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The immunosuppressive tumor microenvironment (TME) is a
formidable barrier to the success of adoptive cell therapies for
solid tumors. Oncolytic immunotherapy with engineered adeno-
viruses (OAd) may disrupt the TME by infecting tumor cells, as
well as surrounding stroma, to improve the functionality of tu-
mor-directed chimeric antigen receptor (CAR)-T cells, yet effi-
cient delivery of OAds to solid tumors has been challenging.
Here we describe how mesenchymal stromal cells (MSCs) can
be used to systemically deliver a binary vector containing an
OAd together with a helper-dependent Ad (HDAd; combinato-
rial Ad vector [CAd]) that expresses interleukin-12 (IL-12) and
checkpoint PD-L1 (programmed death-ligand 1) blocker. CAd-
infected MSCs deliver and produce functional virus to infect
and lyse lung tumor cells while stimulating CAR-T cell anti-tu-
mor activity by release of IL-12 and PD-L1 blocker. The combi-
nation of this approach with administration of HER.2-specific
CAR-T cells eliminates 3D tumor spheroids in vitro and sup-
presses tumor growth in two orthotopic lung cancer models
in vivo. Treatment with CAd MSCs increases the overall numbers
of human T cells in vivo compared to CAR-T cell only treatment
and enhances their polyfunctional cytokine secretion. These
studies combine the predictable targeting of CAR-T cells with
the advantages of cancer cell lysis and TME disruption by sys-
temic MSC delivery of oncolytic virotherapy: incorporation of
immunostimulation by cytokine and checkpoint inhibitor pro-
duction through the HD Ad further enhances anti-tumor activity.

INTRODUCTION

The tumor microenvironment (TME) comprises stromal cells, aberrant
vasculature, and an extracellular matrix (ECM) that limit the infiltra-
tion and, thus, success of chimeric antigen receptor (CAR-T) cells for
the treatment of solid tumors. In addition, the TME produces a potent
network of immune-inhibitory ligands, cytokines, and chemokines'
that diminish cytotoxic T cell responses and skew infiltrating myeloid
cells to an inhibitory phenotype.* Due to the complexity of the TME
and heterogeneity of solid tumor antigen expression, any approach tar-
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geting a single antigen with a single effector will likely fail to eliminate
tumors.™ Therefore, we are studying therapies in animal models and
now in humans (NCT03740256) that both disrupt the TME and favor
recruitment of a broad immune response, promoting T cell persistence.
Here we investigate the combination of cell-carrier-delivered oncolytic
adenovirus (OAd) and CAR-T cells to achieve these prerequisites for
the treatment of lung tumors.

Oncolytic virotherapy (OV) can kill tumor cells and stimulate
bystander T cells through their T cell receptors (TCRs) to initiate
and amplify the host anti-tumor immune response.” OV can be
genetically modified to promote an immune response to the tumor
they damage and an oncolytic herpes virus that also encodes human
granulocyte-macrophage  colony-stimulating factor (GM-CSF)
sequence (talimogene laherparepvec [TVEC]) has been approved
for the treatment of melanoma.”

Direct intralesional administration of OVs can be problematic for
many tumor locations,” while intravenous administration is often
precluded due to innate or adaptive immune responses to the
OV." Cell carrier systems, such as mesenchymal stromal cells
(MSCs), can overcome this limitation through inherent tumor
tropism,H have been successfully used to deliver OAd to tumors,'>"?
and have been adapted for human use."*

Here, we use MSCs to deliver a combinatorial Ad vector (termed
CAd)
(HDAJ), which has a 34 kb cargo capacity and can express a broad
array of immunomodulatory transgenes in a single vector.'” The
tropism of the HDAd can be engineered to infect non-malignant cells

consisting of OAd and helper-dependent adenovirus
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Figure 1. MSCs are susceptible to combinatorial Ad vector (CAd) infection and produce functional cytotoxic virus

(A) MSCs (left) and A549 lung tumor cells (right) were infected with 100 vp OAd.5 and 1,000 vp HDAd.5/3-expressing GFP. GFP expression was detected by Incucyte live
image analysis over time indicated by GCU, green object intensity. (B) MSCs were imaged 72 h post infection with 1,000 vp HDAd.5/3-expressing GFP. Cells were collected
and percent GFP was measured by flow cytometry. (C) MSCs were infected with 100 vp OAd.5-expressing RFP and 1,000 vp HDAd.5/3-expressing GFP. Supernatant was
collected 72 h post infection and applied to A549 and H1650 cells at 100%, 50%, and 25% dilutions. The number of cells expressing both RFP and GFP were measured by
Incucyte indicated by Overlap Object count/well. (D) Viability was measured at 6 days post supernatant addition through 7-AAD and Annexin V staining analyzed by flow
cytometry. Significance was determined by Student’s t test for each dilution compared to the no-treatment (No-tmt) group. *p < 0.05; **p < 0.01; ***p < 0.001. Error bars
represent standard deviation. (E) Infected MSCs co-cultured with different ratios of tumor cells 24 h post MSC infection. Tumor cell viability was determined by gating on
CD90-A549 cells and measured 7-AAD and Annexin V staining (left). The percentage of MSCs remaining in co-culture after 5 days is shown to the right as determined by
CD90 positivity through fluorescence-activated cell sorting (FACS) analysis. (F) Viability of MSCs post infection in vitro over time. MSC cell death determined by Annexin V* 7-

AAD" staining and analyzed by flow cytometry. n = 2 MSC donors.

within the TME and produce sustained release of immunostimulatory
cytokines, intended to increase the potency and persistence of anti-tu-
mor immune responses.”~ To show the ability of MSC-delivered CAd
to enhance immune mediated tumor destruction, we co-administered
these cells with clinically validated tumor-directed HER.2 CAR-T
cells."® Our results demonstrate the combination of oncolysis and
secretion of interleukin-12 (IL-12) and programmed death-ligand 1
(PD-L1) blocking antibody by CAd-infected MSCs augments the
anti-tumor activity of HER2 CAR-T cells”'>"” in a range of
in vitro and in vivo models and tumors.

RESULTS

MSCs are susceptible to CAd infection and produce functional
cytotoxic virus

We first assessed whether bone-marrow-derived MSCs from healthy
donors were able to replicate both OAds and HDAds and express their
transgenes. We infected MSCs with OAd (100 vp/cell) and a HDAd-ex-

pressing green fluorescent protein (GFP; 1,000 vp/cell) and compared
GFP expression in these MSCs over time with expression by A549 cells
directly infected with virus as a standard'® (Figure 1A). MSCs expressed
HDAdJ GFP more slowly than A549 cells but reached peak intensity after
72h post infection (Figure 1B). By contrast, GFP intensity in A549 began
to decline by 40 h, indicating oncolysis (Figure 1A). We confirmed
expression of both oncolytic and helper-dependent viral genes in
MSCs by qPCR at 24 and 72 h post infection (Figure S1A). MSCs are
defined by co-expression of CD73, CD90, and CD105 while remaining
negative for the following hematopoetic lineage markers: CD34, CD45,
CD14, CD19, and CD3.'° We found no shift in phenotype after co-infec-
tion of OAd and HDAd encoding IL-12 and anti-PD-L1 (Figure S1B).

