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ABSTRACT
Although chimeric antigen receptor (CAR) T cells have emerged as highly effective treatments for patients 
with hematologic malignancies, similar efficacy has not been achieved in the context of solid tumors. 
There are several reasons for this disparity including a) fewer solid tumor target antigens, b) heterogenous 
target expression amongst tumor cells, c) poor trafficking of CAR T cells to the solid tumor and d) an 
immunosuppressive tumor microenvironment (TME). Oncolytic viruses have the potential to change this 
paradigm by a) directly lysing tumor cells and releasing tumor neoantigens, b) stimulating the local host 
innate immune response to release cytokines and recruit additional innate and adaptive immune cells, c) 
carrying virus-encoded transgenes to “re-program” the TME to a pro-inflammatory environment and d) 
promoting an adaptive immune response to the neoantigens in this newly permissive TME. Here we show 
that the Tumor-Specific Immuno-Gene (T-SIGn) virus NG-347 which encodes IFNα, MIP1α and CD80 
synergizes with anti-EGFR CAR T cells as well as anti-HER-2 CAR T cells to clear A549 human tumor 
xenografts and their pulmonary metastases at doses which are subtherapeutic when each is used as a sole 
treatment. We show that NG-347 changes the TME to a pro-inflammatory environment resulting in the 
recruitment and activation of both CAR T cells and mouse innate immune cells. We also show that the 
transgenes encoded by the virus are critical as synergy is lost in their absence.
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Introduction

Chimeric antigen receptor (CAR) T cell therapy has emerged 
as an important treatment modality for hematologic malignan
cies. CAR T cells directed against B cell antigens have been 
tested in the clinic,1–10 often inducing long-term remissions in 
even heavily pre-treated patients11–13 and now 5 CAR T cell 
therapies are on the market for hematologic malignancies.14 In 
contrast, CAR T cell therapy has yet to achieve the same depth 
and reproducibility of response in patients with solid tumors. 
CAR T cells targeting B7-H3, CEACAM5, CD133, CD171, 
EGFR, EGFRvIII, FRα, GD2, GPC3, HER2, IL-13Ra2, 
mesothelin, MUC1, PSMA, ROR1, and VEGF-R2 have been 
tested in the clinic, but demonstrated limited ability to control 
disease.15–18 Several elements have been hypothesized to con
tribute to the differences in CAR T clinical efficacy between 
hematologic malignancies and solid tumors, including a) fewer 
solid tumor target antigens, b) heterogenous target expression 
amongst tumor cells, c) poor trafficking of CAR T cells to the 
solid tumor and d) the solid tumor microenvironment (TME) 
that is hostile to the function and survival of CAR T cells.15,19,20

Inadequate CAR T cell trafficking to solid tumors (c, above) 
may be particularly important. In the case of hematologic 
malignancy, infused CAR T cells immediately mix with circu
lating neoplastic cells and readily traffic to lymph nodes and 
bone marrow to interact with tumor cells in those locations. 
For solid tumors, in contrast, infused CAR T cells disperse 

widely in the blood and only a small subset reach the tumor 
microvasculature. After successful trafficking to the TME, the 
local microenvironment may impair the function of and/or 
promote clearance of CAR T cells. A variety of different soluble 
molecules and immunosuppressive cells (e.g. TGFβ, adenosine, 
regulatory T-cells and myeloid derived suppressor cells) pre
vent CAR T cell proliferation and function.15,19,20 Additionally, 
immune checkpoint molecules (e.g. PD-L1) expressed by 
TAMs and tumor cells may also directly impair CAR T cell 
function.21

Thus, to realize successful treatment of solid tumors with 
CAR T cells, it will be important to find ways to promote CAR 
T homing to the tumor and reprogram the TME from an 
immunosuppressive to an immunostimulatory microenviron
ment. Recently, oncolytic viruses (OVs) have been proposed to 
be used in combination with CAR T cells for the treatment of 
solid tumors to address these issues,22–24 with most having 
been genetically engineered or selected to preferentially infect, 
replicate in, and lyse tumor cells, while not damaging normal 
cells.25 Conceptually, OVs can mitigate many of the problems 
that have prevented effective CAR T cell therapy of solid 
tumors. For example, OV-mediated direct tumor cell lysis 
directly reduces the solid tumor mass and may make unique 
tumor associated antigens (TAAs), tumor-specific antigens 
(TSAs), and/or neoantigens accessible to the host immune 
system. OV-mediated lysis of tumor cells may also stimulate 
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the innate immune response through release of pathogen- 
associated molecular patterns (PAMPs). The resultant release 
of proinflammatory cytokines like IFN-α, IFN-γ, TNF-α, IL-6, 
and IL-12, could then induce anti-viral and anti-tumor 
immune responses and recruit other immune cells from per
ipheral lymphoid organs.25–27 OVs can also be engineered to 
deliver novel target antigens to tumor cells (tumor “painting”), 
thus rendering the cells susceptible to lysis by CAR T cells with 
receptors specific for that antigen.28 Further, by carrying trans
genes that encode cytokines, chemokines, costimulatory or 
other molecules, OVs can also be designed to actively “repro
gram” the TME to a pro-inflammatory state which will recruit 
and activate additional adaptive and innate immune cells to the 
TME.22 A number of recent studies have exemplified this, both 
with fresh human tumor samples cultured ex vivo29and follow
ing intra-tumoral dosing in mouse immunocompetent tumor 
models.30,31

