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Systemic delivery of oncolytic and immunomodulatory adeno-
viruses may be required for optimal effects on human malig-
nancies. Mesenchymal stromal cells (MSCs) can serve as deliv-
ery systems for cancer therapeutics due to their ability to
transport and shield these agents while homing to tumors.
We now use MSCs to deliver a clinically validated binary
oncolytic and helper-dependent adenovirus combination
(CAdVEC) to tumor cells. We show successful oncolysis and
helper-dependent virus function in tumor cells even in the
presence of plasma from adenovirus-seropositive donors. In
both two- and three-dimensional cultures, CAdVEC function
is eliminated even at high dilutions of seropositive plasma
but is well sustained when CAdVEC is delivered by MSCs.
These results provide a robust in vitromodel to measure onco-
lytic and helper-dependent virus spread and demonstrate a
beneficial role of using MSCs for systemic delivery of
CAdVEC even in the presence of a neutralizing humoral
response.
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INTRODUCTION
Intratumoral injection of a binary oncolytic and helper-dependent
adenovirus platform (CAdVEC) has displayed clinical benefits,
yielding complete responses in patients with relapsed cancer
(NCT03740256).1–3 While this study and others support the safety
and utility of injecting oncolytic viruses (OVs) intratumorally, sys-
temic administration is often preferable.4,5 However, systemic admin-
istration is precluded by the systemic toxicity of the OV and/or by a
neutralizing humoral response.6 Using a cell carrier as a “Trojan
horse” delivery system is one approach to circumvent this obstacle.5–7

Mesenchymal stromal cells (MSCs) offer promise as OV carrier cells
due to their immune-evasive properties,8 natural affinity to the tumor
microenvironment,9,10 and capacity to act as a site for OV replication,
enabling the delivery of sufficient viral particles to the tumor site.11–13

In addition to shielding them from neutralizing antibodies, MSCs
may limit the off-target toxicity of some OVs, potentially offering
safe amplification in a protective milieu.7,13 However, whether such
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benefits extend to a binary system like CAdVEC remains unclear.
In CAdVEC, the oncolytic component (OAd) serves a secondary pur-
pose beyond direct tumor cell destruction by facilitating replication
and amplification of a separate helper-dependent (HDAd) virus en-
coding immunostimulatory transgenes to boost anti-tumor immune
responses.14

Historically, preclinical testing of OV has relied on cytotoxic activity
in conventional two-dimensional (2D) cell culture and subsequently
in animal studies. Here, we adopted a modified liquid overlay tech-
nique in an ultralow attachment plate to generate 3D cultures that
produce consistent tumor spheroids. These spheroids are amenable
to CAdVEC infection, enabling us to replicate both solid tumor
dimensionality and pre-existing immunity in vitro.15,16 Using this
model, we demonstrate that CAdVEC-infected MSCs infiltrate solid
tumors to disseminate both oncolytic and immunostimulatory com-
ponents, and that infectious particles resisted neutralization by
plasma from AdV-seropositive donors.
RESULTS
NSCLC cell lines and MSCs are infected with CAdVEC

To trace infection and expression of both components of CAdVEC in
our in vitro systems, we used an OAd expressing red fluorescent pro-
tein (RFP) and HDAd expressing green fluorescent protein (GFP).2

Previous studies showed optimal transgene expression in both tumor
and MSCs with a combination of OAd serotype 5 and an HDAd with
5/3 chimeric fiber/knob.17 Thus, we infected MSCs with 100 vp/cell
OAd.5-RFP and 1,000 vp/cell HDAd.5/3-GFP and imaged them
24 h post infection (Figure 1A). We confirmed that MSCs produced
functional marker transgenes by adding MSC supernatant to a
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Figure 1. Bone-marrow-derived MSCs are susceptible to CAdVEC infection

(A) Bright-field and fluorescent microscopy images of MSCs infected with 100 vp/cell OAd.5 and 1,000 vp/cell HDAd.5/3 expressing RFP and GFP respectively 48 h post

infection. (B) RFP expression (left axis) and GFP expression (right axis) of A549 cells incubated with 96 h CAdVEC MSC supernatant. Red object intensity (RCU) and green

object intensity (GCU) measured by IncuCyte Live image analysis over time. (C) Supernatant was collected from CAdVECMSCs 96 h post infection and added to A549 cells.