To determine whether MSCs produced functional virus, we infected
MSCs and 72 h later transferred the infected-cell supernatant onto
two non-small cell lung cancer (NSCLC) cell lines (A549, H1650).
We measured infection of our target cells by OAd red fluorescent
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protein (RFP) and HDAd GFP expression (Video S1) and quantified
co-expressing target cells over time. Serial dilutions of the supernatant
resulted in dose-dependent expression of fluorescent protein trans-
genes, which translated into dose-dependent cell death of NSCLC
cells (Figures 1C and 1D).

After confirming that MSCs replicated and expressed all components
of the CAd system, we co-cultured CAd MSCs with tumor cells and
measured target cell death. We replaced the RFP- and GFP-express-
ing proteins with an OAd- and HDAd-expressing IL-12 and anti-
PDL1 (CAdl12_PD-L1) as previously described.”* MSCs infected
with OAd or CAd system killed A549 cells at tumor to MSC ratios
ranging from 1:1 to 50:1 (Figure 1E). We found reduced frequency
of MSCs after 5 days culture, correlating with their death post infec-
tion. Figure 1F shows that 90% of MSCs are apoptotic on day 6 post
infection by Annexin V and 7-AAD staining unlike uninfected MSCs
or MSCs infected by non-replicating HDAd that remain viable.

We confirmed that MSCs produced functional transgenes encoded by
the HDAJ, IL-12, and anti-PDL1, by measuring IL-12 secreted from
MSCs (Figure S2A). Additional IL-12 was produced when MSC super-
natant was applied to tumor cells, indicating the potential for continued
infection of tumor cells over this period and consequent replication of
MSC-produced CAd (Figure S2B). The IL-12 produced by tumor cells
after infection with MSC-derived CAd supernatant was functionally
active, inducing phospho-STAT4 signaling in activated T cells
(Figure S2C). Similarly, PD-L1 minibody was produced from the
MSC of multiple donors in sufficient quantity to block PD-L1 detection
on interferon-y (IFN-y) stimulated NSCLC cell lines, in contrast to the
lack of effect with media or supernatant from uninfected MSC superna-
tant (p = 0.002 [A549] and 0.0001 [H1650]; Figure S2D).

To determine the specificity and cytotoxicity of the CAd system in the
lung tumor microenvironment, we infected MSCs with both OAd-
and HDAd-expressing GFP and then transferred the supernatant
24 h later to either A549 and H1650 tumor cells or multiple fibroblast
lines (primary normal human lung fibroblasts [NHLFs], MRC5, HS-
5, and Tig320) and monitored cell viability by Annexin V and 7-AAD
staining. We confirmed that fibroblasts expressed HDAd transgenes
by detection of transgenic GFP expression, but we observed no signif-
icant increase in cell death compared to uninfected fibroblasts
(Figure S3), compared to a doubling of cell death observed in A549
tumor cells at 48 h after the application of supernatant. These data
support the tumor-specific replication of CAd.

Thus, MSCs can simultaneously replicate both OAd and HDAd to
produce infectious and functional particles that destroy tumor cells
and the MSCs themselves and induce expression of the desired immu-
nomodulatory transgenes.

CAd12_PD-L1 MSCs enhance antitumor activity of HER.2 CAR-T
cells in vitro

HER.2-specific CAR-T cells with CD28( signaling domain have been
safely used to treat NSCLC (NCT00902044) and currently are being
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evaluated in patients with glioblastoma, osteosarcoma, and head
and neck cancers.”*"** We tested the efficacy of these HER.2 CAR-
T cells against two NSCLC cell lines in a 96 h co-culture assay. The
cells were able to control A549 growth but not completely eliminate
tumor cells (Figure 2A); their activity against the H1650 lung cancer
cell line was greater, despite similar levels of Her2/neu antigen expres-
sion (Figure 2B).

To test the combinatorial treatment of CAd MSCs with CAR-T cells,
we first infected MSCs with our CAd system and then set up a co-cul-
ture of MSCs at a ratio of 1:10 with GFP-labeled tumor cell lines. We
added either non-transduced (NTR) or CAR-T cells 48 h later at a ra-
tio of 1:4 with tumor cells. Residual tumor was quantified 48, 72, and
96 h post T cell addition by flow cytometry (Figures 3C and 3D).
Compared to culture with uninfected MSCs and no treatment, the
addition of CAd MSCs enhanced CAR-T cell killing and significantly
reduced viable tumor cells in both lung cancer lines (A549: 96 h p =
0.06; H1650: 48 h p =0.002,72 h p =0.007,96 h p = 0.011, determined
by Student’s t test). These measures of cytotoxicity were replicated in
an MTS (viability) assay using the H1650 cell line in which we
observed significant reduction in tumor cell viability in the presence
of CAd MSCs and HER.2 CAR-T cells in combination, compared to
HER.2 CAR-T alone (p = 0.001; Figure S4).

CAd12_PD-L1 MSCs enhance effector function of CD4* HER.2
CAR-T cells

To investigate the mechanisms through which CAd-infected MSCs
enhance the efficacy of HER.2 CAR-T cells, we measured the cytokine
polyfunctionality of individual T cells, a characteristic linked in pre-
clinical and clinical studies to increased anti-tumor activity.”> No
Her2/neu expression was detected on MSCs from healthy donors
(Figure S5) so that the CAR-T cells recognize Her2/neu on the malig-
nant population and not the MSC. CD4 HER.2 CAR-T cells showed
increased cytokine secretion frequency when co-cultured with CAd
MSCs (36.8%) compared to no MSCs (18.5%) or uninfected MSCs
(25.8%; Figure S6). When stimulated with antigen-expressing tumor
cells, 18% CD4 and 30% CD8 HER.2 CAR-T cells secrete cytokine,
but after CAd MSC addition these numbers increased to 36% and
38%, respectively. Of cells that secrete cytokine, 34% of the CD4
and 40% of CD8 CAR-T cells secreted more than one cytokine in
the CAd MSC treatment group compared to 5% CD4 and 16%
CD8 CAR-T cells in the HER.2 only group (Figure S7). These results
support the ability of combination therapy to improve the activity of
HER.2 CAR-T cells by increasing the number of cells secreting mul-
tiple cytokines from CD4 T cells. Further analysis of T cells 72 h after
exposure to tumor and CAd MSCs showed an increase in the propor-
tion of cells expressing PD-1 in both CD4 and CD8 populations
compared to cells exposed to uninfected MSCs alone (Figure S8).

