and relevance to pharmaceutical development. Drug Metab. Pharmacokinet. 2011,
26, 3–14. [CrossRef] [PubMed]

5. Ronaldson-Bouchard, K.; Vunjak-Novakovic, G. Organs-on-a-Chip: A Fast Track for Engineered Human Tissues in Drug
Development. Cell Stem Cell 2018, 22, 310–324. [CrossRef] [PubMed]

6. Shanti, A.; Teo, J.; Stefanini, C. In Vitro Immune Organs-on-Chip for Drug Development: A Review. Pharmaceutics 2018, 10, 278.
[CrossRef]

7. Sackmann, E.K.; Fulton, A.L.; Beebe, D.J. The present and future role of microfluidics in biomedical research. Nature 2014,
507, 181–189. [CrossRef]

8. Witzel, I.-I.; Nasser, R.; Garcia-Sabaté, A.; Sapudom, J.; Ma, C.; Chen, W.; Teo, J.C.M. Deconstructing Immune Microenvironments
of Lymphoid Tissues for Reverse Engineering. Adv. Healthc. Mater. 2018, 8, 1801126. [CrossRef]

9. Shim, S.; Belanger, M.C.; Harris, A.R.; Munson, J.M.; Pompano, R.R. Two-way communication between ex vivo tissues on a
microfluidic chip: Application to tumor–lymph node interaction. Lab Chip 2019, 19, 1013–1026. [CrossRef]

10. Polini, A.; Del Mercato, L.L.; Barra, A.; Zhang, Y.S.; Calabi, F.; Gigli, G. Towards the development of human immune-system-on-a-
chip platforms. Drug Discov. Today 2019, 24, 517–525. [CrossRef]

11. Purwada, A.; Singh, A. Immuno-engineered organoids for regulating the kinetics of B-cell development and antibody production.
Nat. Protoc. 2017, 12, 168–182. [CrossRef] [PubMed]

12. Graney, P.L.; Lai, K.; Post, S.; Brito, I.; Cyster, J.; Singh, A. Organoid Polymer Functionality and Mode of Klebsiella pneumoniae
Membrane Antigen Presentation Regulates Ex Vivo Germinal Center Epigenetics in Young and Aged B Cells. Adv. Funct. Mater.
2020, 30, 2001232. [CrossRef]

13. Giese, C.; Lubitz, A.; Demmler, C.D.; Reuschel, J.; Bergner, K.; Marx, U. Immunological substance testing on human lymphatic
micro-organoids in vitro. J. Biotechnol. 2010, 148, 38–45. [CrossRef] [PubMed]

14. Giese, C.; Demmler, C.D.; Ammer, R.; Hartmann, S.; Lubitz, A.; Miller, L.; Müller, R.; Marx, U. A Human Lymph Node In Vitro
Challenges and Progress. Artif. Organs 2006, 30, 803–808. [CrossRef] [PubMed]

15. Rosa, P.M.; Gopalakrishnan, N.; Ibrahim, H.; Haug, M.; Halaas, Ø. The intercell dynamics of T cells and dendritic cells in a lymph
node-on-a-chip flow device. Lab Chip 2016, 16, 3728–3740. [CrossRef]

https://www.mdpi.com/2306-5354/8/2/19/s1
https://www.mdpi.com/2306-5354/8/2/19/s1
http://doi.org/10.1016/j.drudis.2013.11.014
http://www.ncbi.nlm.nih.gov/pubmed/24269835
http://doi.org/10.1038/nrd4609
http://www.ncbi.nlm.nih.gov/pubmed/26091267
http://doi.org/10.1038/nbt.3367
http://www.ncbi.nlm.nih.gov/pubmed/26619012
http://doi.org/10.2133/dmpk.DMPK-10-RV-062
http://www.ncbi.nlm.nih.gov/pubmed/20978361
http://doi.org/10.1016/j.stem.2018.02.011
http://www.ncbi.nlm.nih.gov/pubmed/29499151
http://doi.org/10.3390/pharmaceutics10040278
http://doi.org/10.1038/nature13118
http://doi.org/10.1002/adhm.201801126
http://doi.org/10.1039/C8LC00957K
http://doi.org/10.1016/j.drudis.2018.10.003
http://doi.org/10.1038/nprot.2016.157
http://www.ncbi.nlm.nih.gov/pubmed/28005068
http://doi.org/10.1002/adfm.202001232
http://doi.org/10.1016/j.jbiotec.2010.03.001
http://www.ncbi.nlm.nih.gov/pubmed/20416346
http://doi.org/10.1111/j.1525-1594.2006.00303.x
http://www.ncbi.nlm.nih.gov/pubmed/17026580
http://doi.org/10.1039/C6LC00702C


