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A B S T R A C T

Oncolytic viruses (OVs) that selectively replicate within cancer cells represent a promising therapeutic strategy 
for refractory or difficult-to-treat tumors such as Glioblastoma (GBM). In this study, we develop and validate a 
human microfluidic blood brain barrier (BBB) model to evaluate the potential of cell-based OVs delivery tar
geting the central nervous system. We demonstrate that circulating leukocytes (monocytes), serve as effective 
carrier cells for the delivery of a neuroattenuated strain of oncolytic herpes simplex virus type 1 (oHSV-1) to 
GBM. Human monocytes infected with oHSV-1 and perfused through the device successfully traverse the BBB 
and migrate toward human GBM spheroids, where they deliver the virus and initiate infection. Notably, 
monocyte-mediated oHSV-1 delivery to the tumor occurs with minimal involvement of BBB infection and 
remains effective even in the presence of anti-HSV-1 antibodies, commonly found in the general population. In 
contrast, free oHSV-1 infects BBB-resident cells and is neutralized by circulating human immunoglobulins. These 
findings highlight the potential of monocyte-based oHSV-1 delivery as a targeted, immune-shielded strategy for 
GBM therapy.

1. Introduction

The blood–brain barrier (BBB) is a specialized anatomical structure 
composed of vascular endothelial cells, pericytes, and astrocytes that 
selectively filter molecules from the bloodstream into the central ner
vous system (CNS) [1]. As such, the BBB poses a significant challenge for 
the pharmacological treatment of CNS diseases [2] such as glioblastoma 
(GBM) [3]. GBM is the most common primary brain tumor in adults [4] 
and carries a very dismal prognosis [5]. Despite some progress with 
chimeric antigen receptor (CAR)-T cell therapies, immunotherapy re
mains largely ineffective against GBM [6,7]. This is due to multiple 
factors including inactivation by the tumor microenvironment, target 
antigen heterogeneity, and limited trafficking across the BBB, often 
necessitating intraventricular administration [8,9].

Oncolytic viruses (OVs) are naturally occurring or engineered viruses 

that selectively replicate in cancer cells by exploiting deficiencies in 
antiviral defense pathways [10]. These agents offer a multifaceted 
therapeutic approach that includes direct tumor lysis, immune activa
tion, and gene delivery [11]. While talimogene laherparepvec (T-VEC), 
an oHSV-1-based OV, is approved for the treatment of melanoma [12], 
another oHSV-1 has recently been authorized in Japan for GBM 
following promising clinical trials [13]. Effective OV delivery to GBM 
remains a challenge. Intracranial injection, although effective, is inva
sive and not easily repeatable. Moreover, GBM’s invasive nature and 
tendency to recur in distant brain areas make localized therapy insuf
ficient. Intravenous administration is hindered by the BBB and by 
neutralization of circulating virions, particularly in the case of HSV-1, 
due to widespread pre-existing immunity in the population [14]. Car
rier cells provide a potential solution. These include mesenchymal 
stromal cells (MSCs) [15] and immune cells such as monocytes, which 
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we identified as suitable carriers for oHSV-1 [16]. We previously 
demonstrated that monocytes are susceptible to infection by an oHSV-1 
closely resembling the clinically approved T-VEC. THP-1 cells, derived 
from monocytic leukemia, supported productive infection, while pri
mary monocytes from healthy donors, although susceptible, were only 
poorly permissive to viral replication [16]. Despite low permissiveness, 
most infected primary monocytes expressed the immediate early viral 
protein ICP4 and, upon exposure to tumor cell-conditioned medium, 
showed a significant increase in viral particle production. Infected 
monocytes retained their ability to migrate toward tumor-derived sig
nals and successfully transmitted the virus to tumor cells in co-culture 
experiments. Furthermore, using the chorioallantoic membrane (CAM) 
model, we confirmed that oHSV-1-loaded THP-1 cells were capable of 
homing to and infecting vascularized tumors within the developing 
chicken embryo [16]. Taken together, these preliminary findings sup
port the potential of monocytes as cellular carriers for oncolytic viro
therapy, for their efficient ex vivo loading and natural tumor tropism to 
facilitate delivery of the viral payload while evading immune clearance.

Replicating the BBB in vitro poses challenges due to its complex 
cellular architecture. While in vivo studies offer physiological insights, 
they are limited by interspecies differences, ethical constraints, and 
scalability [17,18]. Traditional static in vitro models fall short due to lack 
of shear stress and incomplete cellular interactions [19,20]. Researchers 
developed BBB-on-chip systems, microfluidic platforms designed to 
replicate physiological and functional aspects of the BBB in vitro [21]. 
Microfluidic BBB devices offer numerous advantages for in vitro 
modeling, making them an ideal alternative to traditional systems [17]. 
They are cost-effective to fabricate and provide flexibility in design, 
allowing to tailor the setup to specific experimental needs. These devices 
require fewer cells, increase efficiency and reduce materials consump
tion [22]. By offering precise control over the microenvironment, 
microfluidic systems can more closely replicate the actual in vivo brain 
anatomy and physiology, including critical factors such as shear stress 
[23]. The ability to measure relevant parameters such as BBB perme
ability in real time, enhances both the speed and accuracy of data 
collection, while improving paracellular barrier functions. Additionally, 
the transparent nature of the devices allows for easy cell inspection via 
microscopy. With the possibility of integrating co-culture models, these 
platforms offer a more realistic simulation of the cellular interactions 
that occur within the brain, further advancing the physiological rele
vance of BBB modeling [24,25]. Overall, microfluidic BBB models pro
vide a promising alternative to traditional in vitro cell cultures and 
animal experimentation, offering the potential for more accurate and 
realistic BBB modeling.

In the context of GBM, the cerebral vasculature undergoes sig
nificant remodeling, giving rise to what is commonly referred to as 
the blood-brain tumor barrier (BBTB). Although the BBTB exhibits 
increased permeability due to neovascularization and inflamma
tion, it retains regions with intact BBB characteristics and displays 
heterogeneity across the tumor microenvironment (TME). [26] 
Overexpression of vascular endothelial growth factor (VEGF) in 
GBM downregulates tight junction proteins such as claudin-5 and 
occludin, resulting in endothelial hyperpermeability and struc
tural disruption of the barrier. [27] Despite being more permeable 
than the healthy BBB, the BBTB remains highly variable in both perfu
sion and permeability, leading to inconsistent drug accumulation and 
presenting a major obstacle to effective therapeutic delivery [28,29]. 
For this reason, in vitro models that preserve the structural and func
tional integrity of the healthy BBB are crucial for investigating early 
tumor-vascular interactions and drug transport mechanisms under 
controlled conditions. In this study, we developed a tri-compartmental 
BBB-on-chip platform composed of endothelial, astrocytic, and peri
cytic layers, to which a GBM compartment is connected. GBM spheroids 
were introduced only after the formation of a mature and stable BBB, 
closely mimicking the transition from a healthy to a tumor-altered 
barrier. This configuration enables the dynamic study of GBM-induced 

barrier disruption while preserving physiologically relevant baseline 
conditions. Using this model, we demonstrated that monocytes can 
efficiently traverse the BBB and deliver oHSV-1 to GBM spheroids, even 
in the presence of neutralizing antibodies, further highlighting the po
tential of this approach for overcoming key limitations in drug delivery 
to brain tumors.