UMap analysis segregated clusters of distinct CD4 (Figure 3A) and
CD8 populations (Figure 3D) dependent on the number and types
of cytokines secreted (Figure S9). Figure 3B shows a subset of NTR
CD#4 cells co-cultured with uninfected MSCs that primarily secrete
IL-8. Another cluster shown in inset #2 of Figure 3A correlates to
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Figure 2. CAd12_PD-L1 MSCs enhance antitumor activity of HER.2 CAR-T cells in vitro

(A and B) Co-culture of HER.2-specific CAR-T cells with target NSCLC cell lines (A) A549 and (B) H1650 at a ratio of 4 targets to 1 effector T cell overtime and respective Her2/
neu surface antigen expression on each tumor line. Error bars represent standard deviation. (C and D) CAd12_PD-L1 or uninfected MSCs were co-cultured 24 h after
infection at a ratio of 1 MSC to 10 (C) A549 cells or (D) H1650 cells. 48 h after co-culture, HER.2-specific CAR-T cells or non-transduced (NTR) T cells were added to the
culture at a 1:4 effector to target ratio. Residual tumor cells were collected 48, 72, and 96 h later and quantified by flow cytometry. p values determined by Student’s t test.

CD4 HER2 CAR-T cells cultured with CAd MSC. These cells
secreted up to 9 cytokines per cell, with the majority simultaneously
secreting IFN-v, granzyme B, and CCL11 (Figure 3C). Figure 3D
shows the UMap depiction of CD8 T cells where particular popula-
tions emerged based on treatment group. Inset #3 highlights CD8
HER.2 CAR-T cells stimulated with tumor without MSCs that express
4-6 cytokines per cell. These cells secreted effector cytokines IFN-vy,
granzyme b, tumor necrosis factor alpha (TNF-a) and low levels of
perforin but also high levels of macrophage inflammatory protein
la. (MIP1a) and MIP1f (Figure 3E). MIP1 is primarily secreted by
macrophages and monocytes, but upon activation, T cells also can
secrete it.”* CD8 T cells secreting MIP1a; and MIP1 have been asso-
ciated with a non-cytolytic phenotype to control HIV viral replica-
tion.”” Inset #4 draws attention to CD8 HER.2 CAR-T cells cultured
with CAd MSCs secreting between 2-7 cytokines per cell. These cells
still secreted IFN-v, granzyme b, TNF-a, and perforin, but lost the
ability to secrete MIPlaw and MIP1B (Figure 3F). This CAd-MSC
associated shift in CD8 CAR-T cell phenotype is consistent with in-
duction of greater cytolytic activity’>”” although the consequences
of reduced MIP1a/f secreted from CAR-T cells are less clear.

We also found that CAd MSCs enhanced CD4 and CD8 CAR-T cell
secretion of CCL11, a chemokine that has been associated with

increased adhesion molecules and T cell chemotaxis®® (Figures 3C
and 3F).

Unmodified T cells and uninfected MSCs produced low levels of cy-
tokines other than IL-8 (Figure 3G). While CD8 HER.2 CAR-T cells
generally expressed pro-inflammatory cytokines, as well as perforin
and granzyme B following exposure to tumor, this pattern was unin-
fluenced by MSCs. In contrast, CD4 HER.2 CAR-T cells increased
secretion of IFN-vy, granzyme B, perforin, and TNF-o. when cultured
with CAd MSCs. Thus, CAd MSCs increase production of pro-in-
flammatory mediators by CD4 CAR-T cells upon exposure to cognate
tumor.

CAd12_PD-L1 MSCs increase cytotoxicity of HER.2 CAR-T cells
in 3D tumor spheroids

To understand how the TME structure responds to combination ther-
apy, we established a 3D tumor model to better recapitulate the phys-
ical structure of solid tumors. We generated multicellular tumor
spheroids with both A549 and H1650 tumor cell lines by forced
suspension of 2 x 10% tumor cells followed by the addition of MSCs
24-48 h later. We labeled MSCs with cell trace dye to visualize their
integration into the spheroids (Figure 4; Video S2). We followed viral
spread from MSCs infected with OAd expressing RFP within the
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Figure 4. CAd12_PD-L1 MSC improves HER.2 CAR-T cytotoxicity in 3D tumor spheroids

(A) 2 x 10° tumor cells were added to 96-well agarose-coated plates. 24 h after spheroid generation, 400 eflor 450 labeled uninfected of CAd_RFP infected MSCs were added
to culture. Fluorescent images were acquired 24 h after MSC addition. Phase images are shown for tumor-only control. Scale bar represents 100 uM. (B) RFP virus detected
in H1650 GFP tumor spheroids on day 2 and day 5 post MSC addition by confocal microscopy post 400 MSC addition. Scale bar represents 100 uM. RFP expression was
measured overtime by Incucyte imaging system indicated by total red object integrated intensity (RCU/image). (C) 2 x 10° cell H1650 tumor spheroids were generated. 24 h
later, 200 CAd-infected MSCs were added followed by 12 NTR or 12 HER2 CAR-T cells 48 h later. Tumor cell cytotoxicity was measured by Annexin V AF594 (Red) staining
overtime detected by Incucyte imaging analysis. p = 0.0186 determined by linear regression analysis, n = 4 T cell donors.

tumor spheroids with the Incucyte live imaging system. The level of ~ 1:167). Even in this condition, we observed greater cytotoxicity with
RFP expression was dependent on the initial number of MSCs added ~ the combination of CAd MSCs and CAR-T cells compared to
to the tumor spheroids (Figure 4B). CAR-T cells only (p = 0.0186). Thus, CAd MSCs increase the tumor
cell killing of HER.2 CAR-T cells compared to either monotherapy
To evaluate the anti-tumor effect of both CAd MSCs with CAR-T  alone (Figure 4C).
cells in our multicellular tumor spheroids, we generated the spheroids
and then added either 200 uninfected or CAd infected MSCs 24 h Intravenous infusion of CAd MSCs produces virus at primary
later. Consistent with our 2D studies, we kept the 1:10 MSC to tumor  tumor site
ratio. After 48 h of co-culture, 50 HER.2 CAR-T cells were added per  To discover whether these in vitro results could be replicated in vivo,
spheroid, and we measured tumor cell death by Annexin V staining.  we first analyzed the biodistribution of MSCs and the viruses they
Video S3 shows the destruction of the tumor spheroid by HER2  delivered. We tracked MSC homing by administering firefly lucif-
CAR-T cells, HER2 CAR-T cells, and uninfected MSCs or HER2  erase-expressing MSCs via tail vein injection into mice with and
CAR-T cells with CAd MSCs compared to respective NTR T cell  without lung tumors at a ratio of 3 MSCs:1 tumor cell. We detected
and MSC combinations. We further stressed the system by reducing ~ MSCs in the lung by IVIS bioluminescence imaging up to 5 days
the number of CAR-T cells from 50 to 12 (T cell to tumor ratio of  post infusion (Figure S10).”” To demonstrate MSC production of