Cell death measured by annexin V staining via flow cytometry of A549 tumor cells treated with dilutions of CAdVEC MSC supernatant (technical replicates) 96 h later to

confirm OAd-mediated oncolysis. Error bars represent standard deviation.
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monolayer of the non-small cell lung cancer (NSCLC) cell line A549
(Figure 1B) that resulted in oncolysis of target cells (Figure 1C).

Neutralizing plasma proteins block direct CAdVEC infection

To test how pre-existing humoral immunity influences the ability of
CAdVEC to infect tumor cells and mimic systemic delivery of the vi-
rus, we measured the expression of CAdVEC in the NSCLC lines
A549 and H1650 in conventional 2D cultures containing plasma
collected from AdV-seropositive donors. Since plasma may contain
elements that either enhance or diminish AdV infection,18,19 we
tested the overall effects of donor plasma rather than inhibition by
gamma globulin fraction alone.

We incubated 100 vp/cell of OAd.5-RFP and 1,000 vp/cell of
HDAd.5/3-GFP in pure PBS or the indicated plasma dilutions for
1 h and then added them to A549 and H1650 cells. PBS controls pro-
duced the greatest signal of both RFP (OAd.5) and GFP (HDAd.5/3)
in both cell lines, followed by a dose-dependent reduction of trans-
gene expression with the diluted plasma (Figure 2A). When lower
2 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
doses of CAdVEC were used to infect the tumor cells at the same
OAd:HDAd ratio (10 vp/cell OAd.5-RFP and 100 vp/cell HDAd.5/
3-GFP) 1:10 plasma dilution was sufficient to eliminate both OAd
and HDAd transgene expression, and even a 1:100 plasma dilution
significantly reduced production of both transgenes (Figures 2B and
2C and Video S1).

We repeated this study in 3D tumor spheroids and obtained similar
results. We observed strong expression of both RFP and GFP in the
PBS control, indicating that both CAdVEC components infect tumor
spheroids. At 100 vp/cell OAd.5-RFP and 1,000 vp/cell HDAd.5/3-
GFP, we saw strong neutralization with the 1:10 and 1:100 dilutions
of plasma, similar to our 2D models. These results confirm that
pre-existing immunity blunts even infection with high viral loads
(Figure 2D). Similarly, with lower doses of virus, all three dilutions
of plasma reduced transgene expression in tumor spheroids
(Figures 2E and 2F and Video S2). These results show that plasma
proteins neutralize naked CAdVEC virus in both conventional 2D
culture and 3D tumor spheroids.
er 2024
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Figure 2. Direct CAdVEC infection is neutralized by plasma proteins of healthy donors

CAdVEC only or direct infection conditions are incubated with PBS as a control. (A) 2D A549 and H1650 tumor cells were infected with a high dose of 100 vp/cell OAd.5 and

1,000 vp/cell HDAd.5/3 expressing RFP (top) and GFP (bottom) measured by IncuCyte Live imaging over time. (B) IncuCyte images of A549 cells infected with a low-dose 10

vp/cell OAd.5 and 100 vp/cell HDAd.5/3 at 96 h with or without dilutions of plasma. (C) RFP (top) and GFP (bottom) expression in 2D A549 and H1650 tumor cells with low-

dose infection over time. (D) High-dose CAdVEC infection in 3D tumor spheroids. RFP and GFP expressions were measured by IncuCyte Live imaging over time in both A549

and H1650 tumor spheroids with different dilutions of plasma. (E) IncuCyte images of 3D A549 tumor spheroids post infection of low-dose 10 vp/cell OAd.5 and 100 vp/cell