Bioengineering 2021, 8, 19 13 of 15

16. Girard, J.-P.; Moussion, C.; Förster, R. HEVs, lymphatics and homeostatic immune cell trafficking in lymph nodes.
Nat. Rev. Immunol. 2012, 12, 762–773. [CrossRef]

17. Fullerton, J.N.; Gilroy, D.W. Resolution of inflammation: A new therapeutic frontier. Nat. Rev. Drug Discov. 2016, 15, 551–567.
[CrossRef]

18. Kaldjian, E.P.; Gretz, J.E.; Anderson, A.O.; Shi, Y.; Shaw, S. Spatial and molecular organization of lymph node T cell cortex:
A labyrinthine cavity bounded by an epithelium-like monolayer of fibroblastic reticular cells anchored to basement membrane-like
extracellular matrix. Int. Immunol. 2001, 13, 1243–1253. [CrossRef]

19. Wiig, H.; Keskin, D.; Kalluri, R. Interaction between the extracellular matrix and lymphatics: Consequences for lymphangiogenesis
and lymphatic function. Matrix Biol. 2010, 29, 645–656. [CrossRef]

20. Batista, F.D.; Harwood, N.E. The who, how and where of antigen presentation to B cells. Nat. Rev. Immunol. 2009, 9, 15–27.
[CrossRef]

21. Hughes, C.E.; Benson, R.A.; Bedaj, M.; Maffia, P. Antigen-Presenting Cells and Antigen Presentation in Tertiary Lymphoid Organs.
Front. Immunol. 2016, 7, 481. [CrossRef] [PubMed]

22. von Andrian, U.H.; Mempel, T.R. Homing and cellular traffic in lymph nodes. Nat. Rev. Immunol. 2003, 3, 867–878. [CrossRef]
[PubMed]

23. Liao, S.; von der Weid, P.-Y. Lymphatic system: An active pathway for immune protection. Semin. Cell Dev. Biol. 2015, 38, 83–89.
[CrossRef] [PubMed]

24. Shanti, A.; Samara, B.; Abdullah, A.; Hallfors, N.; Accoto, D.; Sapudom, J.; Alatoom, A.; Teo, J.; Danti, S.; Stefanini, C.
Multi-Compartment 3D-Cultured Organ-on-a-Chip: Towards a Biomimetic Lymph Node for Drug Development. Pharmaceutics
2020, 12, 464. [CrossRef]

25. Teo, J.; Stefanini, C.; Abdullah, A.; Samara, B.; Shanti, A. Microfluidic Device for Generating an In Vitro Lymph Node. U.S. Patent
WO2019/069224, 11 April 2019.

26. Schrezenmeier, E.; Dörner, T. Mechanisms of action of hydroxychloroquine and chloroquine: Implications for rheumatology.
Nat. Rev. Rheumatol. 2020, 16, 155–166. [CrossRef]

27. Al Adem, K.; Shanti, A.; Stefanini, C.; Lee, S. Inhibition of SARS-CoV-2 Entry into Host Cells Using Small Molecules. Pharmaceutics
2020, 13, 447. [CrossRef]

28. Pal, A.; Pawar, A.; Goswami, K.; Sharma, P.; Prasad, R. Hydroxychloroquine and Covid-19: A Cellular and Molecular Biology
Based Update. Indian J. Clin. Biochem. 2020, 35, 274–284. [CrossRef]

29. Richard, S.A.; Kampo, S.; Hechavarria, M.E.; Sackey, M.; Buunaaim, A.D.B.; Kuugbee, E.D.; Anabah, T.W. Elucidating the
Pivotal Immunomodulatory and Anti-Inflammatory Potentials of Chloroquine and Hydroxychloroquine. J. Immunol. Res. 2020,
2020, 1–13. [CrossRef]