Figure 3. CAdIL-12_PD-L1 MSCs enhance HER.2 CAR-T cell polyfunctionality

Uninfected MSCs or CAd IL-12_PD-L1 infected MSCs were co-cultured at a 1:10 ratio to A549 tumor cells for 48 h. NTR or CAR-T cells were then added to the culture or
added to tumor only. We isolated T cells 20 h later and selected for CD4 and CD8 populations. We measured single cell cytokine secretion on the Isoplexis platform for 32
different cytokines. (A and D) Umap analysis shows clusters of CD4 (A) and CD8 (D) cells color coded by each condition. We determined polyfunctionality by the number of
cytokines secreted from each cell and represented as a fraction in selected population. (B) Polyfunctionality and secreted cytokines for inset #1, uninfected MSC, and NTR
CDA4 T cells. (C) Polyfunctionality and secreted cytokines for inset #2, CAd MSC, and HER.2 CD4 T cells. (E) Polyfunctionality and secreted cytokines for inset #3, CAd MSC
and HER.2 CD8 T cells. (F) Polyfunctionality and secreted cytokines for inset #4, non-MSC, and HER.2 CD8 T cells. (G) Overall secretion frequency of CD4 and CD8
populations. Percent of population secreting is represented by color intensity for each detected cytokine. NTR, n = 2 donors; HER2, n = 3 donors for each MSC condition.
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OAd in vivo, we measured RFP virus expression in relation to GFP-
labeled A549 tumor cells. In tissue sections, we detected OAd co-
expression in GFP-positive tumor cells, while surrounding stromal
cells were GFP negative (Figure S11), confirming our in vitro obser-
vation that OAd produced by MSCs can infect both cell types
(Figure S3) and demonstrating that stromal cells can be transduced
with CAd to broaden the cellular distribution of the immunomodu-
latory transgenes within primary tumors.

CAd12_PD-L1 MSCs improve HER.2 CAR-T cell anti-tumor
activity in vivo

We assessed the in vivo anti-tumor activity of each treatment alone
and in combination in an orthotopic NSCLC xenograft model using
A549 lung cancer cells. The combination of CAd MSCs and HER.2
CAR-T cells markedly reduced tumor growth compared to either
treatment alone (Figure SI12A). HER2 CAR-T treatment alone
reduced tumor growth initially but could not eradicate tumors, and
uninfected MSCs marginally increased tumor growth, likely due to
their anti-inflammatory properties.”” However, though CAd MSCs
alone produced no control of tumor expansion (Figure S13), we
observed that tumor growth was prevented from day 10 to day 22 in
the CAd MSC and NTR T cell group (Figure S12B) suggesting that
the immunostimulation of the HDAd encoded transgenes promoted
T cell-mediated anti-tumor activity, albeit of limited potency and
duration. Because we observed limited tumor control even with
non-modified T cells, we re-challenged the mice with the same A549
tumor line. Only animals who received CAd MSCs and HER.2
CAR-T cells could prevent tumor growth upon second challenge
(Figure S14). Furthermore, analysis of T cells in the blood, spleen,
and lung tissue showed CD8" T cells in the CAd MSC + CAR-T cell
group after re-challenge exhibited reduced expression of exhaustion
marker Tim3 compared to CAR-T cell only group, supporting the
ability of CAd MSCs to promote functional T cell persistence.

Studies in the H1650 xenograft lung tumor model produced results
consistent with the A549 model. Combination treatment cleared
tumors within 2 weeks of HER.2 CAR-T infusion (Figure 5A) and ap-
peared to be well tolerated: mice showed no weight loss or degrada-
tion of body condition in any combination (Figure S15). Further-
more, we detect H1650
bioluminescence imaging of mice treated with CAd MSC and
HER.2 CAR-T cells, confirming superior anti-tumor activity with
combination treatment. In the H1650 lung tumor model, we evalu-
ated T cell infiltration in the lungs of animals on day 18 post tumor
engraftment (Figure S16). Immunohistochemistry revealed increased
T cell infiltration in lungs of mice treated with CAd MSCs and HER.2
CAR-T cells compared to other groups. These results are congruent
with the improved T cell activity shown in tumor spheroid models
and the detection of T cells in the peripheral tissues (Figure S16B).
Similar to our in vitro observations (Figure 1C), H1650 was minimally
susceptible to CAd MSC treatment alone in vivo.

could not residual tumor in

To measure the influence of CAd MSC on T cell activity in vivo, we
labeled the infused HER.2 CAR-T cells with GFP Ffluc to track their
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homing and persistence. To confirm the presence of CAd MSC pro-
duced transgenes, we measured IL-12 in the plasma of mice on days 6,
13, and 28 post T cell infusion and detected IL-12 only in animals
receiving CAd MSC (Figure S17). We saw no difference in the
strength or duration of the overall HER.2 CAR-T cell signal between
animals receiving CAd MSC versus uninfected MSC groups
(Figure 5C). Isolated lung tissue, however, had greater T cell signal in-
tensity and persistence, as reflected in an increased area under the
curve when plotting time versus signal intensity (Figure S18). There
was no significant difference in the CD4 and CD8 ratios between
different treatment groups (data not shown) nor in their pattern of
CCR7/CD45RA expression (Figure S19). Analysis of in vivo T cell
activation-associated markers, CD69, CD25, 41BB, and PD-1 re-
vealed higher expression on day 6 when HER.2 CAR-T cells were
combined with CAd MSC compared to other conditions (Figure S20).
Higher T cell activation was also reflected in increased IFN-y detected
in the serum of mice treated with CAd MSCs and HER.2 CAR-T cells
on day 6 compared to other groups (Figure S21). PD-1 expression was
primarily elevated on CD8 T cells (Figure 5D) at multiple time points
(Figure S22).

DISCUSSION

We showed that MSC co-delivery of OAd and HDAd encoding IL-12
and anti-PD-L1 can both directly disrupt tumor spheroid structures
in vitro and augment CAR-T cell responses against orthotopic tumors
in vivo in two distinct NSCLC models. Systemic delivery of CAd by
MSCs enhanced virus expression at the primary tumor site and
improved CAR-T cell infiltration and expansion. Mechanistically,
combination treatment of CAd MSCs with CAR-T cells improved
T cell infiltration into bulky tumors, enhanced effector cell function,
and improved IFN-v, granzyme B, and perforin production.

MSCs have been used to deliver Ad-based treatments in multiple tu-
mor models.”' ** MSCs are successful allogeneic cell carriers because
of low MHC expression while maintaining the ability to shelter vi-
ruses from immune destruction. MSCs administered intravenously,
however, are primarily trapped in the lungs due to the pulmonary first
pass effect.”” We previously used MSCs to deliver an OAd coupled
with a suicide gene therapy in an orthotopic NSCLC model.'*"* These
studies found that MSCs successfully traveled to the lung and ex-
pressed OAd exclusively at the tumor site with no evidence of Ad
infection in other tissues including heart, kidney, and spleen. Alloge-
neic MSC produce little alloreactivity, and banked MSCs from
unrelated donors have been widely and safely used clinically.”” As
anticipated, therefore, we observed no evidence for alloreactivity be-
tween MSCs and therapeutic T cells. In clinical studies, the risk of al-
loreactivity could be further reduced by staggering administration of
CAR-T cells until the MSCs have completed delivery of their CAd and
undergone lysis.

In this study, we targeted lung cancer’®” and altered the MSC
payload by incorporating HDAd, which has the capacity to encode
34 kb of transgenes. This CAd allows expression of multiple immuno-
modulatory molecules that can be readily varied. Moreover, since the
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HDAds are non-lytic, modifications to their serotype permit entry
and transgene expression in non-malignant cells of the TME with sus-
tained release of immunomodulatory agents.

