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Abstract

As a new class of cancer therapeutic agents, oncolytic viruses (OVs) have gained much
attention not only due to their ability to selectively replicate in and lyse tumor cells, but also
for their potential to stimulate antitumor immune responses. As a result, there is an increas-
ing need for in vitro modeling systems capable of recapitulating the 3D physiological tumor
microenvironment. Here, we investigated the potential of our recently developed microphy-
siological system (MPS), featuring a vessel-like channel to reflect the in vivo tumor microen-
vironment and serving as culture spaces for 3D multicellular tumor spheroids (MCTSs). The
MCTSs consist of cancer A549 cells, stromal MRCS5 cells, endothelial HUVECs, as well as
the extracellular matrix. 3D MCTSs residing in the MPS were infected with oncolytic VSV
expressing GFP (oVSV-GFP). Post-infection, GFP signal intensity increased only in A549
cells of the MPS. On the other hand, HUVECs were susceptible to virus infection under 2D
culture and IFN-B secretion was quite delayed in HUVECs. These results thus demonstrate
that OV antitumoral characteristics can be readily monitored in the MPS and that its behav-
ior therein somewhat differs compared to its activity in 2D system. In conclusion, we present
the first application of the MPS, an in vitro model that was developed to better reflect in vivo
conditions. Its various advantages suggest the 3D MCTS-integrated MPS can serve as a
first line monitoring system to validate oncolytic virus efficacy.

Introduction

Oncolytic viruses (OVs) selectively infect and destroy tumor cells, sparing the normal cells and
minimizing normal tissue damage [1]. These characteristics of OVs have enabled the growth
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of oncolytic virotherapy combined with immunotherapy [2]; consequently, oncolytic virother-
apy has become one of the burgeoning fields of cancer immunotherapy [3]. To improve antitu-
mor therapeutic efficacy, native features of OV's have been optimized by genetically modifying
the viruses in various ways by inserting immune-stimulating genes and by removing cytotoxic
viral genes [4]. For example, Talimogene Laherparepvec (T-VEC) acquired the first FDA
approval as an oncolytic virus therapy with the recent completion of phase III clinical trials.

Two dimensional (2D) in vitro cell culture systems are routinely applied to determine the
characteristics of OVs [5]. However, 2D systems do not reflect the 3D physiological microenvi-
ronments where the tumors reside [6]. Tumor xenograft models including mouse [7] and rat
[8] are widely used to evaluate the tumor killing efficacy of OVs, but are still not able to accu-
rately predict the outcome of human clinical trials [9]. OVs have dual therapeutic effects that
depend on onco-selective cell lysis and the induction of antitumor immune responses [10].
Yet, in vivo tumor xenograft models do not show induced immune responses following OV
administration. Therefore, well-defined in vitro models that imitate the in vivo cancer micro-
environment conditions would be more beneficial as a first line study platform. Among several
types of 3D-cultured spheroid models [11], 3D multicellular tumor spheroids (3D MCTSs)
show suitable in vivo environments for evaluating the properties of onco-selective infection of
OVs [12]. Another approach is applying a microphysiological system (MPS) to simulate blood
vessel-like structures [13,14]. If the MPS and 3D MCTSs are properly combined, it would
serve as a much better in vitro tumor model for evaluating the efficacy of OVs because it mim-
ics the actual physiological conditions of the tumor tissue, including the fluid dynamics and
cell-to-cell interactions in the TME.

Recently, we successfully invented a model MPS combined with 3D MCTSs and demon-
strated that the microfluidic device could be adopted for the development and screening of
anticancer chemical drugs by the formation of the same 3D MCTSs under similar conditions
[15]. Here, we report a novel approach to investigate the antitumor activities of oncolytic vesic-
ular stomatitis virus (oVSV) through employing our newly developed MPS. By employing
oVSV-expressing GFP (0VSV-GFP), the data provide evidence that the antitumoral character-
istics of 0VSV can be readily monitored in the 3D MCTS-integrated MPS and that its behavior
somewhat differs in this condition compared to that in a conventional 2D system. The 3D
MCTS-integrated MPS thus can serve as the first line evaluation system for the onco-selective
infection of OVs.

Materials and methods
Cell cultures, fluorescence labeling, and fluorescence analysis

Human lung cancer A549 cells (ATCC, Manassas, VA) and human lung fibroblast MRC5
(ATCC) were cultured in DMEM (Thermo Fisher Scientific, Waltham, MA) containing 10%
FBS (Biowest, Riverside, MO) and 1% penicillin/streptomycin (Thermo Fisher Scientific).
HUVECs were maintained in endothelial cell medium (Sciencell Research Laboratories, Carls-
bad, CA).