2. Results and discussion

2.1. A microfluidic BBB-on-chip model allows growth of multiple cell 
types and BBB-like permeability

The BBB-on-chip was designed with a structure consisting of three 
distinct layers, to replicate the BBB microenvironment and incorporate a 
3D GBM tumor culture for advanced cancer modeling (Fig. 1). Each 
compartment serves a specific role in mimicking the physiological in
teractions between the blood and brain regions. The apical compart
ment, highlighted in yellow in Fig. 1A, represents the blood-facing side 
of the BBB. This layer enables the perfusion of culture medium and 
soluble species, simulating blood flow above the barrier. Continuous 
perfusion creates dynamic conditions critical for evaluating the trans
port and permeability of molecules across the BBB. The membrane layer, 
shown in black in Fig. 1A, has a support role and mimics the selective 
barrier properties of the BBB. The membranes used are made of trans
parent polyester (PETE) with a 3 μm pore diameter. The basolateral 
compartment, marked in red in Fig. 1A, represents the brain-facing side 
of the BBB. This compartment includes a tumor area composed of three 
microwells designed to accommodate 3D spheroids (red dashed box in 
Fig. 1B). The inclusion of the tumor compartment provides a physio
logically relevant microenvironment to study tumor-BBB interactions, 
drug penetration, and spheroid behavior under perfused conditions.

Stable co-culture within the BBB-on-chip follows an optimized 
sequential seeding protocol to ensure the proper attachment and 
viability of all cell lines. Astrocytes and pericytes are first seeded on the 
basolateral side of the porous PETE membrane and then incubated 
overnight to facilitate adhesion. The following day, human umbilical 
vein endothelial cells (HUVECs) are seeded on the apical side to com
plete the BBB structure. Live/Dead assay results, presented in Supple
mentary Figure S1, demonstrate successful attachment and high 
viability of all cell types on their respective side of the PETE membrane. 
These findings confirm that the seeding protocol and microenvironment 
within the BBB-on-chip are suitable for the growth and maintenance of 
the three-culture model.

Based on the results of numerical simulations, the cell culture me
dium perfusion flow rate through the blood side (Inlet/Outlet 2 in 
Fig. 1B) is set to 30 μL/min, corresponding to a shear stress at the bottom 
wall of ~7 dyne/cm2 (see Supplementary Figure S2 for additional de
tails). This value falls within the physiological shear stress range re
ported in the literature for blood vessels, which is between 3 and 25 
dyne/cm2 [30] and plays a critical role in maintaining BBB integrity and 
function. Physiological shear stress levels are also essential for regu
lating endothelial cell function, promoting barrier tightness, and facili
tating proper nutrient and waste exchange.

After seeding, the maturation of the barrier in the microdevices was 
monitored over the course of 7 days, performing daily Transendothelial 
Electrical Resistance (TEER) measurements using a voltohmmeter 
(Fig. 1C). TEER values progressively increase over time, peaking at 
approximately 340 Ωxcm2 on day 7, indicating the successful formation 
and maturation of the barrier, consistently with available literature data 
for comparable on-chip systems [31].

After 7 days of perfused culture, the identity of cells growing on both 
sides of the membrane was confirmed by immunofluorescence (IF). 
Specifically, we detected platelet and endothelial cell adhesion molecule 
1 (PECAM, or CD31) and zonula occludens-1 (ZO-1) in the endothelial 
layer of the membrane. Both proteins are involved in endothelial cell 
junctions and ZO-1 plays a prominent role in the formation of tight 
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junctions, fundamental for BBB function. On the brain side of the bar
rier, we detected glial fibrillary acidic protein (GFAP), a widely used 
marker for astrocytes (Fig. 1E). Astrocytes are critical in maintaining 
BBB integrity by regulating tight junction formation, providing meta
bolic support, and modulating the selective permeability of the barrier 
[32]. Combined with the observed TEER increase, these results confirm 
the successful recreation of a functional BBB-like barrier within the 
microdevices.

We also tested the ability of our BBB model to restrict molecular 

diffusion using FITC-conjugated dextrans in a permeability assay. Dex
trans of different molecular weights (40, 70, and 150 kDa) are perfused 
through the apical (blood channel) side of the device at a flow rate of 5 
μL/min. Fluorescence intensity is monitored in the tumor area across the 
three microwells using a fluorescence microscope with a 488 nm filter, 
and mean intensity values from specific regions of interest (ROI) are 
quantified with ImageJ software. To address the role of each cell type in 
determining the physiological compliance of the barrier after 7 days of 
perfused culture, we tested the permeability in: i. control devices 

Fig. 1. Microfluidic BBB-on-chip design and validation. A. Schematic representation of the BBB-on-chip, seeded with endothelial cells on the blood side and pericytes 
and astrocytes on the brain side, equipped with three microwells for 3D GBM spheroid culture (GBM spheroids area). B. Image of the assembled BBB-on-chip showing 
the upper channel (yellow) mimicking the vascular compartment and main perfusion conduit, and the lower channels (red) leading to the tumor compartment (scale 
bar = 2 cm). C. Transendothelial electrical resistance (TEER) measurements recorded daily across the membrane between the upper and lower channels and sup
porting the BBB. D. Permeability coefficients calculated from the diffusion of 40, 70, and 150 kDa FITC-dextrans through the assembled BBB-on-chip in the following 
conditions: i. No cells (control, membrane without cells), ii. Blood side (membrane + HUVECs endothelial monolayer), and iii. BBB complete (membrane with the 
three-culture of HUVECs on the blood side and pericytes and astrocytes on the brain side). E. IF staining of the BBB-on-chip model on day 7. On the blood side 
compartment, endothelial tight junction protein ZO-1 (green) and the endothelial marker CD31 (green) are expressed, confirming the formation of a continuous 
endothelial layer. On the brain side, astrocytes are identified by GFAP expression (magenta), indicating appropriate localization. DAPI (blue) highlights cell nuclei in 
both compartments. Scale bar = 50 μm. Values are expressed as median±SEM from at least 3 independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 vs 
control. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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without cells, ii. devices seeded with a HUVECs monolayer only, and iii. 
the complete BBB model incorporating HUVECs, astrocytes, and peri
cytes. Representative permeability values are shown in Fig. 1D and 
demonstrate a clear correlation between dextran molecular weight and 
diffusion resistance. Higher molecular weight dextrans (70, 150 kDa) 
accumulate more slowly in the microwells across all experimental con
ditions, reflecting increased difficulty in crossing the barrier. As ex
pected, control devices without cells show the highest permeability. 
Introducing a HUVEC monolayer significantly reduced permeability, 
further decreasing with the addition of astrocytes and pericytes. These 
findings demonstrate that the inclusion of astrocytes and pericytes 
significantly improves barrier selectivity, recapitulating the tight junc
tions organization and restrictive transport properties of the in vivo BBB. 
The progressive decrease in permeability correlates with the expected 
physiological role of these cell types in regulating molecular transport 
and maintaining BBB integrity.