MSCs may exert a pro- or anti-tumor effect when delivered therapeu-
tically.”®*” Although we observed a pro-tumorigenic effect with unin-
fected MSCs, CAd infection eliminated this activity likely due to a
combination of oncolysis and immune stimulation. For example, un-
infected MSCs promote IL-8 secretion from NTR T cells (Figure 3B),
which is associated with induction of angiogenesis by endothelial cells
and cancer cell proliferation.d'“ In contrast, CAd MSC infection elim-
inated IL-8 secretion from T cells, suggesting that CAd MSCs will
beneficially modulate the TME. Additionally, we observed that CAd
MSCs enhanced CCL11 from HER2 CAR-Ts. CCL11, or Eotaxin-1,
is a chemokine produced by a variety of cells that is implicated in
the recruitment of eosinophils to inflammatory sites.*’ CCL11 also
has been shown to play a role in eosinophil immunosurveillance, as
CCL11 knockout mice have increased fibrosarcoma growth associ-
ated with poor recruitment of eosinophils to the tumor.** As eosino-
phils can infiltrate tumors and are associated with improved
prognosis,”” increased secretion of CCL11 may be one mechanism
through which CAd MSCs improve CAR-T cell antitumor activity.
While we did not measure other factors produced from CAd MSCs
that may influence the polyfunctionality of T cells, we are able to
confirm that the transgenes IL-12 and anti-PD-L1 provided by CAd
enhance T cell effector cytokine production.

3D cultures of tumor cells can recapitulate the biophysical character-
istics of solid tumors better than conventional 2D tissue culture®* by
incorporating cell-cell and cell-matrix interactions and maintaining
cell polarity.*>*® These considerations are particularly important in
studies of OAd spread, for which 2D cultures poorly predict in vivo
performance.””*® Previous studies have characterized cancer cells
located at the perimeter of tumors that interact with the surrounding
environment exhibit distinct gene-expression patterns compared to
interior cells, of which affects OAd infectivity.qlg’50 Here, we test our
combination therapy in 3D tumor spheroids in which only 23% of
cells are exposed to the surface to mimic the structure of solid tumors.
MSCs were absorbed into tumor spheroids allowing for CAd spread
over time, expanding and disrupting the spheroid structure. The addi-
tion of T cells then allowed perimeter targeting of the spheroid and
complete destruction. With similar cellular structure and heterogene-
ity, this 3D modeling system may more predictively measure the
cytotoxic kinetics of both OAd and CAR-T cells for clinical transla-
tion.””*" Together, both therapies improved the kinetics of tumor
killing, which could be attributed to the enhanced CD4 HER.2
CAR-T cell cytolytic function when cultured with CAd MSCs.

Polyfunctional T cells that secrete more than one cytokine have supe-
rior anti-tumor activity compared to single secretors.””** Our studies
show that CAd MSCs enhance CD4 HER.2 CAR-T cell effector cyto-
kine secretion in the presence of tumor (Figure 3G). Although both
CD4 and CD8 CAR-expressing T cells can target and kill tumor cells,
CD4 T cell killing is often delayed due to less intracellular granzyme
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and perforin expression.””>> CD4 HER.2 CAR-T cells cultured with
CAd MSCs overcame this delay and their pattern of cytotoxic effector
molecule expression more closely resembled CD8 CAR-T cell cyto-
kine and perforin secretion. CAd expressing IL-12 could improve
CD4 cytotoxicity, as the cytokine has been shown to alter TCR
signaling to stimulate a range of cytokine secretion.”>”” Additionally,
adenovirus infection itself has been shown to stimulate IFN-y secre-
tion from CD4 virus-specific T cells.”®

Importantly, oncolysis of tumor cells by OVs releases tumor antigens
that may recruit additional T cells through epitope spreading and
skew the TME to a more pro-inflammatory setting.”” Although our
current models did not allow us to directly interrogate epitope
spreading, we observed an increase in the frequency of NTR CD8
T cells secreting pro-inflammatory cytokines after exposure to CAd
MSCs and tumor cells (Figure S6) and mice treated with the combi-
nation therapy were now resistant to tumor re-challenge. These data
are all consistent with improved T cell recruitment, and it will be of
interest to develop models that can discern whether the increased
T cell recruitment and associated anti-tumor effects are in part attrib-
utable to epitope spreading to additional tumor-associated antigens.

We demonstrated a multi-pronged approach that overcomes the lim-
itations of OAd and CAR-T cell monotherapies by bypassing pre-ex-
isting immune OAd neutralization with our MSC carrier system.
Overall, this combinatorial treatment enhances CAR-T cell activity
through release of HDAd-encoded immunostimulatory transgenes
and, despite the immunosuppressive TME, improves T cell tumor
infiltration. As both HER.2 CAR-T cells and MSCs have been proven
safe in the clinic (NCT00902044, NCT02530047) and a current clin-
ical trial combining locally injected CAd and HER.2 CAR-T cells
(NCT03740256) is approved to accrue patients, the proposed system
should be suited for clinical translation.

MATERIALS AND METHODS

Cells and culture condition

A549 and H1650 cell lines were obtained from ATCC (Manassas, VA,
USA). GFP Ffluc-expressing cell lines were generated by gamma
retroviral transduction with PG13 vector packaging cell line. MSCs
were isolated from healthy donors as previously described and used
between the 3™ and 6" passages.”> Tumor cell lines and MSCs
were maintained in Dulbecco’s modified Eagle’s medium (DMEM;
supplemented with 10% fetal bovine serum; GE Healthcare Life Sci-
ences, Marlborough, MA, USA) and 2 mmol/L L-glutamine. All cell
lines were routinely tested for mycoplasma using the Mycoalert detec-
tion kit (Lonza, Basal, Switzerland).

Adenoviral vectors and transduction

Both OAd and HDAd expressing IL-12p70 and PD-L1 blocker were
produced as previously described.”'>*° For adenoviral transduction,
MSCs or tumor cells were plated in 6-well plate at 2 x 10° cells per
well and cultured for 24 h in DMEM media. Media was then aspirated
and replaced with 350 pL incomplete Iscove’s Modified Dulbecco’s
Media (IMDM). 100 vp/cell of OAd and 1,000 vp/cell of HDAd
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were then added to each well. Plates were incubated at 37°C and
rocked every 10 min for 1 h followed by every 20 min for another 2
h. 650 pL of complete IMDM was then added to each well. 24 h later,
MSCs or tumor cells were then washed three times with PBS and
either used for assays or replaced with 2 mL of DMEM media. To
further transduce tumor cells with MSC-produced virus, we harvested
media from infected MSCs 72 h post infection and applied it to tumor
cell lines.