According to the manufacturer’s protocol, cell components were fluorescently labeled in
3D MCTSs using green PKH67GL or red PKH26 (Sigma-Aldrich; ST. Louis, MO). Briefly, the
cell pellet was suspended in Diluent C solution, and the dye solution was prepared with a PKH
ethanolic dye solution. The suspended cells and the prepared dye solution were rapidly mixed.
After incubation, 1% bovine serum albumin (BSA) was added to stop the staining. After centri-
fugation, the cells were resuspended in complete medium, centrifuged and washed to ensure
the removal of any unbound dye. After washing, the fluorescent dye-stained cells were used in
experiments to confirm their position and migration.
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Fluorescence images were developed using a fluorescence microscope (EVOS) and confocal
microscope (Zeiss LSM780, Carl Zeiss AG, Oberkochen, Germany). The confocal images were
analyzed using ZEN Microscope Software (Carl Zeiss AG, Oberkochen, Germany).

Oncolytic VSV expressing GFP (oVSV-GFP) preparation and single growth
curve analysis

The VSV full-length plasmid with GFP tagging, pVSV Venus-VSVG (Addgene, Watertown,
MA), was the template to generate oVSV-GFP. It was generated as previously described [16].
Briefly, 293T cells were infected with vaccinia virus encoding T7 polymerase (ATCC, vIF7-3)
at 10 MOIL. After 1 h, the vaccinia virus was washed, and the cells were transfected with 1.1 pg
of pVSV Venus-VSVG, 0.6 ug of pN, 1.4 pg of pP, and 0.9 pg of pL by using 32 pl of PEImax
(Polyscience; Germany). After 48 h, filtered culture media were treated with new 293T cells.
oVSV-GFP present in the supernatant were further passaged in 293T cells to amplify the viral
titer. A549 cells were used to quantify the infectious titer of 0VSV-GFP virus stock by TCIDs,.
Cells treated with oVSV-GFP for 1 h, at 1 multiplicity of infection (MOI) representing one
infectious virus per cell, were used in single growth curve analysis. Fresh growth media was
added after washing and the supernatants were collected at designated time points. Virus titers
were also determined using the supernatants by TCIDs,.

Generation of the microphysiological system (MPS)

i) Fabrication of the microfluidic culture device and passive powerless micropump.
The manufacturing procedure of the polydimethylsiloxane (PDMS; Sylgard® 184, Dow
Chemical Co., MI)-based microfluidic device was described in our previous study [15]. A pas-
sive micropump with a siphon effect was established as well. This pump provided continuous
medium without mechanical energy. A polyethylene (PE) tube was linked between the device
and the micropump. Eluate was drained into the outlet reservoir via a PE tube filled with yarn
fiber. After connecting the pump to the microfluidic device, the external structure of the MPS
was completed.

ii) Generation of the tumor microenvironment (TME)-like structure with 3D MCTSs.
The generation of 3D MCTS with ECM in a microfluidic device was established in our previ-
ous studies [17]. The internal device was coated with type I collagen solution (collagen I; BD
Bioscience, San Jose, CA) to simulate an ECM. A549 and MRC5 cells (2 x 10° cells/mL) were
suspended in 2 mg/mL type I collagen solution. Each cell line was injected into the microflui-
dic device and centrifuged to trap the cancer cells in the wells. Afterwards, the microfluidic
device was washed with a collagen solution. HUVEC:s (1 x 10° cells/mL) were then seeded in a
channel to generate a vessel-like environment. The number of cells remaining per chip was
identified as an average of 1 x 10° cells of each line. The microfluidic device was connected to
the passive micropump to supply continuous medium, so the internal components of the
microphysiological system (MPS) were completed. For LDLR expression studies, MPS was
prepared only using HUVEC cells while all other procedures remained the same.

oVSV-GFP infection of the MPS and virus growth kinetics

At 24 h after preparing MPS, a microtip containing oVSV-GFP at 5 MOI based on the total
number of cells per MPS (3 x 10 cells) was inserted into the inlet hole of the MPS. The height
difference between the microtip containing fluid and chip was used to introduce viruses into
MPS channels via pressure and flow. After 1 h, residual viruses were removed, and the infected
MPS was washed. The MPS was then connected with the passive micropump to supply oxygen
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and nutrients. The drained eluate from the MPSs were collected at 24, 48 and 72 h to measure
infectious viral particles (IPs) by TCIDsp.

Cell death assay

For propidium iodide (PI) analysis, cells were stained with PI and DAPI solution in a 2D cul-
ture and examined under a fluorescence microscope at X200 magnification. To evaluate antitu-
mor effects by oVSV-GFP in MPS, cellular mortality was analyzed by fluorescence staining
using a live/dead kit according to the manufacturer’s protocol. Morphologies and fluorescence
images of 3D MCTSs in the MPS were examined using a fluorescence microscope at 24, 48
and 72 h after oVSV-GFP infection.

RT-quantitative PCR (qPCR)

QIAamp viral RNA mini kits (QTAGEN) were used to recover viral RNA genome from eluates.
Reverse transcription was performed using SuperScript III Reverse Transcriptase (Life Tech-
nologies). gPCR was performed using IQ SYBR Green Supermix (Bio-Rad; Hercules, CA) in a
real-time thermal cycler (CFX96 Real-time system; Bio-Rad). The following sequences were
selected: VSV-G, 5’ ~-CCCGGTACCTTTTTCTTTATCATAGG GT -3’,5’ -CCCGTTAACTT
ACTTTCCAAGTCGGTT-3".