Intra-tumoral dosing of either the OV and/or CAR T cells 
is either impractical or not feasible at all in many patients 
and in others only a selected subset of lesions could be 
dosed. However, the oncolytic group B adenovirus enadeno
tucirev is stable in blood,32 can be dosed intravenously for 
selective replication in tumors,33,34 and this virus has been 
developed into a vector (T-SIGn: Tumor-Specific 
Immunogene) for delivery of transgenes selectively to 
tumors following IV dosing.34 Here we have evaluated 
T-SIGn vectors expressing chemokines and immune stimu
lating transgenes for their impact on CAR T cell therapy in 
NSG mice bearing human tumor xenografts. We show that 
T-SIGn vectors a) reprogram the TME toward a pro- 
inflammatory state, b) enhance CAR T cell and mouse 
innate immune cell recruitment to the TME, c) synergize 
with anti-EGFR CAR T cells as well as anti-HER2 CAR T 
cells to clear A549 xenografts and their metastases, d) this 
synergy is due, in part, to T-SIGn vector-mediated enhance
ment of CAR T cell activity and e) the T-SIGn transgene 
payload is critical for the synergistic effect.

Materials and methods

Cell lines

A549, CT26, HT-29 and HEK293 cell lines were obtained 
from American Type Culture Collection and cultured in 
RPMI 1640 media containing 5% fetal bovine sera.

Generation and characterization of T-SIGn viruses 
enadenotucirev, NG-347 and NG-641

The generation and characterization of enadenotucirev 
and T-SIGn viral vectors expressing a transgene cassette 
under control of the virus major late promoter to convey 
tumor-specific expression have been previously 
described.29,35 NG-641 is a T-SIGn vector that encodes a 
transgene cassette for expression of an anti-human FAP 
bispecific T-cell activator (FAP-TAc) as described 
previously,29 together with human CXCL9, CXCL10 and 
IFNα. NG-347 has a transgene cassette for expressing 
human IFNα, MIP1α and CD80.

Measurement of adenovirus genome copy number and 
transgene mRNA expression in FFPE tissue samples

Nucleic acid isolation and PCR
Xylenes were used to deparaffinize 10 µm sections (n = 2 per 
sample) of formalin fixed paraffin embedded (FFPE) tissue 
prior to total RNA isolation using the RNeasy FFPE Kit 
(Qiagen), in accordance with a standard protocol with the 
addition of DNase treatment. RNA concentration was assessed 
using the Qubit RNA HS Assay Kit (Qiagen). Prior to RNA 
isolation and following incubation with proteinase K, 20 µL of 
lysate from each sample was removed and stored in Buffer 
ATL. DNA was isolated with the QIAamp DNA FFPE Tissue 
Kit (Qiagen) using a standard protocol, then quantified using 
the Qubit dsDNA HS Assay Kit (Invitrogen).

cDNA synthesis was performed using Superscript IV VILO 
Master Mix (Invitrogen). Quantitative RT-PCR (RT-qPCR) 
and PCR (qPCR) were performed using primers listed in 
Table S1 with the Taqman Fast Advanced Master Mix and 
QuantStudio 3 Real-Time PCR System (Applied Biosystems). 
PCR conditions were 95°C for 2 mins (for RT-qPCR) or 
20 seconds (for qPCR), followed by 40 cycles at 95°C for 1 
second and 60°C for 20 seconds. The copies of target genes 
(IFNα, CD80 and Penton) were calculated using a dilution 
series (2.5x107 to 25 copies per PCR reaction) of linearized 
plasmid DNA encoding the NG-347 genome sequence. 
Plasmid DNA was linearized by digest with SbfI (New 
England Biolabs), then gel extracted using the QIAEX II Gel 
Extraction Kit (Qiagen), according to the manufacturer’s pro
tocol, prior to quantification as previously described above.