Quantitative PCR for viral gene expression

We infected MSCs with 100 vp/cell OAd and 1,000 vp/cell HDAd and
collected them at the time points indicated (24 h and 72 h post infec-
tion). Total DNA was extracted from cells and quantified with primer
sets as previously described (Table 1.7

Flow cytometry

We collected MSCs after adenoviral infection and stained for CD90,
CD105, and CD73 and a cocktail of CD34, CD45, CD14, CD3, CD19,
and HLA-DR (BD Biosciences, San Jose, CA, USA). T cells were
stained intracellularly for phoso-Stat4 according to the manufac-
turer’s protocol (BD Biosciences, San Jose, CA, USA), and tumor cells
were stained for PD-L1. Data were acquired on a BD CANTO II flow
cytometer for all assays, with the exception of Figure 5, measuring
T cell phenotype and activation that used Cytek Aurora Spectral
Flow Cytometer and analyzed by Flow]Jo software.

IL-12 and IFN-y ELISA

For IL-12 detection in vitro, we infected MSCs with 100 vp/cell OAd
and 1,000 vp/cell HDAd IL-12_PD-L1 according to protocol.'* Su-
pernatant was collected 72 h later and analyzed for IL-12 secretion
(R&D Systems, Minneapolis, MN, USA). We applied MSC superna-
tant to A549 tumor cells and sampled at various time points to
measure IL-12 continually produced from tumor cells. For in vivo ex-
periments, plasma was isolated from mice at indicated time points
and then analyzed for both IFN-y and IL-12 by ELISA according to
the manufacturer’s protocol (R&D Systems, Minneapolis, MN, USA).

HER.2 CAR-T cell generation

We obtained healthy donor peripheral blood mononuclear cells
(PBMC:s) through an institutional review board (IRB)-approved pro-
tocol at Baylor College of Medicine. PBMCs were isolated using Lym-
phoprep according to the manufacturer’s instructions (Axis-Shield
PoC AS, Dundee, Scotland). T cells were activated in 24-well non-tis-

Table 1. Primer sets

Primer name Sequence

OAd fwd 5'-TCCGGTTTCTATGCCAAACCT-3'

OAd rev 5'-TCCTCCGGTGATAATGACAAGA-3'

HDAdJ fwd 5'-TCTGAATAATTTTGTGTTACTCATAGCGCG-3'
HDAd rev 5'-CCCATAAGCTCCTTTTAACTTGTTAAAGTC-3'
GAPDH fwd 5'-CATGCCTTCTTGCCTCTTGTCTCTTAGAT-3
GAPDH rev 5'-CCATGGGTGGAATCATATTGGAACATGTAA-3'

sue culture-treated plates coated with OKT3 (1 mg/mL; Ortho
Biotech, Bridgewater, NJ, USA) and NA/LE (no azide/low endotoxin)
anti-human CD28 antibodies (1 mg/mL; BD Biosciences, San Jose,
CA, USA) at a density of 1 x 10° cells per well. Primary human
T cells were cultured in complete CTL media containing 45%
RPMI-1640 media (Hyclone Laboratories, Marlborough, MA,
USA), 45% Click’s medium (Irvine Scientific, Santa Ana, CA, USA),
10% heat-inactivated FBS (Hyclone Laboratories, Marlborough,
MA, USA), 100 U/mL Pen Strep, and 2 mmol/L glutaMAX (GIBCO
by Life Technologies, Carlsbad, CA, USA) supplemented with recom-
binant human IL-7 (10 ng/mL) and IL-15 (10 ng/mL).*

The vector encoding the HER.2 directed CAR (2" generation
HER?2.28z; clone FRP5) was a kind gift from Dr. Stephen Gottshalk.
We completed transfection for retroviral supernatant with 293T cells
as described here.®' Retroviral transduction was performed as previ-
ously described.”’ Transduction efficiency was measured by flow
cytometry using a chimeric Erb2-Fc fusion protein (R&D Systems,
Minneapolis, MN, USA) with AF-647 anti-Fc antibody (Southern
Biotech, Birmingham, AL, USA).

Apoptosis assays

MSCs and GFP* tumor cells were collected after infection at indicated
time points. All media were collected for dead cells and remaining
cells were trypsinized and pelleted by centrifugation. Cells were
stained for Annexin V conjugated to Pacific Blue fluorochrome ac-
cording to manufacturer’s protocol (BioLegend, San Diego, CA,
USA) and then washed in Annexin V binding buffer and stained
with 7-AAD (7-amino-actinomycin D). Annexin V/7-AAD-positive
cells were quantified by flow cytometry on a BD CANTO II and
analyzed by Flow]Jo software.

Incucyte assays

For tumor transduction assays with OAd.5-expressing RFP and
HDAGJ.5/3-expressing GFP, unlabeled tumor cells were plated in a
24-well plate at 1 x 10> cells per well. Transduced MSC supernatant
was applied at various dilution, and RFP and GFP cells were quanti-
fied by fluorescent expression measured using the Incucyte Live Im-
aging system. Green object intensity (GCU) and overlap expression
parameters (RFPGFP™ cells) were used for analysis.

For spheroid assays, tumor cells were labeled with GFP and AF594
Annexin V (Invitrogen by Thermo Fisher Scientific, Carlsbad, CA,
USA) stain was used at 1:2,000 dilution to indicate cell death. Multi-
spheroid protocol was used for image acquisition and quantified by
total red object integrated intensity parameter that represents the
summed pixel intensity in calibrated units.

Co-culture and tri-culture assays

HER.2 CAR-T and NTR T cells were co-cultured with A549 or H1650
cell lines expressing GFP at 1:4 (effector to target) ratio. Residual tu-
mor was measured by GFP*7-AAD™ staining quantified by flow cy-
tometry and CountBright Absolute Counting Beads (Invitrogen by
Thermo Fisher Scientific, Carlsbad, CA, USA).
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For tri-culture experiments, MSCs were infected with adenovirus and
24 h later co-cultured with tumor cells at a 1:10 (MSC to tumor) ratio.
48 h later T cells were added at 1:4 effector to target ratio and residual
tumor was measured by flow cytometry and CountBright Absolute
Counting Beads (Invitrogen by Thermo Fisher Scientific, Carlsbad,
CA, USA).

Single cell cytokine secretion

We infected 2 x 10° MSCs with CAd and 24 h later co-cultured them
with A549 tumor cells at a 1:10 (MSC to tumor) ratio in a 6-well plate.
We added T cells 48 h later at 1:4 effector to target ratio and then
collected cells 20 h later. CD4 and CD8 T cells were then isolated
by microBeads enrichment and medium selection (MS) columns
(Miltenyi Biotech, Bergisch Gladbach, Germany). We then loaded
3 x 10" T cells onto Isocode chips according to the manufacturer’s
protocol (Isoplexis, Branford, CT, USA) and analyzed on 32-plex
cytokine secretion. Isospeak software was used to quantify number
of polyfunctional T cells and measure relative cytokine secretions.®”
We used a similar protocol for uninfected MSC conditions with
HER.2 CAR-T cells and NTR T cells. For no MSC control, HER.2
CAR-T or NTR T cells were cultured with tumor only.

UMap analysis

Single cell cytokine secretion data was exported using the Isospeak
software and transcribed into MATLAB and Simulink software.
Data was analyzed by input file run_umap.m and implemented to
produce lower-dimensional representation of the data for visualiza-
tion to cluster T cells according to cytokine secretion and
polyfunctionality.