2.2. THP-1 cells transmit oHSV-1-mCherry to U87-derived spheroids, 
with infection leading to decreased viability in cancer cells

The growth and morphological characteristics of spheroids derived 
from human GBM U87 cells (U87-MG, ATCC) are monitored over the 
course of 7 days. Brightfield images are captured with optimal contrast 
and analyzed using AnaSP software to quantify parameters such as 
equivalent diameter, solidity, compactness and sphericity index (SI). 
The equivalent diameter of the spheroids increases from approximately 
200 μm on day 2–700 μm on day 7, with some growing up to 800 μm 
(Fig. 2A). Solidity also increases over time, correlating with shape reg
ularity, while compactness decreases due to growth-related effects. The 

maintenance of a spherical shape is confirmed by a stable SI ~1 
throughout the observation period. Fig. 2B reports representative im
ages for Phalloidin/DAPI staining and Live/Dead assay at day 7. To 
capture the 3D structure of the spheroid, sequential images focus on the 
outer (shell) and inner (core) sections. Phalloidin/DAPI staining shows 
well-structured actin filaments and organized nuclei, reflecting proper 
cellular architecture and spatial arrangement within the spheroids. The 
Live/Dead assay demonstrates consistent high cell viability.

To explore the potential use of monocytes as carrier cells for the 
systemic delivery of an HSV-1 based OV, we assess the ability of human 
monocytic THP-1 cells to transmit a neuroattenuated oHSV-1 expressing 
a red fluorescent reporter (oHSV-1-mCherry) to GBM spheroids in 
standard multiwell culture settings. U87-derived spheroids are co- 
cultured with i. uninfected THP-1 cells labeled with CellTracker™ 
Green (Invitrogen™, Thermo Fisher Scientific), ii. labeled THP-1 infec
ted with oHSV-1-mCherry at the multiplicity of infection (MOI) of 3 
plaque forming units (PFU)/cell, and iii. free oHSV-1-mCherry. Moni
toring the spheroids over several days using confocal microscopy en
ables evaluation of the spreading of the viral infection via mCherry 
fluorescence visualization. Images in Fig. 2C are representative of GBM 
spheroids on day 7 post treatment with THP-1 monocytes labeled in 
green and infected with oHSV-1-mCherry. The fluorescence images 
illustrate the widespread distribution of oHSV-1-mCherry infected cells 
(red) and of the carrier THP-1 cells (green) within the GBM spheroids. 
The same tumor spheroids are tested with a viability MTT assay. On day 
7 post-infection (Fig. 2D), the viability of spheroids is significantly 
reduced both after infection with the free virus and after incubation with 
oHSV-1-mCherry infected THP-1 cells, indicating an active replication 
of the virus in cancer cells, independently from the route of 

Fig. 2. THP-1 cells deliver oHSV-1 to U87-MG spheroids and the infection decreases tumor cells viability. A. Spheroid characterization showing time course 
AnaSP measurements of: Equivalent diameter (De), Sphericity Index (SI), Solidity, and Compactness. B. Representative phalloidin + DAPI staining (left) and Live/ 
Dead assay (right) on day 7. F-actin filaments are marked red and cell nuclei blue, showing a correct distribution throughout the 3D structure. Cell viability is 
consistently high in both the shell and core of the spheroids, with cell nuclei marked in blue with Hoechst and cytoplasm of living cells marked in green with Calcein- 
AM. Scale bars 400 μm. C. U87-MG spheroids treated with THP-1 cells infected at MOI of 3 PFU/cell and labeled with CellTracker™ Green (500 cells/well). On day 7, 
the red signal of the encoded mCherry protein proves that viral infection propagated throughout the entire spheroid. In the zoomed view, arrows highlight yellow 
cells, representing infected monocytes in which viral replication is occurring. D. MTT assay at day 7. Values are expressed as median ± SEM from at least 3 in
dependent experiments. ****p < 0.0001 vs control. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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administration. Of note, the viability of the sample containing GBM cells 
co-cultured with naïve THP-1 cells (labeled “THP-1” in the graph) ap
pears higher than the control, as the latter does not include THP-1 cells. 
Given their malignant origin, THP-1 cells are proliferative and meta
bolically active, thus contributing to the overall increase in measured 
viability. Overall, these findings support the feasibility of using mono
cytes as carrier cells for the delivery of oHSV-1 to GBM cells.

2.3. Perfused THP-1 cells loaded with oHSV-1-mCherry cross the BBB 
and transmit the viral infection to U87-derived tumor spheroids

The BBB-on-chip devices containing U87 GBM spheroids (one per 
microwell, for a total of three spheroids per device) are connected to the 
perfusion system on the blood side to deliver: i. THP-1 cells labeled with 

CellTracker™ Green and infected with oHSV-1-mCherry, ii. Uninfected, 
labeled THP-1 cells, or iii. free oHSV-1-mCherry. Negative controls are 
performed perfusing culture media only. Each device is maintained in 
perfused conditions and analyzed over several days using fluorescence 
microscopy to evaluate monocyte migration across the BBB and the 
transmission and spreading of the viral infection to the tumor spheroids.

First, green-labeled THP-1 monocytes can be detected in the apical 
compartment (blood side), and as early as after 24 h successfully cross 
the BBB and are found in the microchannel and in the microwells con
taining the U87 GBM spheroids (Fig. 3A). Analyzing the tumor 
compartment with the GBM spheroids (Fig. 3B), fluorescent signals are 
detected after 24 h, representative of THP-1 cells (green) and virally 
infected cells (red), further confirming successful crossing of the BBB 
and targeted migration towards the tumor spheroids. At the later time 

Fig. 3. THP-1 cells cross the BBB-on-chip and deliver oHSV-1 to GBM tumor spheroids. A. The BBB-on-chip model is perfused with naïve THP-1 cells marked with 
CellTracker™ Green (5 x 105 cells/chip). After 24 h, THP-1 cells crossing the BBB reach the GBM spheroids in the microwells of the tumor compartment. B. U87 GBM 
spheroids within the BBB-on-chip perfused with THP-1 cells labeled with CellTracker™ Green and infected with oHSV-1-mCherry (MOI = 3 PFU/cell, 5 x 105 cells/ 
chip), after 24, 48, and 72 h. C. U87 GBM spheroids within the BBB-on-chip after perfusion with free oHSV-1-mCherry (1.5 x 106 PFU/chip) after 24, 48, and 72 h. 
Scale bar: 200 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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points of 48 and 72 h, THP-1 cells infected with oHSV-1-mCherry 
penetrate the tumor spheroids, further transmitting the virus to cancer 
cells. Free oHSV-1-mCherry viral particles similarly reach the micro
wells and infect the spheroids, as reported in Fig. 3C. After 72 h, unin
fected THP-1 cells continue to proliferate, as reflected by the higher 
number of green cells observed in the control panels of Fig. 3B. In 
contrast, this number is notably reduced in the case of infected THP-1 
cells, likely because of the cytopathic effects of viral replication, 
impacting carrier cells viability. Overall, our data show that infected 
THP-1 cells successfully transmigrate across the BBB and deliver the 
virus to tumor spheroids, providing a targeted delivery route.