Bulk expression profiling using Nanostring nCounter
Gene expression analysis was conducted using the nCounter 
Analysis System (Nanostring Technologies) with the 
PanCancer Immune Profiling Panel codeset and a custom- 
designed codeset of 17 genes. Each hybridization reaction 
contained 100ng of RNA in a 5 μL volume and was supple
mented with a pool of reporter and capture probes generated 
from both codesets prior to incubation, in accordance with the 
manufacturer’s recommended protocol. The assay background 
was calculated separately for each sample tested at a 68% 
confidence level, given by a standard deviation from the 
mean RNA counts (µ + [1*SD]) of the negative control probes 
(n = 8) in the PanCancer Immune Profiling Panel. The calcu
lated background was subtracted from raw gene expression 
data, then data were normalized using the NanoStringNorm 
package (version 1.2.1) in R (version 3.6.1).

Lentiviral vectors and T cell transduction

Anti-EGFR CAR lentiviral vectors (LVV) were replication 
defective, self-inactivating (SIN), third-generation human 
immunodeficiency virus type 1 (HIV-1)–based LVV, pseu
dotyped with the vesicular stomatitis virus–glycoprotein 
(VSV-G) envelope protein. The vectors used the murine 
leukemia virus-derived MND promoter36 to drive expression 
of the chimeric antigen receptor. The anti-EGFR CARs con
tain a mouse-anti-EGFR single-chain variable fragment 
(scFv) coupled to the CD8α hinge and transmembrane 
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domains, and the intracellular CD137 co-stimulatory (4– 
1BB) and CD3ζ chain signaling domains using design prin
ciples previously reported.37,38 Anti-EGFR CAR LVVs were 
produced by transient transfection of HEK293T cells with the 
plasmid transfer vector and packaging plasmids encoding 
GAG/POL, REV, and VSV-G. Anti-EGFR CAR LVV was 
purified via chromatography and formulated before storage 
at ≤−65°C.

To initiate T-cell cultures, bulk PBMCs were activated with 
soluble human anti-CD3, clone OKT3 (Miltenyi Biotec), and 
human anti-CD28, clone 15E8 (Miltenyi Biotec), in T-cell 
growth media (TCGM) consisting of X–VIVO™ 15 media 
(Lonza) supplemented with 5% human serum, type AB 
(Valley Biomedical), 2 mM of GlutaMAX™-I (Gibco), 10 mM 
of HEPES buffer solution (Gibco), and 250 IU/mL of recombi
nant human interleukin-2 (rhIL-2; CellGenix GmbH) with 
culture at 37°C in a 5% CO2 incubator. The next day, cells 
were transduced with LVV (multiplicity of infection 
[MOI] = 20), and T cells were expanded for 7–15 days at a 
concentration of 0.3–0.5 × 106 cells/mL. Untransduced (UTD) 
T-cell controls compared in each individual study were from 
donor-matched parallel cultures.

Anti-HER2 CAR T cells with a human HER2-specific ScFv 
linked to an intracellular CD137 & CD3ζ signaling domain and 
co-expressing green fluorescent protein (GFP) were purchased 
from ProMab (PM-CAR1064, ProMab, Richmond, CA, USA). 
Tumor-specific killing activity of these CAR T cells was con
firmed by coculturing with A549 tumor cells (HER2 positive) 
or the CT26 mouse colorectal tumor cell line as a negative 
control (Figure S7). Tumor cell viability after CAR T cell 
addition was monitored using an xCELLigence Real Time 
Cell Analysis instrument (Agilent, Santa Clara, CA, USA).

To detect cell surface anti-EGFR CAR expression, T cells 
were labeled with LIVE/DEAD® Fixable Near-IR Dead Cell 
Stain Kit (Molecular Probes) according to the manufac
turer’s instructions to exclude dead cells and followed by 
incubation with Biotin-Goat Anti-Mouse IgG (H + L; 
Molecular Probes) for 20 min at 4°C. Following a wash 
step, the cells were incubated with R-phycoerythrin (PE) 
streptavidin and CD3 PerCP-Cy5.5, clone SK7 (BD 
Pharmingen), for 20 min at 4°C and fixed. Samples were 
acquired on an LSRFortessa™ Cell Analyzer (BD 
Biosciences) and analyzed using FlowJo Single Cell 
Analysis Software v9.0 (FlowJo, LLC). Expression of HER2- 
specific CAR molecules was similarly assessed by flow cyto
metry using a biotinylated AffiniPure F(ab’)₂ fragment goat 
anti-human IgG, F(ab’)₂ fragment-specific antibody 
(Jackson Immunoresearch Ely, Cambridgeshire, United 
Kingdom) followed by PE-Streptavidin.

Vector copy number (VCN) was determined using qPCR, as 
described previously.39 Briefly, gDNA was isolated from trans
duced T cells using Quick-gDNA™ MiniPrep kit (Zymo 
Research Corp). qPCR reactions were run on the 
StepOnePlus™ Real-Time PCR System (Applied Biosystems) 
using TaqMan® Universal Master Mix II, no UNG (Applied 
Biosystems), according to the manufacturer’s instructions. 
TaqMan® Copy Number Reference Assay, human RNase P 
(Applied Biosystems), and custom psi gag primer/probe set 
(Life Technologies) were run in multiplex. Analysis was 

performed using StepOne Software v2.2 (Applied Biosystems) 
using the ΔΔCt method. The average VCN was calculated by 
normalizing psi gag copies to RNaseP copies in diploid cells.