Susceptibility analysis of cell lines against oVSV infection in a 2D culture
system

Cells were plated and infected with serially diluted oVSV-GEFP for 1 h at 37°C. After 5-6 days,
the cells were stained with 2% crystal violet in 50% methanol. The lowest MOI of each cell line
for cytotoxicity was calculated by TCIDs,. Based on the lowest MOI of A549, the relative sus-
ceptibility of each cell line against oVSV-GFP was calculated (n = 4).

Quantification of secreted human interferon-beta (IFN-)

Cells in 2D culture were infected with oVSV-GFP at 1 MOI for 1 h, then washed and given
fresh media. Culture media was collected at 6 h and 14 h, then stored at -80°C prior to analysis.
The concentration of IFN- was measured using a human IFN-B ELISA kit (PBL Assay Sci-
ence, Piscataway, NJ).

Immunofluorescence staining for detecting the expression of LDLR

After fixing with 4% paraformaldehyde (Sigma-Aldrich) and subsequently washing with PBS,
3D MCTSs were incubated with permeabilizing solution using PBS containing 0.1% Triton X-
100 (Sigma-Aldrich) and blocked with 2% BSA (Sigma-Aldrich) in 0.1% Tween 20 (Sigma-
Aldrich). The 3D MCTSs were incubated with a fluorophore-conjugated antibody against low-
density lipoprotein receptor (LDLR; Bioss, Woburn, MA) in 1% BSA in PBS overnight at 4°C,
washed with PBS and stained with DAPI (Invitrogen).

Statistical analysis

The area and fluorescence intensity of the MCTSs were determined by Image]J software (1.46
ver, NIH). Quantitative data are presented as the mean * standard deviation (SD). Group dif-
ferences were assessed by paired t-tests or one-way and two-way ANOV As followed by Bon-
ferroni’s test using GraphPad Instat (GraphPad Software, La Jolla, CA). Statistical significance
was set at p > 0.05(ns), p < 0.05(*), p < 0.01(**) and p < 0.001(***).
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Results

In vitro microphysiological system harboring 3D MCTS for the evaluation
of oVSV-GFP activity

To successfully establish an appropriate in vitro tumor model reflecting the in vivo TME, we
employed our recently developed MPS [15] (Fig 1). Oxygen, nutrients, and components simu-
lating the TME were constantly provided through a vessel-like channel in the integrated MPS
using a passive micropump (Fig 1A). The internal components forming the TME-like environ-
ment in the MPS were ECM (type I collagen matrix) and 29 3D MCTSs located in 29 wells
(Fig 1B). In particular, 3D MCTS consisting of human cancer A549 cells (green, Fig 1C) and
human fibroblast MRC5 cells mimic the structure of in vivo tumor tissues. (red, Fig 1C). As
expected, cells observed in the 3D overlap region of MCTS appeared yellow in the merged
image. The fluorescence image suggests the successful lining of HUVEC cells in the MPS (Fig
1D, red).

Effective replication of oVSV-GFP in A549 cells

To evaluate the efficacy of oncolytic virotherapy, we employed oVSV encoding GFP (Fig 2A).
By one-step growth curve analysis, A549 human cancer cell susceptibility to oVSV-GFP was
determined (Fig 2B). The viruses rapidly replicated, reaching a plateau at approximately 25 h
p.i. (6.6+4.2X107 TCIDso/ml). Unlike untreated cells (Fig 2C), infected cells showed irrevers-
ible cytopathic effects and strong GFP signaling under fluorescence microscopy (Fig 2D). The
PI staining results indicated that A549 cancer cells are highly susceptible to oVSV-GEFP replica-
tion, resulting in cancer cell death and subsequent progeny virus release.

Differential replication of oVSV-GFP in the 3D MCTS-integrated MPS

Viral infection with oVSV-GFP at 5 MOI (determination based on the total number of cells in
MPS) was achieved through natural flow and subsequent MPS washing (Fig 3A). GFP signal-
ing in the fluorescence images of 3D MCTSs was evident at 24 h p.i., then gradually declined
(Fig 3B and 3C). Using the eluates released from the MPS every 24 h, progeny virus production
was quantified by TCIDs, (Fig 3D) and VSV-G gene (Fig 3E) specific RNA genome amplifica-
tion was measured by RT-qPCR. Similar to the change in fluorescence intensity, progeny virus
production was the highest at 24 h (1.1+0.4X10°%), and then decreased at 48 h (3.2+1.3X10%)
and 72 h (4.8+3.1X10%). The peaking of production at 24 h followed by decline was also
observed in RNA genome analysis of the virus.