2.4. Human primary monocytes transmit oHSV-1-mCherry infection to 
GBM spheroids and cross the BBB in the microfluidic model

Building on the successful transmission of oHSV-1-mCherry infection 
by THP-1 cells to U87 GBM spheroids, we further challenged our model 
using human primary monocytes from healthy donors, as a more phys
iologically relevant source for carrier cells. Human primary monocytes 
isolated from healthy donors are labeled with CellTracker™ Green and 
loaded with oHSV-1-mCherry, at the same MOI used for the infection of 

THP-1 cells (MOI = 3 PFU/cell). First, to assess whether primary 
monocytes can effectively deliver their viral payload to tumor cells, we 
co-cultured oHSV-1-mCherry–loaded monocytes with U87 GBM spher
oids in standard microwell conditions. Within 24 h (Supplementary 
Figure S3A), the monocytes successfully migrate toward and infiltrate 
the spheroids, accumulating both at the tumor periphery and in the core. 
By 48 h, active viral replication becomes evident, and by day 7, red 
fluorescence from oHSV-1-mCherry is distributed throughout the 3D 
tumor spheroid. At this stage, spheroids treated with oHSV-1-loaded 
primary monocytes display a pronounced reduction in viability 
compared to untreated controls (Supplementary Figure S3B).

These findings demonstrate that a 3 PFU/cell MOI is suitable for 
loading primary human monocytes with oHSV-1-mCherry and that these 
cells, like THP-1 cells, can effectively deliver their payload to GBM 
spheroids, exerting potent oncolytic activity. The ability of oHSV-1- 
loaded primary monocytes to cross the BBB and transmit viral infec
tion to U87 GBM spheroids was further assessed using the BBB-on-chip 
model. Fig. 4A shows the effects on the BBB of oHSV-1, both free and 
carried by human primary monocytes, perfused for 48 h from the blood 
side of the device. In the negative control (top row), red fluorescence is 
absent, and BBB architecture remains intact. When oHSV-1 is delivered 

Fig. 4. oHSV-1-loaded human primary monocytes cross the BBB-on-chip and deliver their viral cargo to GBM tumor spheroids. A. Representative images of the BBB 
after 48 h of perfusion with: i. cell culture medium (negative control), ii. human primary monocytes infected with oHSV-1-mCherry, and iii. free virus. While free 
virus results in strong red fluorescence throughout the barrier region, indicating widespread infection, monocyte-delivered virus shows limited red signal, consistent 
with preserved BBB integrity. Scale bar: 200 μm. B. After 24 h of perfusion, oHSV-1-mCherry-loaded human monocytes cross the BBB and localize within the tumor 
microwells. At 48 h and day 5, increasing red fluorescence within U87 GBM spheroids indicates progressive viral replication and tumor cell infection. C. Monocyte 
transmigration across the BBB is enhanced in the presence of U87 GBM spheroids. Devices with tumor spheroids exhibit greater numbers of green-labeled monocytes 
in the microchannel and tumor compartment compared to devices lacking tumor spheroids, suggesting chemotactic recruitment from the TME. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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via primary monocytes (middle row), only low levels of red fluorescence 
are detected, indicating minimal interaction with BBB-associated cells 
and preservation of barrier integrity. In contrast, perfusion with free 
oHSV-1 (bottom row) results in intense red fluorescence throughout the 
BBB region, consistent with widespread infection and potential barrier 
disruption. These data suggest that monocyte-mediated delivery signif
icantly limits direct viral exposure to the BBB, although a minimal 
leakage or interaction cannot be completely excluded.

Migration of human primary monocytes through the BBB was 
evident as early as 24 h post-perfusion, with green-labeled cells detected 
in the bottom layer of the BBB, in the connecting channels, and in the 
microwells containing U87 GBM spheroids (Fig. 4B). The presence of 
tumor spheroids enhanced monocyte recruiting, indicating a chemo
tactic interplay between GBM cells, monocytes, and the BBB, possibly 
contributing to localized permeability increases and immune cell hom
ing to the tumor site. By 48 h (Fig. 4A), monocytes were found adjacent 
to or infiltrating GBM spheroids, and red fluorescence from oHSV-1- 
mCherry replication became apparent. By day 5, red fluorescence 
spread throughout the tumor spheroids (Fig. 4B), confirming successful 
delivery and transmission of viral infection by monocytes. Notably, 
spheroids displayed compromised morphology and lost their typical 
round, compact structure, with detaching infected cells visible, likely 
because of viral cytopathic effects. These findings support the capacity 
of monocyte-mediated oHSV-1 delivery to reach and kill GBM cells 
within the BBB-on-chip model.

2.5. Human primary monocytes cross the BBB and protect oHSV-1- 
mCherry from antibody-mediated neutralization, enabling viral 
transmission to GBM tumor spheroids

Systemic delivery of free OVs is frequently limited by neutralization 
from pre-existing host immunity, particularly in the case of agents 
derived from viruses with high human seroprevalence, such as HSV-1 
[33]. Carrier cells can protect OVs from immune surveillance and 
thereby enhance their therapeutic potential. To evaluate if autologous 
monocytes can shield oHSV-1 from antibody-mediated neutralization, 
we used a human hyperimmune IgG preparation that mimics the natural 
immune milieu by targeting a broad spectrum of human pathogens, 
including HSV-1. Two conditions were tested: a 1:4 dilution of hyper
immune IgG, which fully neutralized oHSV-1-mCherry in U87 GBM 
cells, and a 1:8 dilution, which only partially restricted viral spread 
without completely blocking replication (Supplementary Figure S4).