30. Pape, K.A.; Catron, D.M.; Itano, A.A.; Jenkins, M.K. The Humoral Immune Response Is Initiated in Lymph Nodes by B Cells that
Acquire Soluble Antigen Directly in the Follicles. Immunity 2007, 26, 491–502. [CrossRef]

31. Okada, T.; Miller, M.J.; Parker, I.; Krummel, M.F.; Neighbors, M.; Hartley, S.B.; O’Garra, A.; Cahalan, M.D.; Cyster, J.G.
Antigen-Engaged B Cells Undergo Chemotaxis toward the T Zone and Form Motile Conjugates with Helper T Cells. PLoS Biol.
2005, 3, e150. [CrossRef]

32. Miller, M.J.; Wei, S.H.; Parker, I.; Cahalan, M.D. Two-Photon Imaging of Lymphocyte Motility and Antigen Response in Intact
Lymph Node. Science 2002, 296, 1869–1873. [CrossRef] [PubMed]

33. Moreau, H.D.; Bousso, P. In Vivo Imaging of T Cell Immunological Synapses and Kinapses in Lymph Nodes. In The Immune
Synapse; Baldari, C.T., Dustin, M.L., Eds.; Methods in Molecular Biology; Springer: New York, NY, USA, 2017; Volume 1584,
pp. 559–568. ISBN 978-1-4939-6879-4.

34. Abraham, R.T.; Weiss, A. Jurkat T cells and development of the T-cell receptor signalling paradigm. Nat. Rev. Immunol. 2004,
4, 301–308. [CrossRef] [PubMed]

35. Finetti, F.; Paccani, S.R.; Riparbelli, M.G.; Giacomello, E.; Perinetti, G.; Pazour, G.J.; Rosenbaum, J.L.; Baldari, C.T. Intraflagellar
transport is required for polarized recycling of the TCR/CD3 complex to the immune synapse. Nat. Cell Biol. 2009, 11, 1332–1339.
[CrossRef] [PubMed]

36. Blanchard, N.; Di Bartolo, V.; Hivroz, C. In the Immune Synapse, ZAP-70 Controls T Cell Polarization and Recruitment of
Signaling Proteins But Not Formation of the Synaptic Pattern. Immunity 2002, 17, 389–399. [CrossRef]

37. Combs, J.; Kim, S.J.; Tan, S.; Ligon, L.A.; Holzbaur, E.L.F.; Kuhn, J.; Poenie, M. Recruitment of dynein to the Jurkat immunological
synapse. Proc. Natl. Acad. Sci. USA 2006, 103, 14883–14888. [CrossRef] [PubMed]

38. Corbett, A.J.; Eckle, S.B.G.; Birkinshaw, R.W.; Liu, L.; Patel, O.; Mahony, J.; Chen, Z.; Reantragoon, R.; Meehan, B.; Cao, H.; et al.
T-cell activation by transitory neo-antigens derived from distinct microbial pathways. Nature 2014, 509, 361–365. [CrossRef]

39. Raab, M.; Wang, H.; Lu, Y.; Smith, X.; Wu, Z.; Strebhardt, K.; Ladbury, J.E.; Rudd, C.E. T Cell Receptor “Inside-Out” Pathway
via Signaling Module SKAP1-RapL Regulates T Cell Motility and Interactions in Lymph Nodes. Immunity 2010, 32, 541–556.
[CrossRef]

40. Calderwood, D.A.; Huttenlocher, A.; Kiosses, W.B.; Rose, D.M.; Woodside, D.G.; Schwartz, M.A.; Ginsberg, M.H. Increased
filamin binding to β-integrin cytoplasmic domains inhibits cell migration. Nat. Cell Biol. 2001, 3, 1060–1068. [CrossRef]