The replication ability of oVSV-GFP in different cells consisting of the 3D MCTSs in the
MPS was examined by labeling A549 and MRC5 cells with a red fluorescence tracker. At every
time point p.i., GFP signals were clearly observed in red A549 cells. This is indicated in the yel-
low merged images (Fig 4A). In contrast, red MRCS5 cells did not turn yellow following
oVSV-GFP replication (Fig 4B). Though the tumor spheroids consisted of both cells, the data
indicates that GFP signal following oVSV replication was restricted in A549 cells. To further
investigate the characteristics of the cells in MCTSs after oVSV-GFP treatment, the tumor
spheroids unlabeled with fluorescent dye were analyzed with PI staining (Fig 4C). The PI-posi-
tive dead cell region perfectly overlaps with the GFP-positive region. This indicated that the
GFP-positive A549 cells, but not the MRCS5 cells or HUVECs, were dead. Finally, we observed
that the size of infected MCTSs gradually decreased when that of uninfected control MCT'Ss
increased (Fig 4D and 4E). Taken together, these results demonstrate that oVSV-GFP selec-
tively replicates in A549 human cancer cells and eventually induces cell death in infected cells
in the MPS.
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Fig 1. The structure of the microphysiological system (MPS). (A) Schematic representation of the external structure
of the MPS. (B) Schematic of the internal components of the MPS. In the well, collagen type I matrix was coated as
ECM, and 3D MCTSs were generated with human cancer A549 cells and human fibroblast MRCS5 cells. In the vessel-
like channel, HUVECs were coated, and continuous medium was provided to the 3D MCTSs. (C) Fluorescent images
of alabeled 3D MCTS in the MPS (A549, green; MRC5, red). (D) Images of HUVECs stained with red in the MPS;
scale bars: 275 pm.

https://doi.org/10.1371/journal.pone.0235356.9001

Different susceptibilities of endothelial cells to oVSV in the MPS
environment

To examine whether the physiological environment of the MPS influences the susceptibility of
the 3 different cells residing in the MPS, each cell line was infected with oVSV-GFP at 1 MOI

oVSYV wild-type
3-| N c c
oVSV-GFP

ST c =

10°

108

Viruses (TCID5o/ml)

0 ¥ T T T T T T T T T T )
19% 20 a0 (Hp.)

5 = . . .
Fig 2. Growth properties and cytopathic effects of 0VSV-GFP. (A) Schematic drawing of oVSV-GFP. GFP was
inserted in front of gene N of viral genome. (B) Single growth curve analysis of oVSV-GFP in A549 cells. The
supernatants were collected from infected A549 cells at the indicated time points (0, 5, 10, 15, 25h and 50 h p.i.), and
the virus titration was calculated by TCIDs assay. (C) The characteristics of mock-treated cells at specified times. (D)

Cytopathic effects of oVSV-GFP in infected cells. GFP-positive cells were identified starting at 5 h p. i., and PI-positive
cells were easily identified at 25 h and 50 h. The mean and SE data of 3 independent experiments; scale bars: 200 um.

https://doi.org/10.1371/journal.pone.0235356.g002
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Fig 3. Effective replication of oVSV-GFP in the MPS. (A) Schematic representation of virus infection. As described in M&M, viruses at
5 MOI were introduced into MPS. The residual viruses were removed by washing, and the infected MPS was connected to a passive
micropump. (B) Fluorescence images of a 3D MCTS infected by oVSV-GFP. (C) At the indicated time points, a fluorescence intensity
graph of oVSV-GFP was obtained from 3D MCTS (tumor spheroid; n = 8). (D) Quantitative analysis (n = 3) of progeny virus
production by TCIDs assay using the eluates at the indicated time points. (E) Viral RNA genome copies from the eluates were calculated
by RT-qPCR targeting VSV-G gene (n = 3). In addition to the results in C and D, the viral genome of oVSV-GFP at 24 h was the highest.
The mean and SE data of 3 independent experiments; scale bars: 200 pm. *p < 0.05, *** p < 0.001.

https://doi.org/10.1371/journal.pone.0235356.9003

in a conventional 2D culture system, and the relative sensitivity to oVSV was analyzed (Fig
5A).In 2D, A549 cells were highly susceptible to oVSV while MRCS5 cells were relatively resis-
tant, similar to the MPS model. However, HUVECs were very sensitive to oVSV in 2D only.
The influence of IFN-f was investigated by quantifying IFN-f secretion from the culture
medium of each cell line following oVSV-GFP treatment in 2D culture using ELISA (Fig 5B).
A549 cells constantly secreted IFN-p at very low levels, while MRC5 cells rapidly secreted IFN-
B at high concentrations, reflecting the susceptibility to oVSV. In the case of HUVECs, IFN-f
secretion showed a delayed pattern; in the early phase of infection (6 h p.i), its level was very
low, which was even lower than that for A549 cells. These results indicate that the delayed
IFN- secretion in the infected HUVECs could have a correlation with their susceptibility to
oVSV in the 2D system. The effect of fluid flow on the expression of low density lipoprotein
receptor (LDLR), the main receptor of oVSV, was further investigated in HUVECs after virus
treatment (Fig 5C). In MPS consisting of HUVECs alone, substantial GFP signals were
observed regardless of fluidic flow compared to MPS with all three cell lines (Fig 4). Similarly,
LDLR expression was also detected. Thus, the data suggest the susceptibility of HUVEC cells
in MPS without tumor spheroid and the consistent LDLR expression levels regardless of fluidic
flow.