Fig. 5 summarizes the key findings obtained from GBM spheroids 
under both static and BBB-on-chip culture conditions. In static micro
well cultures, control spheroids treated with free oHSV-1-mCherry in the 
absence of antibodies showed progressive infection, with red fluores
cence spreading throughout the spheroid by day 7. However, in the 
presence of hyperimmune IgGs (1:8 dilution), viral dissemination was 
markedly suppressed: no red signal was detected until day 4, and only 
sparse fluorescence appeared by day 7 (Fig. 5A). In contrast, spheroids 
treated with primary human monocytes pre-loaded with oHSV-1- 
mCherry (labeled with CellTracker™ Green), exhibited evident viral 

Fig. 5. Human monocytes efficiently shield their oHSV-1 cargo from neutralizing human hyperimmune gamma globulins. A. Time course of GBM spheroids infected 
with free oHSV-1 mCherry (1.5x 103 PFU/well) in static microwells with and without human hyperimmune IgGs (1:8 dilution). Scale bars 400 and 100 μm. B. Tumor 
spheroids treated with primary human monocytes infected with oHSV-1-mCherry (MOI = 3 PFU/cell, 5x 103 cells/well) in static microwells with and without human 
hyperimmune IgGs (1:8 dilution). C. Primary human monocytes infected with oHSV-1 mCherry (MOI = 3 PFU/cell, 3x105 cells/chip) are perfused in the BBB-on-chip 
models in the presence of human hyperimmune IgGs (1:8 dilution) and monitored for 5 days confirming successful transmission of the infection. D. In a similar 
experimental setup, free virus (9x105 PFU/chip) is perfused in the BBB-on-chip in the presence of human hyperimmune IgGs (1:8 dilution) and monitored for 5 days 
confirming viral neutralization.

S. Micheli et al.                                                                                                                                                                                                                                  Materials Today Bio 35 (2025) 102458 

7 



replication by day 4, regardless of antibody presence. Infection 
continued to expand through day 7 in both control and IgG-treated 
samples (Fig. 5B). These results indicate that monocytes carriers can 
effectively protect oHSV-1-mCherry from antibody-mediated inactiva
tion in static conditions.

We then evaluated this mechanism in the BBB-on-chip model, in 
which GBM spheroids reside in microwells of the tumor compartment. 
Hyperimmune IgGs (1:8 dilution) were perfused alongside either free 
virus or oHSV-1-loaded primary human monocytes. After 48 h of 
perfusion, green-labeled monocytes were detected in the apical (brain- 
facing) compartment of the device, confirming successful trans
migration across the BBB (Fig. 5C). Red fluorescence was also observed 
at this time point, indicating effective viral transmission to tumor cells. 
In contrast, chips perfused with free oHSV-1-mCherry showed no sig
nificant red signal, confirming that the virus had been neutralized by 
circulating IgGs (Fig. 5D).

3. Conclusion

Previous studies, including our own, have shown that monocytes are 
susceptible but not fully permissive to HSV-1 replication [16,34]. 
Nevertheless, we demonstrated in transwell-based systems that 
oHSV-1-infected monocytes retain their ability to migrate toward tumor 
cells, where viral replication is reactivated and leads to effective 
oncolysis. Similar results were observed in vivo using the chorioallantoic 
membrane (CAM) model [16]. In this study, we extended these findings 
by developing and applying a dynamic, physiologically relevant 
BBB-on-chip platform to investigate the interactions among monocytes, 
oncolytic viruses (OVs), and the blood–brain barrier (BBB). While 
several advanced BBB-on-chip systems have been reported [35,36], our 
model offers a unique balance of simplicity, functionality, and adapt
ability. Its streamlined design accelerates barrier maturation, while its 
modular structure easily integrates 3D tumor spheroids. Furthermore, 
the use of pump-driven perfusion enables controlled and physiologically 
relevant shear stress, enhancing the biological fidelity of the model. 
These features address key limitations of existing platforms and make 
our chip a versatile and practical tool for studying BBB-tumor in
teractions, therapeutic delivery, and barrier integrity under dynamic 
conditions.

Monocytes are naturally capable of crossing the BBB via both the 
transcellular [37] and paracellular [38] routes, guided by chemotactic 
signals. Although some migration occurs under physiological condi
tions, it is enhanced in pathological settings such as infection, inflam
mation, and brain tumors [39]. Several viruses, including HIV [40], Zika 
virus [41], and enterovirus A71 [42], have been shown to exploit 
infected monocytes as “Trojan horse” carriers to enter the central ner
vous system.

Our BBB-on-chip model confirms that primary human monocytes can 
traverse the BBB and deliver oHSV-1 to GBM spheroid. Within this 
microphysiological environment, viral replication was reactivated, 
resulting in effective infection and oncolysis. By demonstrating both the 
therapeutic potential of monocyte-based OVs delivery and the utility of 
a simplified yet biologically relevant BBB-on-chip platform, this work 
lays the groundwork for future studies aimed at refining cell-based viral 
therapies for GBM and other CNS malignancies. Our key findings are 
summarized below. 

● Directed monocyte migration: monocytes preferentially migrate 
across the BBB in the presence of GBM spheroids, consistent with 
evidence that monocytes and tumor-associated macrophages (TAMs) 
are actively recruited to the TME through chemotactic cues (e.g., 
CD62L, CCL2, CXCL1, VEGF-A) and their receptors (e.g. CD62R, 
CCR2, CX3CR1, and VEGFR1) [43]. Our results confirm and expand 
upon a recent study showing that THP-1 monocytes migrate across 
an endothelial barrier only in the presence of GBM spheroids [44]. 
Although the brain contains its own resident phagocytes (microglia), 

it has been demonstrated that a substantial proportion of TAMs in 
GBM arise from circulating monocytes [45]. It is therefore possible 
that the infiltration of oHSV-1-loaded monocytes into GBM spheroids 
observed in our experiments correlates with their differentiation into 
TAM-like cells, a hypothesis that warrants further investigation.

● Tumor-triggered viral replication: infected monocytes do not 
release the virus while in circulation, as demonstrated by the reduced 
infection of BBB-resident cells compared to free oHSV-1. Upon 
reaching GBM spheroids, however, viral replication is reactivated, 
leading to tumor cell infection and death These findings support the 
feasibility of using monocytes as safe and efficient viral carriers. 
Notably, monocyte differentiation triggered by tumor contact may 
enhance HSV-1 permissiveness, as suggested by previous reports [34,
46]. Our model provides a suitable platform to further explore this 
hypothesis and to investigate the molecular mechanisms behind the 
recruitment and activation of oHSV-1 infected monocytes.

● Immune shielding: oHSV-1 carried by monocytes is effectively 
protected from neutralizing antibodies. Even in the presence of hy
perimmune IgGs, viral delivery to and infection of GBM spheroids 
remain robust, unlike free virus, which is rapidly neutralized.

● Localized infection control: monocyte-mediated delivery restricts 
viral infection to the tumor site, minimizing off-target infection of 
other cell populations, including BBB-resident cells.

Several strategies have been proposed to achieve systemic delivery of 
OVs using non-cellular nanocarriers. For example, biocompatible mag
netic nanoparticles derived from magnetotactic bacteria have been 
explored for oHSV-1 delivery, showing promising results but with 
important limitations, such as the need to eliminate toxic bacterial 
components and the variability of nanoparticle uptake across cell lines 
[47]. Various formulations for nucleic acid delivery as gene therapies 
have also been developed [48], however, in GBM these approaches still 
require intracranial or intrathecal administration, highlighting the 
challenge posed by the BBB [49].