41. Ostermann, G.; Weber, K.S.C.; Zernecke, A.; Schröder, A.; Weber, C. JAM-1 is a ligand of the β2 integrin LFA-1 involved in
transendothelial migration of leukocytes. Nat. Immunol. 2002, 3, 151–158. [CrossRef]

http://doi.org/10.1038/nri3298
http://doi.org/10.1038/nrd.2016.39
http://doi.org/10.1093/intimm/13.10.1243
http://doi.org/10.1016/j.matbio.2010.08.001
http://doi.org/10.1038/nri2454
http://doi.org/10.3389/fimmu.2016.00481
http://www.ncbi.nlm.nih.gov/pubmed/27872626
http://doi.org/10.1038/nri1222
http://www.ncbi.nlm.nih.gov/pubmed/14668803
http://doi.org/10.1016/j.semcdb.2014.11.012
http://www.ncbi.nlm.nih.gov/pubmed/25534659
http://doi.org/10.3390/pharmaceutics12050464
http://doi.org/10.1038/s41584-020-0372-x
http://doi.org/10.3390/ph13120447
http://doi.org/10.1007/s12291-020-00900-x
http://doi.org/10.1155/2020/4582612
http://doi.org/10.1016/j.immuni.2007.02.011
http://doi.org/10.1371/journal.pbio.0030150
http://doi.org/10.1126/science.1070051
http://www.ncbi.nlm.nih.gov/pubmed/12016203
http://doi.org/10.1038/nri1330
http://www.ncbi.nlm.nih.gov/pubmed/15057788
http://doi.org/10.1038/ncb1977
http://www.ncbi.nlm.nih.gov/pubmed/19855387
http://doi.org/10.1016/S1074-7613(02)00421-1
http://doi.org/10.1073/pnas.0600914103
http://www.ncbi.nlm.nih.gov/pubmed/16990435
http://doi.org/10.1038/nature13160
http://doi.org/10.1016/j.immuni.2010.03.007
http://doi.org/10.1038/ncb1201-1060
http://doi.org/10.1038/ni755


Bioengineering 2021, 8, 19 14 of 15

42. Ariel, A.; Fredman, G.; Sun, Y.-P.; Kantarci, A.; Van Dyke, T.E.; Luster, A.D.; Serhan, C.N. Apoptotic neutrophils and T cells
sequester chemokines during immune response resolution through modulation of CCR5 expression. Nat. Immunol. 2006,
7, 1209–1216. [CrossRef]

43. Nordenfelt, P.; Elliott, H.L.; Springer, T.A. Coordinated integrin activation by actin-dependent force during T-cell migration.
Nat. Commun. 2016, 7, 13119. [CrossRef] [PubMed]

44. Torralba, D.; Baixauli, F.; Villarroya-Beltri, C.; Fernández-Delgado, I.; Latorre-Pellicer, A.; Acín-Pérez, R.; Martín-Cófreces, N.B.;
Jaso-Tamame, Á.L.; Iborra, S.; Jorge, I.; et al. Priming of dendritic cells by DNA-containing extracellular vesicles from activated T
cells through antigen-driven contacts. Nat. Commun. 2018, 9, 2658. [CrossRef] [PubMed]

45. Bray, C.; Wright, D.; Haupt, S.; Thomas, S.; Stauss, H.; Zamoyska, R. Crispr/Cas Mediated Deletion of PTPN22 in Jurkat T Cells
Enhances TCR Signaling and Production of IL-2. Front. Immunol. 2018, 9, 2595. [CrossRef] [PubMed]

46. Rosskopf, S.; Leitner, J.; Paster, W.; Morton, L.T.; Hagedoorn, R.S.; Steinberger, P.; Heemskerk, M.H. A Jurkat 76 based triple
parameter reporter system to evaluate TCR functions and adoptive T cell strategies. Oncotarget 2018, 9, 17608–17619. [CrossRef]

47. Andersen, J.K. Oxidative stress in neurodegeneration: Cause or consequence? Nat. Med. 2004, 10, S18–S25. [CrossRef]
48. Ryan, S.O.; Bonomo, J.A.; Zhao, F.; Cobb, B.A. MHCII glycosylation modulates Bacteroides fragilis carbohydrate antigen

presentation. J. Exp. Med. 2011, 208, 1041–1053. [CrossRef]
49. Sánchez-Alcázar, J.A.; Ault, J.G.; Khodjakov, A.; Schneider, E. Increased mitochondrial cytochrome c levels and mitochondrial

hyperpolarization precede camptothecin-induced apoptosis in Jurkat cells. Cell Death Differ. 2000, 7, 1090–1100. [CrossRef]
50. Kempuraj, D.; Tagen, M.; Iliopoulou, B.P.; Clemons, A.; Vasiadi, M.; Boucher, W.; House, M.; Wolfberg, A.; Theoharides, T.C.