Discussion

To establish an advanced in vitro tumor model reflecting the in vivo TME for better evaluating
the antitumor efficacy and safety of oncolytic viruses, we employed our recently developed
MPS and examined its potential [15]. A durable 3D structure was formed with HUVEC lining,
3D MCTS composed of cancer A549 cells, and fibroblast MRC5 cells. When connected to a
passive micropump, the MPS channel supports continuous media supply. oVSV expressing
GFP can be readily applied to this 3D MCTS, and the virus replication pattern can be
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Fig 4. oVSV-GFP selectively kills A549 cells following virus replication in the MPS. (A) Infection patterns of the MPS generated by
A549 cells marked with a red fluorescence tracker at the indicated time points (tumor spheroid; n = 8). The locations of the GFP signal
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images of 3D MCTSs infected with oVSV-GFP (tumor spheroid; n = 10). (E) Growth kinetics of the MCTSs at the indicated time points
(tumor spheroid; n = 10). Scale bars: 400 um. ** p < 0.01.

https://doi.org/10.1371/journal.pone.0235356.9004

visualized under fluorescence microscopy in real time. The present study indicates that oVSV
preferentially infects cancer cells and that the morphology of the 3D MCTS collapses as the
infected cells die. Based on these advantages, as an in vitro tumor model, the MPS offers a con-
venient monitoring method for validating the efficacy of oncolytic viruses.

VSV is considered a particularly promising OV due to its effective antitumor activity in pre-
clinical models and has the following advantages [18]: i) it has a natural tropism for malignant
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cells because of its high sensitivity to type I IFN, thus protecting normal cells from destruction
[19]; ii) virtually no preexisting immunity against VSV exists in the general population, and
the rare natural infections are asymptomatic; iii) it has a rapid replication cycle and high titers
and can thus rapidly destroy cancer cells; and iv) it induces substantial immunogenicity to
stimulate antitumor immunity. Recently, the Russell group developed a genetically modified
oVSV expressing IFN- and sodium iodide symporter and examined this oVSV in phase I
clinical trials for patients with refractory multiple myeloma, acute myeloid leukemia, or T-cell
lymphoma [20].

Unlike A549 or MRC cells, HUVEC cells showed a difference in viral sensitivity in 2D and
3D culture conditions. HUVEC cells, which were sensitive to oVSV-GFP in the 2D culture sys-
tem, were resistant in the 3D MPS. Since the viral sensitivity is presumed to be due to the dif-
ference in IFN signaling in each infected cell line [21,22], IFN-p secretion was measured by
ELISA. The IFN-f secretion pattern correlated with the oVSV sensitivity of each cell line in
2D. Uninfected cells can be efficiently protected from secondary infections through the para-
crine signaling of IFN secreted by nearby infected cells [23,24]. Previous in vivo studies also
showed that tumor cells are infected and killed by VSV while normal endothelial cells are pro-
tected [25,26]. Therefore, the low susceptibility of HUVECs to oVSV in the MPS may be
explained by the protective effect of IFN secretion by neighboring cells against viral infection.

LDLR is a major surface receptor of mammalian cells for VSV infection through endocyto-
sis [27], and LDLR activity plays an important role in determining the degree of infection of
VSV [28]. The present study clearly demonstrates consistent LDLR expression levels in
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HUVEC cells regardless of fluidic flow and may suggest that differences in HUVEC sensitivity
between MPS and 2D systems are not related to LDLR expression on the cell surface. The effect
of fluidic flow on LDLR activity has been also illustrated in previous studies showing a decrease
of LDLR activity in vascular endothelial cells in vitro in the presence of microscopic or low
degree laminar shear stress (0.1 ~ 0.5 dyne/cmz) [29]. To identify the shear stress that affects
LDLR activity, we previously demonstrated that laminar flow occurs in the microchannels of
the microfluidic, with the resulting laminar shear stress in a microchannel to be 0.2 ~ 0.3
dyne/cm? [17]. It is thus possible to conclude that the laminar flow in our microfluidic system,
which reflects the in vivo TME, affects HUVEC LDLR activity in the microchannel which
results in low LDLR activity. Further research is still needed to elucidate the effect of shear
stress on the viral sensitivity of endothelial cells in detail.

To apply the 3D microfluidic MPS in vitro and assess the therapeutic potential of oncolytic
virotherapy, quantitative analysis is essential. In our MPS, the virus replication pattern can be
monitored by tracing the fluorescence signal in real time. Noninvasive repeated monitoring of
the MCTSs residing in each well is possible under conventional fluorescence microscopy. The
fluorescent area can be quantified using proper software, and then the data can be further ana-
lyzed for evaluating the oncolytic efficacy of OVs. Analysis via immunocytochemistry is also
possible. Additional quantitative data can be obtained utilizing eluate released from MPS,
including viral growth kinetics or total viral genomic quantification, where TCIDsq or RT-
qPCR is performed. Furthermore, the 3D MCTSs residing in the MPS can be used to analyze
total protein or RNA expression patterns upon extracting the MCTS pellets from the device.