Oncolytic virotherapy differs fundamentally from other therapeutic 
modalities, as the “drug” (the OV) can actively replicate and propagate 
within infected cells. In this context, using monocytes as cellular carriers 
offers significant advantages over non-living vehicles, as they can 
actively migrate toward tumor sites, including small or undetectable 
micrometastases [50]. While artificial targeting using magnetic guid
ance, as in Howard et al., [47] is feasible, it requires site-specific stim
ulation and ultimately behaves similarly to localized intratumoral 
injection. By contrast, autologous monocytes can be readily obtained 
from peripheral blood and infected ex vivo without extensive manipu
lation. In the future, an off-the-shelf approach could be envisioned using 
immune-evasive induced pluripotent stem cells (iPSCs) differentiated 
into monocytes [51,52].

Overall, our results support the use of autologous monocytes as a 
“Trojan horse” strategy for the systemic delivery of OVs to GBM. This 
approach offers a minimally invasive, immune-evasive, and targeted 
therapeutic alternative to intracranial injection, with significant impli
cations for patient compliance and clinical translation. Future studies 
will focus on further optimizing this strategy and assessing its safety and 
therapeutic efficacy in preclinical and clinical settings.

4. Experimental section

BBB-on-chip design and fabrication: The geometry of the BBB-on-chip 
was designed using AutoCAD® software, and the master mold was 
fabricated on a silicon wafer using standard photolithography [33]. The 
microfluidic device was replica molded in polydimethylsiloxane (PDMS; 
Sylgard 184; Dow Corning, Midland, MI, USA) using soft lithography 
techniques [53]. Briefly, PDMS pre-polymer (10:1 elastomer base to 
curing agent, wt/wt) was degassed and poured over the SU-8 (Micro
chem, Newton, MA, USA) patterned wafer to imprint the apical and 
basolateral geometries. After curing at 80 ◦C, for 1 h, the inlets and 
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outlets were created using a 1 mm diameter biopsy punch. A transparent 
polyester membrane (PETE, 3 μm pore size, 12 μm thickness, Sterlitech 
Corp, Kent, WA, USA) was sandwiched and bonded between the apical 
and the basolateral PDMS layers using a plasma cleaner (Harrick 
Plasma, Ithaca, NY, USA). The assembled BBB-on-chip devices were 
bound to glass coverslips via further plasma treatment and sterilized 
with 70 % ethanol followed by UV exposure for 60 min.

BBB-on-chip cells seeding and culturing: Human umbilical vein endo
thelial cells (HUVECs), brain vascular pericytes (hBVPs), and immor
talized astrocytes (hAs) were obtained from Innoprot (Derio, Spain). 
HUVECs were expanded in fibronectin-coated (FN, Innoprot, 1 mg/ml) 
75 cm2 flasks using Endothelial Basal Medium (P60104, Innoprot) 
supplemented with 5 % fetal bovine serum (FBS, Innoprot), 1 % 
penicillin-streptomycin (P/S, Innoprot), and 1 % endothelial cell growth 
supplement (ECGS, Innoprot). hBVPs and hAs were cultured in poly-L- 
lysine-coated (PLL, Innoprot, 1 mg/ml) 25 cm2 flasks using Pericyte 
and Astrocyte Basal Medium, respectively, supplemented with 2 % FBS, 
1 % growth supplement, and 1 % P/S solution. For BBB-on-chip seeding, 
the PETE membrane was coated for 24 h with FN (blood side) and PLL 
(brain side), followed by three Phosphate Buffer Saline (PBS, Sial s.r.l., 
Rome, Italy) washes. hAs and hBVPs were seeded on the brain side at 
densities of 5x105 and 1x105 cells, respectively. After 6 h of inverted 
incubation to favor cell adhesion to the PETE membrane, devices were 
placed upright and incubated for 24 h with medium changes every 8 h 
(medium 1:1 mix of hAs and hBVP media). HUVECs were seeded at 
6x106 cells/mL in the vascular channel (blood side) and incubated for 4 
h. Devices were then perfused at 30 μL/min using tubing connected to 
inlet/outlet ports. The perfusion medium was composed of 75 % HUVEC 
medium and 25 % (1:1) hAs/hBVP media (please see Supplementary 
Figure S5 for optimization details). Devices were cultured for 7 days to 
ensure the correct formation and maturation of the BBB before 
experimentation.

TEER measurements: TEER values were monitored over 7 days using a 
Millicell-ERS2 volt-ohm meter (Millipore, Merck, Rahaway, NJ, USA) 
with STX01 electrodes. TEER values correlate with BBB formation and 
maturation. Measurements were recorded by placing electrodes at the 
blood and brain sides of the PETE membrane. Devices without served as 
blanks. TEER was calculated using the following formula (1). 

TEER=(R − Rblank)*A (1) 

where A is the membrane area, R is the measured resistance in the 
seeded BBB-on-chip device, and Rblank is the resistance in the blank 
device.

Characterization of BBB permeability: Permeability was assessed using 
40, 70, and 150 kDa Fluorescein isothiocyanate isomer-dextrans (FITC- 
dextran, 0.5 mg/mL). Three experimental groups were used: no cells, 
endothelial-only, and complete BBB (triculture). On day 7, the devices 
were perfused with FITC-dextran through the blood channel at 5 μL/min 
and imaged at three regions of interest (ROIs) on the brain side in cor
respondence of the three microwells. Permeability is determined using a 
standard reference method, and the Apparent permeability (Papp) and 
BBB-specific permeability (PBBB) were calculated using equations (2) 
and (3) [54]. 

Papp =
C(t)V

C0AΔT
(2) 

1
PBBB

=
1

Papp
−

1
P0

(3) 

where C(t) is dextran concentration in the brain side, V is volume, C0 is 
blood-side concentration, A is surface area, ΔT is the assay time, and P0 
is the permeability of the blank device.

Shear stress calculation and modeling: Computational Fluid Dynamics 
(CFD) simulations were conducted using COMSOL Multiphysics 6.1 to 
model shear stress in the blood-side channel. The simulation used a 

laminar flow model, incorporating geometry, meshing, and inflow 
boundary condition sweeps to achieve the desired shear stress level. The 
working fluid was modeled as incompressible Newtonian mimicking 
culture media [55,56]. Calculated Reynolds numbers remained below 
2000, confirming laminar flow conditions.