Luteolin inhibits myelin basic protein-induced human mast cell activation and mast cell-dependent stimulation of Jurkat T cells.
Br. J. Pharmacol. 2008, 155, 1076–1084. [CrossRef]

51. Chen, Y.; Shu, W.; Chen, W.; Wu, Q.; Liu, H.; Cui, G. Curcumin, both Histone Deacetylase and p300/CBP-Specific Inhibitor,
Represses the Activity of Nuclear Factor Kappa B and Notch 1 in Raji Cells. Basic Clin. Pharmacol. Toxicol. 2007, 101, 427–433.
[CrossRef]

52. Qin, T.; Youssef, E.M.; Jelinek, J.; Chen, R.; Yang, A.S.; Garcia-Manero, G.; Issa, J.-P.J. Effect of Cytarabine and Decitabine in
Combination in Human Leukemic Cell Lines. Clin. Cancer Res. 2007, 13, 4225–4232. [CrossRef]

53. Mittelbrunn, M.; Gutiérrez-Vázquez, C.; Villarroya-Beltri, C.; González, S.; Sánchez-Cabo, F.; González, M.Á.; Bernad, A.;
Sánchez-Madrid, F. Unidirectional transfer of microRNA-loaded exosomes from T cells to antigen-presenting cells. Nat. Commun.
2011, 2, 282. [CrossRef] [PubMed]

54. Raff, M.C. T and B Lymphocytes and Immune Responses. Nature 1973, 242, 19–23. [CrossRef] [PubMed]
55. Sapudom, J.; Rubner, S.; Martin, S.; Kurth, T.; Riedel, S.; Mierke, C.T.; Pompe, T. The phenotype of cancer cell invasion controlled

by fibril diameter and pore size of 3D collagen networks. Biomaterials 2015, 52, 367–375. [CrossRef] [PubMed]
56. Sapudom, J.; Waschke, J.; Franke, K.; Hlawitschka, M.; Pompe, T. Quantitative label-free single cell tracking in 3D biomimetic

matrices. Sci. Rep. 2017, 7, 14135. [CrossRef] [PubMed]
57. Rueden, C.T.; Schindelin, J.; Hiner, M.C.; Dezonia, B.E.; Walter, A.E.; Arena, E.T.; Eliceiri, K.W. ImageJ2: ImageJ for the next

generation of scientific image data. BMC Bioinform. 2017, 18, 529. [CrossRef] [PubMed]
58. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.;

Schmid, B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]
59. Sönmez, U.M.; Wood, A.; Justus, K.; Jiang, W.; Syed-Picard, F.; LeDuc, P.R.; Kalinski, P.; Davidson, L.A. Chemotactic Responses of

Jurkat Cells in Microfluidic Flow-Free Gradient Chambers. Micromachines 2020, 11, 384. [CrossRef]
60. Lee, Y.; Kim, S.J.; Park, J.-K. Chips-on-a-plate device for monitoring cellular migration in a microchannel-based intestinal

follicle-associated epithelium model. Biomicrofluidics 2019, 13, 064127. [CrossRef]
61. Durcan, L.; Clarke, W.A.; Magder, L.S.; Petri, M. Hydroxychloroquine Blood Levels in Systemic Lupus Erythematosus: Clarifying

Dosing Controversies and Improving Adherence. J. Rheumatol. 2015, 42, 2092–2097. [CrossRef]
62. Andreani, J.; Le Bideau, M.; Duflot, I.; Jardot, P.; Rolland, C.; Boxberger, M.; Wurtz, N.; Rolain, J.-M.; Colson, P.; La Scola, B.; et al.

In vitro testing of combined hydroxychloroquine and azithromycin on SARS-CoV-2 shows synergistic effect. Microb. Pathog. 2020,
145, 104228. [CrossRef]

63. Adamski, V.; Schmitt, C.; Ceynowa, F.; Adelung, R.; Lucius, R.; Synowitz, M.; Hattermann, K.; Held-Feindt, J. Effects of
sequentially applied single and combined temozolomide, hydroxychloroquine and AT101 treatment in a long-term stimulation
glioblastoma in vitro model. J. Cancer Res. Clin. Oncol. 2018, 144, 1475–1485. [CrossRef] [PubMed]