3D spheroid assays

We coated 96-well tissue culture plates with 1% agarose to create a
low-attachment binding surface to allow forced suspension of tumor
cells as described previously.**** We seeded 2 x 10* tumor cells in
100 pL and culture for 24-48 h until spheroids formed spontaneously
and confirmed by microscope visualization. MSCs were then added in
50 puL volume and cultured for 48 h followed by T cell addition.
Spheroids were monitored by fluorescent microscopy, confocal imag-
ing, and Incucyte Live cell image analysis. We used NIH Image] soft-
ware for image processing.

Xenograft mouse models

Breeder pairs of NOD.Cg-Prkdc*™® 112rg"™"/Sz] mice (NSG, Stock
No. 005557) were purchased from The Jackson Laboratory (Bar Har-
bor, ME, USA) and bred in a Baylor College of Medicine animal
facility. Female and male (8- to 16-week-old) were used for experi-
ments. All animal experiments were conducted in compliance with
the Baylor College of Medicine IACUC (Protocol #AN-4758).

We injected 2 x 10° A549 or H1650 cells expressing firefly luciferase
(Ffluc) or unlabeled H1650 cells via tail vein and confirmed tumor
engraftment 3 days later by IVIS bioluminescent imaging. We deliv-
ered 2 x 10° uninfected or CAd infected MSCs intravenously by tail
vein injection 4 days after tumor establishment. NTR or HER.2
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CAR-T cells were then infused (5 x 10° or 1 x 10°) and tumor was
monitored by Xenogen-IVIS (In Vivo Imaging System) (Caliper
Life Sciences, Hopkinton, MA, USA). Mice were injected intraperito-
neally twice a week with D-luciferin (150 mg/kg), and signal intensity
was measured as total photon/sec/cm2/sr (p/s/cm2/sr) after imaging
for both 10 s and 1-min exposures.'? For GFP Ffluc-labeled T cell ex-
periments, mice were imaged post T cell infusion on day 0 and then
twice a week for 3 min exposures for the remainder of the experiment.
We collected and processed tissues (blood, lung, spleen, and liver) for
flow cytometry to measure circulating T cells. Lung tissue sections
were processed and stained for CD3 T cell infiltration by Baylor Pa-
thology Core.

Statistics

All statistical analyses used GraphPad Prism software. We used
paired two-tailed Student’s t test to determine the statistical signifi-
cance of differences between samples. Linear regression analysis
was used for time course studies. In vivo tumor fold change was deter-
mined by Mann-Whitney U test. All numerical data are represented
as mean with standard deviation. Results were considered statistically
significant when p < 0.05.

SUPPLEMENTAL INFORMATION
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Supplemental Figure 1
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Supplemental Figure 1: MSC reproduce virus and phenotype is not altered after Adenoviral infection. A) MSCs were infected with
100vp Onc.Ad5+ 1000vp V2 HDAd.5/3 expressing IL-12 and anti-PD-L1. Viral genome expression of each virus was measured by qPCR
and normalized to GAPDH at both 24hr and 72hrs post infection. B) MSC phenotype was analyzed 24hr post viral infection with
Onc.Ad5 and HDAd.5/312_PD-L1 by flow cytometry. MSCs are defined by CD90, CD73, and CD105 positivity. MSCs also remained
negative for CD45, CD14, CD34, and HLA-DR before and after infection.
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Supplemental Figure 2: MSCs produce functional transgene products provided by helper dependent adenovirus A) Supernatant
was collected 72hrs post MSC infection and analyzed for IL-12p70 by ELISA B) 72hr MSC supe was applied to A549 cells and
subsequent supes were collected at time points indicated. IL-12 secretion from A549 cells was measured by ELISA. C) 48hr
supernatant from MSCs co-cultured with A549 tumor cells at a 1:5 ratio were applied to activated T cells for 30 minutes and then
stained for phosphorylated STAT4 and analyzed by flow cytometry to determine IL-12 functionality. D) 48hr supernatant from three
MSC donors (EY1, EY27, EY33) infected with CAd12_PD-L1 were applied to lung tumor cell lines stimulated with 10ng/ml IFNy.
Representative histogram for one MSC donor is shown. PD-L1 expression was measured by flow cytometry. The average Mean
Fluorescence Intensity (MFI) between all three MSC donors are shown. Significance was determined by student t-test between
uninfected MSC supernatant and CAd MSC produced supernatant.
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Supplemental Figure 3: Stromal cells express HDAd transgenes but are resistant to oncolysis. 24hr supernatant from three MSCs
donors infected with 100vp/cell OAd.5 and 1000vp/cell HDAd.5/3 expressing GFP were applied to A549 and H1650 tumor cells, and
Normal human lung fibroblasts (NHLF), MRC-5, HS-5 and Tig-3-20 fibroblasts. GFP expression was measure 24hr and 48hr post
supernatant addition to indicate infection (left). Viability was measured over time by Annexin V+ conjugated to Pacfiic Blue and 7-

AAD staining detected by flow cytometry (right).
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Supplemental Figure 4: MTS assay to measure anti-tumor activity of CAd MSCs with HER.2 CAR-T cells. 1x10* H1650 tumor cells
were added to a 96 well plate +/- 1x10® Uninfected or CAd MSCs. MSCs and tumor were cultured at a 1:10 ratio for 48hrs followed
by 2.5x103% non-transduced or HER.2 specific CAR-T cells. Cell viability was analyzed by MTS assay according to the manufacturer’s
protocol (Promega, Cell Titer Glo). Significance was determined by student t-test.
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Supplemental Figure 5: Her-2/neu expression on healthy MSC donor. EY11 MSCs derived from healthy bone marrow and cultured
for 4 passages were assessed for Her-2/neu surface expression by flow cytometry.
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Supplemental Figure 6: CAd MSCs enhance CD4 T cell cytokine secretion. Non-transduced or HER.2 CAR-T cells were cultured with
tumor only or with tumor cultured with uninfected or CAd MSCs for 20hrs. T cells were then isolated and separated into CD4 and
CD8 populations. Single cell cytokine secretion was measured by Isoplexis. Number above each bar indicates the total number of
cells analyzed in each condition between three donors. The bar graph shows the frequency of the total population secreting

cytokine.
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Supplemental Figure 7: Polyfunctionality of T cells. Number of analytes secreted according to treatment of 32-multiplexed Isoplexis
single cell secretion system.
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Supplemental Figure 8: Increased PD-1 expression on CD4 (left) and CD8 (right) T cells cultured with CAd MSCs. 2x10° GFP+A549
tumor cells were culture with 2x10* uninfected or CAd infected MSCs (10 tumor: 1MSC) for 48hrs. 5x10* non-transduced of HER.2
specific CAR-T cells were then cultured with tumors and MSCs for 72hrs. T cells were isolated and analyzed for cell surface PD-1
expression by flow cytometry.
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Supplemental Figure 9: T cells cluster in similarity by number of cytokines secreted. Single cell cytokine secretion was measured by
the Isoplexis platform and Umap analysis was carried out on MatLab software. CD4 (A) and CD8 (B) T cells cluster based on
polyfunctionality.
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Supplemental Figure 10: MSCs home to the lungs/site of tumor and only remain viable for 5 days post infection. NSG mice were
injected intravenously with 2x10° uninfected MSCs expressing firefly luciferase with or without unlabeled A549 tumor cells at a ratio
of 3 MSCs to 1 tumor. Images were acquired by IVIS imaging on Day 2 and Day 5 post injection. Right: Signal quantified from the

lungs of mice post infusion.