Although this 3D MCTS-integrated MPS has several valuable advantages for evaluating the
potential of oncolytic virotherapy, some limitations exist, such as a lack of immune response-
related cells. Immune cells play a key in switching from hot to cold tumor conditions, attenuat-
ing cold tumor properties driving the interactions among tumor cells, other resident cells, and
oncolytic viruses, particularly when cancer destruction occurs [30,31]. Since the direct killing
of tumor cells by OVs and subsequent killing by activated immune cells are important points
for cancer removal [32], the lack of immune cells in the system limits the current study. Subse-
quent studies can explore how to apply immune cells to this system and its effects in evaluating
oncolytic virotherapy.

In conclusion, we present the first application of an MPS-harboring 3D MCTS as an in
vitro model for the validation of the antitumor effects of an oVSV. The 3D MCTS-integrated
MPS was developed to better reflect the in vivo environment and is an improved in vitro
tumor model system compared to the 3D MCTS system because it simultaneously incorpo-
rates 3D MCTSs and a microfluidic device. Due to these advantages, the 3D MCTS-integrated
MPS can serve as the first line monitoring system for successfully validating the efficacies of
OVs, which may prove to be a valuable model system for future evaluations of various antican-
cer therapies beyond OVs.

Acknowledgments

We thank Paula Khim for her important advice on editing a draft of this manuscript.

Author Contributions
Conceptualization: Gi Seok Jeong, Heuiran Lee.

Investigation: Kyoung Jin Lee, Sang Woo Lee, Ha-Na Woo, Chul Hyun Joo, Gi Seok Jeong,
Heuiran Lee.

PLOS ONE | https://doi.org/10.1371/journal.pone.0235356  July 6, 2020 11/13


https://doi.org/10.1371/journal.pone.0235356

PLOS ONE

Oncolytic activity of VSV in a microfluidic chip

Methodology: Kyoung Jin Lee, Sang Woo Lee, Hae Mi Cho, Dae Bong Yu, Soo Yeon Jeong,

Heuiran Lee.

Supervision: Gi Seok Jeong, Heuiran Lee.

Writing - original draft: Kyoung Jin Lee, Heuiran Lee.

Writing - review & editing: Kyoung Jin Lee, Sang Woo Lee, Ha-Na Woo, Chul Hyun Joo, Gi

Seok Jeong, Heuiran Lee.

References

1.

10.

1.

12

13.

14.

15.

16.

Wang Y, Marelli G, Howells A, Lemoine N. Oncolytic viral therapy and the immune system: a double-
edged sword against cancer. Frontiers in immunology. 2018; 9: 866. https://doi.org/10.3389/fimmu.
2018.00866 PMID: 29755464

Russell SJ, Barber GN. Oncolytic viruses as antigen-agnostic cancer vaccines. Cancer Cell. 2018; 33:
599-605. https://doi.org/10.1016/j.ccell.2018.03.011 PMID: 29634947

Rehman H, Silk AW, Kane MP, Kaufman HL. Into the clinic: talimogene laherparepvec (T-VEC), a first-
in-class intratumoral oncolytic viral therapy. Journal forimmunotherapy of cancer. 2016; 4: 53. https://
doi.org/10.1186/s40425-016-0158-5 PMID: 27660707

Kaufman HL, Kohlhapp FJ, Zloza A. Oncolytic viruses: a new class of immunotherapy drugs. Nature
reviews Drug discovery. 2015; 14: 642. https://doi.org/10.1038/nrd4663 PMID: 26323545

Turnbull S, West E, Scott K, Appleton E, Melcher A, Ralph C. Evidence for oncolytic virotherapy: where
have we got to and where are we going? Viruses. 2015; 7: 6291-6312. https://doi.org/10.3390/
v7122938 PMID: 26633468

Pampaloni F, Reynaud EG, Stelzer EH. The third dimension bridges the gap between cell culture and
live tissue. Nature reviews Molecular cell biology. 2007; 8: 839. https://doi.org/10.1038/nrm2236 PMID:
17684528

Fajardo CA, Guedan S, Rojas LA, Moreno R, Arias-Badia M, de Sostoa J, et al. Oncolytic adenoviral
delivery of an EGFR-targeting T-cell engager improves antitumor efficacy. Cancer research. 2017; 77:
2052-2063. https://doi.org/10.1158/0008-5472.CAN-16-1708 PMID: 28143835

Song J, Zhang F, JiJ, Chen M, Li Q, Weng Q, et al. Orthotopic hepatocellular carcinoma: molecular
imaging-monitored intratumoral hyperthermia-enhanced direct oncolytic virotherapy. International Jour-
nal of Hyperthermia. 2019; 36: 344—350. https://doi.org/10.1080/02656736.2019.1569731 PMID:
30776922

Lal G, Rajala MS. Recombinant viruses with other anti-cancer therapeutics: a step towards advance-
ment of oncolytic virotherapy. Cancer gene therapy. 2018: 1.