64. Leong, F.Y. Physical Explanation of Coupled Cell-Cell Rotational Behavior and Interfacial Morphology: A Particle Dynamics
Model. Biophys. J. 2013, 105, 2301–2311. [CrossRef] [PubMed]

65. Camley, B.A.; Zhang, Y.; Zhao, Y.; Li, B.; Ben-Jacob, E.; Levine, H.; Rappel, W.-J. Polarity mechanisms such as contact inhibition
of locomotion regulate persistent rotational motion of mammalian cells on micropatterns. Proc. Natl. Acad. Sci. USA 2014,
111, 14770–14775. [CrossRef] [PubMed]

66. Ray, P.D.; Huang, B.-W.; Tsuji, Y. Reactive oxygen species (ROS) homeostasis and redox regulation in cellular signaling.
Cell. Signal. 2012, 24, 981–990. [CrossRef]

67. Nakamura, H.; Nakamura, K.; Yodoi, J. Redox regulation of cellular activation. Annu. Rev. Immunol. 1997, 15, 351–369. [CrossRef]
68. Trachootham, D.; Alexandre, J.; Huang, P. Targeting cancer cells by ROS-mediated mechanisms: A radical therapeutic approach?

Nat. Rev. Drug Discov. 2009, 8, 579–591. [CrossRef]

http://doi.org/10.1038/ni1392
http://doi.org/10.1038/ncomms13119
http://www.ncbi.nlm.nih.gov/pubmed/27721490
http://doi.org/10.1038/s41467-018-05077-9
http://www.ncbi.nlm.nih.gov/pubmed/29985392
http://doi.org/10.3389/fimmu.2018.02595
http://www.ncbi.nlm.nih.gov/pubmed/30483260
http://doi.org/10.18632/oncotarget.24807
http://doi.org/10.1038/nrn1434
http://doi.org/10.1084/jem.20100508
http://doi.org/10.1038/sj.cdd.4400740
http://doi.org/10.1038/bjp.2008.356
http://doi.org/10.1111/j.1742-7843.2007.00142.x
http://doi.org/10.1158/1078-0432.CCR-06-2762
http://doi.org/10.1038/ncomms1285
http://www.ncbi.nlm.nih.gov/pubmed/21505438
http://doi.org/10.1038/242019a0
http://www.ncbi.nlm.nih.gov/pubmed/4571632
http://doi.org/10.1016/j.biomaterials.2015.02.022
http://www.ncbi.nlm.nih.gov/pubmed/25818443
http://doi.org/10.1038/s41598-017-14458-x
http://www.ncbi.nlm.nih.gov/pubmed/29075007
http://doi.org/10.1186/s12859-017-1934-z
http://www.ncbi.nlm.nih.gov/pubmed/29187165
http://doi.org/10.1038/nmeth.2019
http://doi.org/10.3390/mi11040384
http://doi.org/10.1063/1.5128640
http://doi.org/10.3899/jrheum.150379
http://doi.org/10.1016/j.micpath.2020.104228
http://doi.org/10.1007/s00432-018-2680-y
http://www.ncbi.nlm.nih.gov/pubmed/29858681
http://doi.org/10.1016/j.bpj.2013.09.051
http://www.ncbi.nlm.nih.gov/pubmed/24268142
http://doi.org/10.1073/pnas.1414498111
http://www.ncbi.nlm.nih.gov/pubmed/25258412
http://doi.org/10.1016/j.cellsig.2012.01.008
http://doi.org/10.1146/annurev.immunol.15.1.351
http://doi.org/10.1038/nrd2803


Bioengineering 2021, 8, 19 15 of 15

69. Fakih, F.B.; Shanti, A.; Stefanini, C.; Lee, S. Optimization of Gold Nanoparticles for Efficient Delivery of Catalase to Macrophages
for Alleviating Inflammation. ACS Appl. Nano Mater. 2020, 3, 9510–9519. [CrossRef]

70. Perry, G.; Raina, A.K.; Nunomura, A.; Wataya, T.; Sayre, L.M.; Smith, M.A. How important is oxidative damage? Lessons from
Alzheimer’s disease. Free Radic. Biol. Med. 2000, 28, 831–834. [CrossRef]

71. Park, J.; Choi, K.; Jeong, E.; Kwon, D.; Benveniste, E.N.; Choi, C. Reactive oxygen species mediate chloroquine-induced expression
of chemokines by human astroglial cells. Glia 2004, 47, 9–20. [CrossRef]