Immunofluorescence staining (IF): Cells within the BBB-on-chip were 
analyzed via IF for zonula occludens protein-1 (ZO-1), CD31, glial 
fibrillary acidic protein (GFAP) on day 7 of culture. For staining, cells 
were fixed on-chip using 4 % paraformaldehyde (PFA, Sigma-Aldrich, 
Merck) in PBS, followed by permeabilization with 0.1 % Triton X-100 
(Sigma-Aldrich, Merck). Samples were then blocked at room tempera
ture for 1 h using PBS containing 5 % bovine serum albumin (BSA, 
Sigma-Aldrich, Merck) and 0.1 % Triton X-100. Subsequently, chips 
were incubated overnight at 4 ◦C with primary antibodies diluted in PBS 
containing 5 % BSA and 0.1 % Triton X-100: mouse anti-CD31 (1:200, 
Proteintech Group, Inc, Rosemont, IL, USA, 66065-2-Ig), mouse anti-ZO- 
1 (1:50, Proteintech, 66452-1-Ig), and rabbit anti-GFAP (1:200, Pro
teintech, 60190-1-Ig). After washing, samples were incubated for 1 h at 
room temperature with Coralite488-conjugated goat anti-mouse (1:800, 
Proteintech, SA00013-1) and Coralite647-conjugated goat anti-rabbit 
(1:800, Proteintech, SA00014-9) secondary antibodies in PBS with 5 
% BSA and 0.1 % Triton-X100. Following additional washes, nuclei were 
counterstained with DAPI (0.1 μg/Ml, Sigma-Aldrich, MBD0020) in PBS 
for 10 min. Finally, samples were mounted using 80 % glycerol (Sigma- 
Aldrich, Merck) in Milli-Q water. Imaging is performed using a confocal 
microscope (LSM 700, Zeiss, Milan, Italy).

Spheroid formation and characterization: U87 glioblastoma cells (U-87 
MG, ATCC HTB-14™) were maintained as monolayers in DMEM high 
glucose (Sial s.r.l.) supplemented with 10 % FBS (Thermo Fisher Sci
entific, Waltham, MA, USA), 1 % MEM non-essential amino acids 
(NEAA, Thermo Fisher Scientific) and 1 % P/S (Sial s.r.l.), under stan
dard cell conditions (37 ◦C, 5 % CO2, humidified atmosphere). Media 
were refreshed every 2–3 days. Spheroids were generated from trypsi
nized monolayer cells, as previously described [57]. Briefly, 200 μL of 
cell suspension containing 2 × 103 cells were seeded into each well of an 
Ultra-Low Attachment (ULA) 96-well round bottom plate (Corning®, 
Thermo Fisher Scientific) and centrifuged at 130 g for 10 min to promote 
aggregation. Spheroids were cultured for 7 days, with medium replen
ishment on day 4. Spheroid morphology and growth were monitored via 
brightfield imaging (Evos Imaging System, Thermo Fisher). Morpho
metric parameters, including size, solidity, and sphericity index (SI), 
were analyzed using AnaSP, an open-source software [58]. On day 7, 
viability was assessed using a Live/Dead assay with Calcein-AM (1 
μg/mL, Sigma-Aldrich, 17783), Hoechst 33342 (2 μg/mL, 
Sigma-Aldrich, 14533) and Propidium Iodide (50 μg/mL, 
Sigma-Aldrich, P4864) in PBS. After replacing the culture medium with 
100 μl of staining solution, spheroids were incubated for 30 min at room 
temperature in the dark and then imaged using a fluorescence micro
scope (Axio Imager M1, Zeiss). For cytoskeletal labeling, spheroids were 
fixed on day 7 with 4 % PFA, permeabilized using 0.1 % Triton X-100, 
and incubated with CoraLite594-conjugated Coralite®594-Phalloidin 
(1:400, Proteintech, PF00003) in PBS for 1 h at room temperature. 
Samples were washed, stained with DAPI (1:100) in PBS for 20 min, 
washed again, and finally imaged using a Zeiss LSM 700 confocal 
microscope.

oHSV-1-mCherry production: oHSV-1-mCherry (Δγ34.5/ΔUs12/ 
miRNA124/mCherry-oHSV-1) is an engineered oncolytic herpes sim
plex virus type 1 (oHSV-1) with a genomic backbone similar to the 
clinically approved T-VEC (talimogene laherparepvec). This construct 
contains deletions of the γ34.5 and Us12 genes, which contribute to viral 
neuroattenuation, but lacks the two copies of the human GM-CSF gene 
present in T-VEC. Additionally, it bears an mCherry expression cassette 
inserted into the UL55-UL56 intergenic region. Further neuro
attenuation is achieved by incorporating miR-124 target sequences 
downstream of the essential gene UL29, to further impair viral replica
tion in mature neurons where miR-124 is expressed. This virus was 
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obtained via bacterial artificial chromosome (BAC) mutagenesis, 
following previously described protocols [59]. The starting material is a 
BAC containing the full-length genome of HSV-1 strain 17+, modified to 
include γ34.5 deletions and an eukaryotic cassette encoding for firefly 
luciferase within the UL55-UL56 intergenic region. This BAC was kindly 
provided by Beate Sodeik (Hannover Medical School, Germany). To 
reconstitute infectious virus, the modified BAC was transfected into 
293T cells using Lipofectamine 2000™ (Invitrogen™, Thermo Fisher 
Scientific). Viral stocks were then amplified in green monkey kidney 
Vero cells and quantified via plaque titration assay on Vero cells, as 
previously reported [60].

Static infection of U87-MG spheroids with oHSV-1-mCherry transported 
by THP-1 cells: After 7 days of maturation, U87-MG spheroids were 
inoculated with the oncolytic herpes simplex virus type 1 (oHSV-1)- 
mCherry at a multiplicity of infection (MOI) of 3 plaque forming units 
(PFU)/cell. THP-1 cells (ATCC TIB-202™) were cultured in Roswell Park 
Memorial Institute (RPMI, Gibco) medium supplemented with 10 % FBS 
(Thermo Fisher Scientific) and 1 % P/S, under standard cell culture 
conditions. Prior to infection, THP-1 cells were labeled with Cell
Tracker™ Green (C2925, Invitrogen™, Thermo Fisher Scientific) by 
incubation in serum-free RPMI containing the dye (0.5 μL/mL) for 20 
min at 37 ◦C. Following labeling, cells were centrifuged (at 300 g, 5 
min), washed twice with PBS, and resuspended in serum-free RPMI. 
Cells were then infected with oHSV-1-mCherry by incubation for 60 min 
at 37 ◦C. Post-infection, cells were pelleted, washed three times with PBS 
to remove extracellular virions and resuspended in DMEM supple
mented with 10 % FBS. Approximately 500 infected THP-1 cells were 
added to each spheroid-containing well. Viral spread was monitored 
over time using confocal microscopy by tracking mCherry fluorescence. 
In parallel, the metabolic activity of the spheroids was assessed via an 
MTT assay (Sigma-Aldrich, Merck), serving as a proxy for cell viability 
and proliferation. Briefly, at selected time points, individual spheroids 
were transferred to flat bottom 96-well plates containing 100 μL/well of 
fresh medium and 50 μL/well of MTT solution (5 mg/mL PBS). After a 4- 
h incubation at 37 ◦C in the dark, the resulting formazan crystals were 
solubilized with 50 μL/well of DMSO. Absorbance was measured at 560 
nm using a Spark® Multimode Microplate Reader (Tecan Group Ltd., 
Männedorf, Switzerland), and viability was relative to untreated control 
spheroids.