HDAd.5/3 expressing RFP and GFP respectively at 96 h with different dilutions of plasma. (F) RFP and GFP expression in 3D A549 and H1650 tumor spheroids infected with

low-dose CAdVEC. Scale bar represents 400 mM. p values are signified by asterisks: *p < 0.05, **p < 0.01, ** *p < 0.001 determined by unpaired Student’s t test at 100 h;

n = 9–12 replicates. Data are presented as means +/� SEM.
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MSCs shield CAdVEC from neutralization in both 2D and 3D

cultures

Next, we assessed the ability of MSCs to shield AdV from neutraliza-
tion in the presence of seropositive donor plasma. 24 h after infection,
CAdVEC MSCs were incubated for 1 h with either PBS or plasma (at
the indicated dilutions) before being added to monolayer cultures of
NSCLC cells (Figure 3). In the absence of plasma, MSCs delivered
CAdVEC to tumor cells, with increased RFP and GFP signal intensity
over time. In the presence of seropositive plasma, however, the signals
remained primarily within the MSCs with minimal spread to tumor
cells (Figures 3A and 3B and Video S3).

However, we observed a different pattern in 3D tumor spheroid cul-
tures. CAdVECMSCs incubated with PBS alone showed the expected
increase in OAd- and HDAd-derived transgenes (Figures 3C and 3D
and Video S4). Addition of seropositive plasma, however, increased
Molecular T
both RFP and GFP expression in tumor spheroids compared to
PBS control, and this increase was greater at the 1:10 dilution of
plasma. These results indicate that plasma can enhance the expression
of viral transgenes when the viruses are delivered byMSCs (Figure S1).
Thus, while seropositive plasma inhibited direct CAdVEC infection
in spheroids, it significantly improved infection by CAdVEC in
MSCs (Figure 3E).

Next, we tested how increasing the concentration of plasma affected
the increased transgene expression by CAdVEC MSCs. Whether we
used 10% or 90% plasma dilutions, results in our 3D model were
similar (Figure S2). Overall, these findings indicate that MSC delivery
of CAdVEC may not only shield virus from neutralization by sero-
positive plasma, but it also may augment CAdVEC delivery due to
interaction with the co-factors in plasma known to assist AdV sur-
vival and infectivity.18
herapy: Methods & Clinical Development Vol. 32 September 2024 3
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Figure 3. CAdVEC MSCs shield virus from neutralization in both 2D and 3D culture settings

MSCs were infected with 100 vp/cell OAd.5_RFP and 1,000 vp/cell HDAd.5/3_GFP. 24 h later, CAdVEC MSCs were incubated in either PBS or diluted plasma for 1 h and

then delivered to a tumor cultured in 2D and 3D settings. (A) Representative IncuCyte images of 2D culture of A549 cells at 96 h post addition. (B) Quantification of OAd.5_RFP

(top) and HDAd.5/3_GFP (bottom) in 2D culture over time. Fluorescence was measured by object intensity within the IncuCyte software. (C) Images of A549 tumor spheroids

96 h after CAdVEC MSC delivery with different dilutions of neutralizing plasma. (D) Quantification of OAd.5_RFP (top) and HDAd.5/3_GFP (bottom) in 3D culture over time.

(legend continued on next page)
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DISCUSSION
Here, we demonstrate thatMSCs infected with CAdVEC provide pro-
tection against neutralization by pre-existing plasma proteins in 3D
tumor spheroid models. We evaluated virus spread via marker trans-
genes and found that MSCs can deliver both CAdVEC components.
Further, seropositive plasma enhanced viral-mediated transduction
in our 3D spheroids, a phenomenon not observed in 2D cultures.
Thus, MSCs shield low doses of CAdVEC to maintain efficacy while
remaining well within levels shown to be safe for each component of
the combination therapy in preclinical and clinical studies.1,17,20