Hamid O, Hoffner B, Gasal E, Hong J, Carvajal RD. Oncolytic immunotherapy: unlocking the potential
of viruses to help target cancer. Cancer Immunology, Immunotherapy. 2017; 66: 1249-1264. https://
doi.org/10.1007/s00262-017-2025-8 PMID: 28712033

Van den Hengel S, Balvers R, Dautzenberg |, Van Den Wollenberg D, Kloezeman J, Lamfers M, et al.
Heterogeneous reovirus susceptibility in human glioblastoma stem-like cell cultures. Cancer gene ther-
apy. 2013; 20: 507. https://doi.org/10.1038/cgt.2013.47 PMID: 23907517

Del Bufalo F, Manzo T, Hoyos V, Yagyu S, Caruana I, Jacot J, et al. 3D modeling of human cancer: A
PEG-fibrin hydrogel system to study the role of tumor microenvironment and recapitulate the in vivo
effect of oncolytic adenovirus. Biomaterials. 2016; 84: 76—85. https://doi.org/10.1016/j.biomaterials.
2016.01.030 PMID: 26826297

Ma Y-HV, Middleton K, You L, Sun Y. A review of microfluidic approaches for investigating cancer
extravasation during metastasis. Microsystems & Nanoengineering. 2018; 4: 17104.

Truskey GA. Human microphysiological systems and organoids as in vitro models for toxicological stud-
ies. Frontiers in public health. 2018; 6: 185. https://doi.org/10.3389/fpubh.2018.00185 PMID:
30042936

Lee SW, Kwak HS, Kang M-H, Park Y-Y, Jeong GS. Fibroblast-associated tumour microenvironment
induces vascular structure-networked tumouroid. Scientific reports. 2018; 8: 2365. https://doi.org/10.
1038/s41598-018-20886-0 PMID: 29403007

Ruedas JB, Connor JH. Generating Recombinant Vesicular Stomatitis Viruses for Use as Vaccine Plat-
forms. Methods Mol Biol. 2017; 1581: 203—-222. https://doi.org/10.1007/978-1-4939-6869-5_12 PMID:
28374251

PLOS ONE | https://doi.org/10.1371/journal.pone.0235356  July 6, 2020 12/13


https://doi.org/10.3389/fimmu.2018.00866
https://doi.org/10.3389/fimmu.2018.00866
http://www.ncbi.nlm.nih.gov/pubmed/29755464
https://doi.org/10.1016/j.ccell.2018.03.011
http://www.ncbi.nlm.nih.gov/pubmed/29634947
https://doi.org/10.1186/s40425-016-0158-5
https://doi.org/10.1186/s40425-016-0158-5
http://www.ncbi.nlm.nih.gov/pubmed/27660707
https://doi.org/10.1038/nrd4663
http://www.ncbi.nlm.nih.gov/pubmed/26323545
https://doi.org/10.3390/v7122938
https://doi.org/10.3390/v7122938
http://www.ncbi.nlm.nih.gov/pubmed/26633468
https://doi.org/10.1038/nrm2236
http://www.ncbi.nlm.nih.gov/pubmed/17684528
https://doi.org/10.1158/0008-5472.CAN-16-1708
http://www.ncbi.nlm.nih.gov/pubmed/28143835
https://doi.org/10.1080/02656736.2019.1569731
http://www.ncbi.nlm.nih.gov/pubmed/30776922
https://doi.org/10.1007/s00262-017-2025-8
https://doi.org/10.1007/s00262-017-2025-8
http://www.ncbi.nlm.nih.gov/pubmed/28712033
https://doi.org/10.1038/cgt.2013.47
http://www.ncbi.nlm.nih.gov/pubmed/23907517
https://doi.org/10.1016/j.biomaterials.2016.01.030
https://doi.org/10.1016/j.biomaterials.2016.01.030
http://www.ncbi.nlm.nih.gov/pubmed/26826297
https://doi.org/10.3389/fpubh.2018.00185
http://www.ncbi.nlm.nih.gov/pubmed/30042936
https://doi.org/10.1038/s41598-018-20886-0
https://doi.org/10.1038/s41598-018-20886-0
http://www.ncbi.nlm.nih.gov/pubmed/29403007
https://doi.org/10.1007/978-1-4939-6869-5_12
http://www.ncbi.nlm.nih.gov/pubmed/28374251
https://doi.org/10.1371/journal.pone.0235356

PLOS ONE

Oncolytic activity of VSV in a microfluidic chip

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Jeong GS, Oh J, Kim SB, Dokmeci MR, Bae H, Lee S-H, et al. Siphon-driven microfluidic passive pump
with a yarn flow resistance controller. Lab on a chip. 2014; 14: 4213-4219. https://doi.org/10.1039/
c41c00510d PMID: 25184743

Melzer MK, Lopez-Martinez A, Altomonte J. Oncolytic vesicular stomatitis virus as a viro-immunother-
apy: defeating cancer with a “hammer” and “anvil”. Biomedicines. 2017; 5: 8.

Bishnoi S, Tiwari R, Gupta S, Byrareddy SN, Nayak D. Oncotargeting by vesicular stomatitis virus
(VSV): advances in cancer therapy. Viruses. 2018; 10: 90.