Perfusion of THP-1 cells infected with oHSV-1-mCherry in the BBB-on- 
chip: Upon full maturation of the BBB structure within the microfluidic 
devices, at day 7 U87-MG spheroids were transferred from ULA plates 
into the microwells of the BBB-on-chip (one spheroid per microwell, 
three per device). THP-1 cells were labeled with CellTracker™ Green 
and infected with oHSV-1-mCherry at a MOI of 3 PFU/cell, as previously 
described. After infection, cells were centrifuged (1000 g, 5 min), 
washed three times with PBS, and resuspended in 2 mL of DMEM sup
plemented with 10 % FBS, yielding a final concentration of 2.5x105 cells 
per mL. Infected THP-1 cells were perfused into the blood-side inlet of 
the microfluidic device using 5 mL Luer lock syringes (BD PlastiPak™, 
Sial s.r.l.) at a flow rate of 5 μL/min. Control conditions include perfu
sion of: i. non-infected THP-1 cells (~5x105 per device) labeled only 
with CellTracker™ Green, and ii. free oHSV-1-mCherry, added directly 
to the perfusion medium in equivalent viral doses to those used for THP- 
1 infection.

Primary human monocytes isolation: Primary human monocytes were 
isolated from buffy coats derived from the peripheral blood of healthy 
donors, provided by the Transfusion Center of the University Hospital of 
Padua. No prior approval from an ethical committee is required, as 
samples are obtained as byproducts of routine blood draws without any 
additional intervention or burden to the donor and all samples are fully 
anonymized and handled in compliance with relevant data protection 
and bioethics regulations. All donors were screened to exclude HIV, 
HBV, HCV, and Treponema pallidum infections. Peripheral Blood 
Mononuclear Cells (PBMCs) were first separated by density gradient 
centrifugation using Ficoll-Paque® Plus (GE17-1440-03, Sigma-Aldrich, 

Merck), following the manufacturer’s protocol. Briefly, the buffy coat 
was gently mixed by inversion (6–8 times), then diluted 1:1 with serum- 
free RPMI. A layer of Ficoll was carefully added to the bottom of a Falcon 
tube, and the diluted blood was layered on top without disturbing the 
gradient. The tubes were then centrifuged at 1000 g for 20 min. The 
resulting PBMC layer was carefully collected and transferred to a fresh 
tube [61]. Next, cells underwent three washes with PBS, each followed 
by centrifugation at 1000g for 8 min. A final wash at 800 g for 10 min 
removed residual platelets. Monocytes were then positively selected 
using the EasySep™ Human CD14 Positive Selection Kit II (Stemcell™ 
Technologies, Vancouver, Canada), according to the manufacturer’s 
instructions.

Flow cytometry analysis for human primary monocytes: Following 
isolation, human primary monocytes were counted using a hemocy
tometer or an automated cell counter. To assess purity, 1x106 cells were 
resuspended in PBS and incubated with a fluorophore-conjugated anti- 
CD14 antibody (CD14V450, Becton Dickinson, Milan, Italy) for 30 min 
at 4 ◦C in the dark. After incubation, cells were washed and resuspended 
in PBS. Samples were analyzed using a flow cytometer (FACS Canto II, 
Becton Dickinson) with gating applied to viable single cells. Monocyte 
purity was determined based on the percentage of CD14+ cells, with a 
threshold of ≥ 80 % indicating successful isolation.

Static and BBB-on-chip infection of U87-GBM spheroids with oHSV-1- 
mCherry transported by primary monocytes: The static infection of U87- 
GBM spheroids with human primary monocytes was performed ac
cording to the protocols described in the previous sections. Human 
primary monocytes, isolated from buffy coats, were infected with oHSV- 
1-mCherry for 1 h at 37 ◦C. For consistency, we decided to adopt the 
same 3 PFU/cell MOI used for THP-1 cells. After infection, cells were 
labeled with CellTracker™ Green (diluted in serum-free RPMI) by 
incubating for 20 min at 37 ◦C. Monocytes were then pelleted, resus
pended in DMEM supplemented with 10 % FBS, and added to preformed 
U87-MG tumor spheroids at a concentration of 5x103 cells per spheroid. 
For BBB-on-chip experiments, primary human monocytes were stained 
with CellTracker™ Green and infected with oHSV-1-mCherry at an MOI 
of 3 PFU/cell, as described above. Following infection, monocytes were 
resuspended in 2 mL of DMEM supplemented with 10 % FBS to achieve a 
final concentration of 3x105 cells/mL. This suspension was loaded into 
5 mL Luer-lock syringes and perfused through the blood-side inlet of the 
BBB-on-chip device at a constant flow rate of 5 μL/min. Control condi
tions included: i. non-infected primary monocytes labeled only with 
CellTracker™ Green (3x105 cells per device), and ii. free oHSV-1- 
mCherry, both following the same perfusion protocol.

Experiments on antibody neutralization in static and BBB-on-chip con
ditions using infected primary monocytes: Following infection, human 
primary monocytes stained with CellTracker™ Green were resuspended 
in DMEM supplemented with 10 % FBS and a 1:8 dilution of Human 
Gamma Globulin Control antibodies (IgG, Invitrogen, Thermo Fisher 
Scientific). A total of 5 × 103 monocytes were added to each U87 GBM 
spheroid, which was resuspended in 100 μL of DMEM containing 10 % 
FBS and 1:8 IgG. In parallel, U87-MG spheroids were directly infected 
with free oHSV-1-mCherry, using the same viral load used for infecting 
monocytes, in the presence of 1:8 diluted antibodies. Viral replication 
and spread within the tumor spheroids were monitored by confocal 
microscopy. Control spheroids, treated with either oHSV-1-mCherry- 
infected primary monocytes or free virus, were maintained in DMEM 
with 10 % FBS in the absence of immunoglobulins. For BBB-on-chip 
studies, infected monocytes were resuspended in 2 mL of DMEM con
taining 10 % FBS and a 1:8 dilution of human IgG. The cell suspension 
was then perfused into the device through the blood-side inlet. Spher
oids within the BBB-on-chip were monitored over several days using 
confocal microscopy to assess differences in viral propagation in the 
presence of neutralizing antibodies, based on the delivery strategy of the 
oncolytic virus.

Statistical Analysis: Graphs were compiled using OriginPro® soft
ware, and statistical analyses were performed using GraphPad Prism. All 
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graphical data represent the mean ± standard error of the mean (SEM) 
from at least three independent experiments. Comparisons between 
multiple groups were conducted using one-way ANOVA, while com
parisons between two groups were performed using the Student’s t-test. 
Statistical significance is indicated by asterisks, denoting differences 
between treated and control groups unless otherwise specified. *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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