CAdVEC, designed to compensate for the limited cargo capacity of
oncolytic AdV, utilizesHDAds, allowing for incorporation ofmultiple
transgenes. Co-infection of malignant cells by CAdVEC components
initiates HDAd replication, amplifying HDAd-encoded transgenes.
Understanding the vulnerability of each CAdVEC component to
neutralization by pre-existing immunity is crucial, as antibodies and
other immune responses are a primary defense.6,21 This model high-
lights how humoral immunity interacts with MSC-mediated
CAdVEC delivery, though it was not designed to evaluate adaptive
cellular immunity. In the future, more comprehensive in vitromodels,
such as incorporating virus-specific T cells in 3D spheroids to assess
their impact on CAdVEC spread, coupled with studies in vaccine-
immunized humanized mice, will be needed to validate these results.

Overall, these findings demonstrate that MSCs can shield OVs from
immune evasion mechanisms. In 3D tumor cultures, seropositive
plasma paradoxically enhances CAdVEC transduction when deliv-
ered by MSCs, likely due to plasma components, like factor X, that
promote transduction while interfering with neutralization.22,23

This suggests a benefit from plasma proteins in AdV-seropositive in-
dividuals to improve CAdVEC infection.19,21 Thus, our data support
the feasibility of using MSCs to shield CAdVEC from humoral im-
mune responses, enabling its safe systemic delivery to tumor sites.
Compared to 2D cultures, 3D cultures provide valuable insights
into MSC and CAdVEC function in the presence of AdV seroposi-
tivity, facilitating preclinical optimization of the approach.
MATERIALS AND METHODS
CAdVEC infection of cell lines and MSCs

A549 andH1650 cell lines were previously obtained fromATCC.MSCs
were isolated from healthy donors as previously described.24 Both
OAd.5 and HDAd.5/3 expressing RFP and GFP were produced as we
previously described.2 MSCs were infected as previously described.17
3D tumor spheroid generation

We seeded 2 � 103 tumor cells on 1% agarose coated plates as previ-
ously described25,26 and confirmed spontaneous spheroid formation
Fluorescencemeasured by object integrated intensity within the IncuCyte software (n = 4

time point in 3D culture of A549 (left) and H1650 (right) comparing direct infection with C

plasma dilution, indicated by “1:10.” Scale bar represents 400 mM. p values are signified

test. Data are presented as means +/� SEM.
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by microscope visualization at 48 h. MSCs were added at a 1:200
MSC-to-tumor cell ratio. IncuCyte imaging with “Brand” default
96-well plate setting was used. Uncalibrated images were exported
and uploaded to NIH ImageJ software for image processing and
visualization.

Neutralization assay

We collected blood from healthy donors through an institutional re-
view board (IRB)-approved protocol using heparin-coated vacu-
tainers, centrifuged it at 500 � g for 15 min, and heat-inactivated
the plasma at 56�C for 30 min and then stored it at �20�C. Plasma
was diluted in sterile PBS. Seropositivity for OAd.5 and HDAd.5/3
was confirmed in three donors (Figure S3). For infection controls,
we calculated and prepared the necessary viral particles, diluting
them in PBS or plasma, and incubated them at 37�C for 1 h. For
neutralization studies with CAdVEC MSC, we collected and counted
MSCs 24 h post infection, resuspending them in PBS or diluted
plasma.

IncuCyte image analysis

Green object intensity (GCU) and red object intensity (RCU) param-
eters were used for analysis for 2D culture. For 3D culture, multisphe-
roid protocol was used for image acquisition and quantified by using
total red object integrated intensity and total green object integrated
intensity parameters. Non-transduced tumor cells were used as con-
trol wells for background fluorescent masking, and 8% red signal was
subtracted from green signal for spectral unmixing.

Statistics

Statistical analyses were performed using GraphPad Prism, with data
normality assessed by the Anderson-Darling test. Significance was set
at p < 0.05, with asterisks indicating levels of significance (*p < 0.05,
**p < 0.01, ***p < 0.001) and “ns” denoting no significant difference.

DATA AND CODE AVAILABILITY
The data that supports these findings are available from the corre-
sponding author (M.K.M.) upon request.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtm.2024.101279.
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