72. Brocks, D.R.; Skeith, K.J.; Johnston, C.; Emamibafrani, J.; Davis, P.; Russell, A.S.; Jamali, F. Hematologic Disposition of Hydroxy-
chloroquine Enantiomers. J. Clin. Pharmacol. 1994, 34, 1088–1097. [CrossRef]

73. French, J.K.; Hurst, N.P.; O’Donnell, M.L.; Betts, W.H. Uptake of chloroquine and hydroxychloroquine by human blood leucocytes
in vitro: Relation to cellular concentrations during antirheumatic therapy. Ann. Rheum. Dis. 1987, 46, 42–45. [CrossRef] [PubMed]

74. Carlsson, H.; Hjorton, K.; Abujrais, S.; Rönnblom, L.; Åkerfeldt, T.; Kultima, K. Measurement of hydroxychloroquine in blood
from SLE patients using LC-HRMS—evaluation of whole blood, plasma, and serum as sample matrices. Arthritis Res. Ther. 2020,
22, 125. [CrossRef] [PubMed]

75. Aguirre-Cruz, L.; Torres, K.J.; Jung-Cook, H.; Fortuny, C.; Sánchez, E.; Soda-Mehry, A.; Sotelo, J.; Reyes-Terán, G. Short Communi-
cation: Preferential Concentration of Hydroxychloroquine in Adenoid Tissue of HIV-Infected Subjects. AIDS Res. Hum. Retrovir.
2010, 26, 339–342. [CrossRef] [PubMed]

76. Schroeder, R.L.; Gerber, J.P. Chloroquine and hydroxychloroquine binding to melanin: Some possible consequences for pathologies.
Toxicol. Rep. 2014, 1, 963–968. [CrossRef] [PubMed]

77. Ananthakrishnan, R.; Ehrlicher, A. The Forces Behind Cell Movement. Int. J. Biol. Sci. 2007, 3, 303–317. [CrossRef]
78. Hurd, T.R.; DeGennaro, M.; Lehmann, R. Redox regulation of cell migration and adhesion. Trends Cell Biol. 2012, 22, 107–115.

[CrossRef]
79. Rahman, A.; Carey, S.P.; Kraning-Rush, C.M.; Goldblatt, Z.E.; Bordeleau, F.; Lampi, M.C.; Lin, D.Y.; García, A.J.;

Reinhart-King, C.A. Vinculin regulates directionality and cell polarity in two- and three-dimensional matrix and three-
dimensional microtrack migration. Mol. Biol. Cell 2016, 27, 1431–1441. [CrossRef]

http://doi.org/10.1021/acsanm.0c02234
http://doi.org/10.1016/S0891-5849(00)00158-1
http://doi.org/10.1002/glia.20017
http://doi.org/10.1002/j.1552-4604.1994.tb01986.x
http://doi.org/10.1136/ard.46.1.42
http://www.ncbi.nlm.nih.gov/pubmed/3813674
http://doi.org/10.1186/s13075-020-02211-1
http://www.ncbi.nlm.nih.gov/pubmed/32475347
http://doi.org/10.1089/aid.2009.0129
http://www.ncbi.nlm.nih.gov/pubmed/20334568
http://doi.org/10.1016/j.toxrep.2014.10.019
http://www.ncbi.nlm.nih.gov/pubmed/28962308
http://doi.org/10.7150/ijbs.3.303
http://doi.org/10.1016/j.tcb.2011.11.002
http://doi.org/10.1091/mbc.E15-06-0432

	Introduction 
	Materials and Methods 
	LN-on-a-Chip Design and Fabrication 
	Cell Culture 
	Cell Staining 
	Gel Protocol and Device Filling 
	Time Lapse Experiments and Cell Tracking Analysis 
	Cytotoxicity of Hydroxychloroquine 
	Assessment of Reactive Oxygen Species 
	Analysis of Cellular Rotational Motility 
	Statistical Analysis 

	Results 
	Three-Dimensional Lymph Node-on-a-Chip model to Study Cellular Dynamics 
	Impact of Hydroxychloroquine on Translational and Rotational Cell Motility 
	Effect of Hydroxychloroquine on Reactive Oxygen Species Production 

	Discussion 
	References