Naik S, Nace R, Barber GN, Russell SJ. Potent systemic therapy of multiple myeloma utilizing oncolytic
vesicular stomatitis virus coding for interferon-f. Cancer gene therapy. 2012; 19: 443. https://doi.org/
10.1038/cgt.2012.14 PMID: 22522623

Stojdl DF, Lichty B, Knowles S, Marius R, Atkins H, Sonenberg N, et al. Exploiting tumor-specific
defects in the interferon pathway with a previously unknown oncolytic virus. Nature medicine. 2000; 6:
821. https://doi.org/10.1038/77558 PMID: 10888934

Hastie E, Grdzelishvili VZ. Vesicular stomatitis virus as a flexible platform for oncolytic virotherapy
against cancer. The Journal of general virology. 2012; 93: 2529. https://doi.org/10.1099/vir.0.046672-0
PMID: 23052398

Li MM, MacDonald MR, Rice CM. To translate, or not to translate: viral and host mRNA regulation by
interferon-stimulated genes. Trends in cell biology. 2015; 25: 320-329. https://doi.org/10.1016/}.tcb.
2015.02.001 PMID: 25748385

Schneider WM, Chevillotte MD, Rice CM. Interferon-stimulated genes: a complex web of host defenses.
Annual review of immunology. 2014; 32: 513-545. https://doi.org/10.1146/annurev-immunol-032713-
120231 PMID: 24555472

Ozduman K, Wollmann G, Piepmeier JM, Van den Pol AN. Systemic vesicular stomatitis virus selec-
tively destroys multifocal glioma and metastatic carcinoma in brain. Journal of Neuroscience. 2008; 28:
1882-1893. https://doi.org/10.1523/JNEUROSCI.4905-07.2008 PMID: 18287505

Breitbach CJ, De Silva NS, Falls TJ, Aladl U, Evgin L, Paterson J, et al. Targeting tumor vasculature
with an oncolytic virus. Molecular Therapy. 2011; 19: 886—-894. https://doi.org/10.1038/mt.2011.26
PMID: 21364541

Finkelshtein D, Werman A, Novick D, Barak S, Rubinstein M. LDL receptor and its family members
serve as the cellular receptors for vesicular stomatitis virus. Proceedings of the National Academy of
Sciences. 2013; 110: 7306-7311.

Nikolic J, Belot L, Raux H, Legrand P, Gaudin Y, Albertini AA. Structural basis for the recognition of
LDL-receptor family members by VSV glycoprotein. Nature communications. 2018; 9: 1029. https://doi.
org/10.1038/s41467-018-03432-4 PMID: 29531262

ZhangK, ChenY, Zhang T, Huang L, Wang Y, Yin T, et al. A Novel Role of Id1 in Regulating Oscillatory
Shear Stress-Mediated Lipid Uptake in Endothelial Cells. Annals of biomedical engineering. 2018; 46:
849-863. https://doi.org/10.1007/s10439-018-2000-3 PMID: 29508175

Papaioannou NE, Beniata OV, Vitsos P, Tsitsilonis O, Samara P. Harnessing the immune system to
improve cancer therapy. Annals of translational medicine. 2016; 4.

Morvan MG, Lanier LL. NK cells and cancer: you can teach innate cells new tricks. Nature Reviews
Cancer. 2016; 16: 7. hitps://doi.org/10.1038/nrc.2015.5 PMID: 26694935

Rajani K, Parrish C, Kottke T, Thompson J, Zaidi S, llett L, et al. Combination therapy with reovirus and
anti-PD-1 blockade controls tumor growth through innate and adaptive immune responses. Molecular
Therapy. 2016; 24: 166—174. https://doi.org/10.1038/mt.2015.156 PMID: 26310630

PLOS ONE | https://doi.org/10.1371/journal.pone.0235356  July 6, 2020 13/13


https://doi.org/10.1039/c4lc00510d
https://doi.org/10.1039/c4lc00510d
http://www.ncbi.nlm.nih.gov/pubmed/25184743
https://doi.org/10.1038/cgt.2012.14
https://doi.org/10.1038/cgt.2012.14
http://www.ncbi.nlm.nih.gov/pubmed/22522623
https://doi.org/10.1038/77558
http://www.ncbi.nlm.nih.gov/pubmed/10888934
https://doi.org/10.1099/vir.0.046672-0
http://www.ncbi.nlm.nih.gov/pubmed/23052398
https://doi.org/10.1016/j.tcb.2015.02.001
https://doi.org/10.1016/j.tcb.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/25748385
https://doi.org/10.1146/annurev-immunol-032713-120231
https://doi.org/10.1146/annurev-immunol-032713-120231
http://www.ncbi.nlm.nih.gov/pubmed/24555472
https://doi.org/10.1523/JNEUROSCI.4905-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18287505
https://doi.org/10.1038/mt.2011.26
http://www.ncbi.nlm.nih.gov/pubmed/21364541
https://doi.org/10.1038/s41467-018-03432-4
https://doi.org/10.1038/s41467-018-03432-4
http://www.ncbi.nlm.nih.gov/pubmed/29531262
https://doi.org/10.1007/s10439-018-2000-3
http://www.ncbi.nlm.nih.gov/pubmed/29508175
https://doi.org/10.1038/nrc.2015.5
http://www.ncbi.nlm.nih.gov/pubmed/26694935
https://doi.org/10.1038/mt.2015.156
http://www.ncbi.nlm.nih.gov/pubmed/26310630
https://doi.org/10.1371/journal.pone.0235356