Supplemental Figure 11
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Supplemental Figure 11: Virus detection in tumor and stromal tissue. Lung tumor tissues were harvested on Day 5 post MSC
infusion. Mice received either 2x10° uninfected MSCs or OAd expressing RFP MSCs. A549 tumor cells expressed GFP-Ffluc and
sections were stained for DAPI to indicated nuclear stain. Tissues with no MSCs show both tumor (GFP, DAPI+) and stromal cells (non
GFP, DAPI+). Mice treated with CAd RFP MSC show tumor (GFP, DAPI+) and stromal cells (non-GFP, DAPI+) express RFP indicating
both cell populations are infected with the CAd vector.
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Supplemental Figure 12: CAd12_PD-L1 MSC improves anti-tumor activity of HER.2 CAR-T cells in A549 tumor model: NSG mice
were engrafted with A549 GFP-Ffluc labeled tumor cells intravenously followed by IV infusion of 2x10°® uninfected or CAd12_PD-L1
MSC on Day 3. On Day 6, mice were infused with 5x10°> NTR or HER.2 specific CAR-T cells. 1x108 NTR cells were used for A549 tumor
model control. Fold change was determined from baseline imaging on Day 3 post tumor engraftment. P valued was determined by
Mann-Whitney U test. B) Tumor growth was monitored by in vivo imaging to measure bioluminescence over time. * indicates p=0.01
as determined by student t-test, n=4-5 per group. C) Bioluminescent animal images are shown for last day of measurement.
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Supplementary Figure 13: CAd MSCs only have minimal anti-tumor activity in an orthotopic lung tumor model. 2x10° A549 GFP
Ffluc expressing tumor cells were injected via tail vein. Day 4 post tumor establishment, 2x10° uninfected MSC or infected MSCs
were administered intravenously by tail vein. Tumor bioluminescence was detected by IVIS imaging system. P value determined by

student’s t test.
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Supplemental Figure 14: CAd12_PD-L1 MSCs with CAR-T cells overcome tumor re-challenge. NSG mice were engrafted with GFP-
Ffluc labeled A549 cells intravenously followed by IV infusion of 1x10° uninfected or CAd12_PD-L1 MSC on Days 3, 7, &11. 3x10°
HER.2 or NTR T cells were infused on Day 14 and mice were re-challenged with 2x10° tumor cells on Day 38 (arrow). Tumor growth
was monitored by in vivo imaging to measure bioluminescence. Image is Day 54 post tumor engraftment and tissues were stained

for T cells on Day 65, analyzed by flow cytometry.
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Supplemental Figure 15: No toxicities observed with combination treatments in vivo. Weights of the animals were monitored and
normalized to 100% at Day O for tumor engraftment.
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Supplemental Figure 16: CAd12_PD-L1 MSC and HER.2 CAR-T cells increase the number of CD3+ T cells in the lungs and peripheral
tissues. A) Day 18 post tumor engraftment, lung tissues were isolated and processed for IHC staining of CD3. CD3 intensity was
scored and quantitated n = 2 mice/group. B) Tissues were isolated and process on Day 18 post tumor engraftment to determine

CD3+ T cell population in each tissue by flow cytometry.
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Supplemental Figure 17: IL-12 detection in the plasma of mice on Day 6, 13, and 28 post T cell infusion. Blood was collected from
each mouse at the time of sacrifice. Plasma was isolated and analyzed for IL-12 detected by ELISA. Each point represents a single
animal with detectable levels. ND = not detected.
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Supplemental Figure 18: T cell signal detected in the primary tumor site over time. A) Bioluminesence signal of T cell infiltrating into
the lungs of mice overtime. n=2 mice per group on days 6 and 13 and n=3 mice per group on day 28. B) Area under the curve
qguantified from A. C) Bioluminescent images of lung tissues ex vivo on Day 28.



Supplemental Figure 19
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Supplemental Figure 19: Combination treatment did not significantly alter T cell memory subsets. Human T cells were isolated
from the lung tissues at designated time points post T cell infusion and stained for memory T cell markers by CCR7 (CD197) and
CD45RA. Two mice were averaged for Days 6 and 13 and three mice were averaged on Day 28.
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Supplemental Figure 20: tSNE representation of activation markers on HER.2 CAR-T cells Day 6 post infusion. Total CD3+ T cell
populations are shown with CD4 and CD8 marker indication in the first row. Mean fluorescence intensity if shown to the right
activation marker per animal (n=2).
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Supplemental Figure 21: IFNy detection in the plasma of mice on Day 6, 13, and 28 post T cell infusion. Blood was collected from
each mouse at the time of sacrifice. Plasma was isolated and analyzed for IFNy detected by ELISA. Each point represents a single

animal with detectable levels.
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Supplemental Figure 22: CAd MSCs enhance T cell activation in vivo: T cells were isolated from
tissues on Day 6, 13, and 28 post infusion. CD25 and 41BB expression for one representative
mouse is shown in the histogram measured by flow cytometric analysis. The average percent of
CD25 and 41BB expression for CD4 and CD8 T cells is shown in the line graphs to the left.



Supplemental Video 1: MSCs were infected with 100vp/cell OAd expressing RFP and
1000vp/cell HDAd expressing GFP. Supernatant was collected 72hrs later and applied to A549
(left) and H1650 (right) cell lines. Images were acquired every 2hrs by Incucyte Live Cell image
analysis for 3 days.

Supplemental Video 2: Confocal imaging to visualize MSC incorporation of tumor spheroid and
oncolytic virus spread. 2000 GFP+ H1650 or A549 lung tumor cells were seeded to an agarose
coated 96 well plate. 200 uninfected or CAd infected were stained with efluor 670 and added
48hrs after spheroid generation. CAd infected MSCs were infected with 100vp/cell OAd
expressing RFP and 1000vp/cell HDAd expressing IL-12 and PD-L1 blocker. Images were
collected at time of MSC addition and then every 24hrs for 4 days on a GE Healthcare
DeltaVision LIVE High Resolution Deconvolution Microscope.

Supplemental Video 3: CAd MSC and HER.2 CAR-T cells target tumor spheroids. 2000 GFP+
H1650 lung tumor cells were seeded to an agarose coated 96 well plate. 200 MSC were added
48hrs later followed by 50 non-transduced or HER.2 specific CAR-T cells. GFP fluorescence
indicated viable tumor with RFP Annexin V+ staining used to show tumor cell apoptosis. Images
were acquired every 2hrs for 5 days on the Incucyte.
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