Mouse tumor xenograft studies

All in vivo studies were conducted with the approval and 
oversight of the bluebird bio Institutional Animal Care and 
Use Committee. 6–10 week old NOD-SCID-γ −/− (NSG) mice 
were injected subcutaneously with 5 × 106 A549 human tumor 
cells on the flank on day ~-21. Tumor xenograft length, width, 
and height were measured with calipers bi-weekly until the 
average size was approximately 100–150mm3 (studies with 
EGFR CAR T cells) or 100–350 mm3 (studies with HER-2 
CAR T cells) calculated as length × width × height × 
0.52 = Tumor Volume (mm3).40 Animals were subsequently 
randomized into treatment groups (n = 5–10 animals/group 
depending upon the experiment) to achieve an equivalent 
average tumor size across groups at the beginning of treatment. 
Bi-weekly tumor measurements continued as described above 
for the duration of the experiment. Animals were humanely 
euthanized when tumor volume exceeded 500 mm3 or on a 
pre-determined study termination date. Biweekly tumor mea
surements were compared between groups using multiple 
T-tests (GraphPad Prism v 8.0.1). Tumor xenografts and 
lungs collected at various times during experiments were 
fixed in 10% neutral buffered formalin for 24 hours, processed 
and embedded in paraffin.

Immunohistochemistry

To detect adenovirus capsid antigen, tumor xenograft or lung 
FFPE samples were sectioned at 5 μm, and stained on the 
Ventana Ultra robot (Roche Diagnostics). Sections were 
dewaxed, target retrieved, digested with Protease 2 (Roche 
cat# 760–2019), and then sequentially incubated with protein 
block, anti-adenovirus capsid antibody (EMD Millipore cat# 
MAB8052) or isotype control (Abcam cat# ab18443) at room 
temperature for 60 minutes, linking rabbit-anti-mouse anti
body (abcam #ab125907), OmniMap anti-rabbit -HRP anti
body (Roche cat# 760–4311) and then ChromoMap DAB kit 
(Roche cat# 760–159).

To enumerate lung metastases, the mouse lungs and trachea 
were embedded in paraffin en bloc, serially sectioned to the 
level of the mainstem bronchus and a single 5 μm FFPE section 
was cut at this level. Lung sections were dewaxed, target 
retrieved, and then sequentially incubated with protein block 
followed by anti-pan-cytokeratin antibody (Cell Signaling pan- 
cytokeratin #4545) or isotype control (BD Pharmingen 
#554121) at room temperature for 120 minutes. 
Subsequently, endogenous peroxidase was blocked (Biocare 
Medical #PX968NMM) and then slides were incubated for 
30 minutes at room temperature with goat-anti-mouse HRP 
polymer (Biocare Medical #MHRP520L). Finally, slides were 
developed for 5 minutes at room temperature with DAB 
(Biocare Medical #DBC859L10). Subsequently, slides were 
digitally scanned (Pannoramic Flash III, 3Dhistech), the digital 
images were reviewed (CaseViewer software, 3Dhistech) and 
pulmonary metastases were manually enumerated.
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To demonstrate tumor vascularity, tumor xenograft FFPE 
samples were sectioned at 5 μm, and stained on the Ventana 
Ultra robot (Roche Diagnostics). Sections were dewaxed, target 
retrieved and then sequentially incubated with protein block, 
rat-anti-mouse CD-31 antibody (Dianova cat#DIA-310) or 
isotype control (Abcam cat #ab18412) at room temperature 
for 60 minutes, linking rabbit-anti-rat antibody (Jackson 
Immuno cat # 312–005–003), OmniMap anti-rabbit -HRP 
antibody (Roche cat# 760–4311) and then Discovery Purple 
chromagen (Roche cat# 760–229).

Digital Spatial Profiling (DSP)

Tumor xenograft FFPE samples were sectioned at 5 μm, 
dewaxed, target retrieved, digested with proteinase K, post- 
fixed, and then incubated overnight with GeoMx Cancer 
Transcriptome Atlas (CTA) RNA detection probes 
(Nanostring, Seattle, WA) as previously described.41 Stringent 
washes were performed followed by the incubation of fluores
cently labeled antibodies against smooth muscle actin, pan 
cytokeratin, fibroblast activation protein, human CD45 and/ 
or murine CD11b and a nuclear DAPI stain for use as mor
phology markers. User-defined regions of interest (ROI) were 
then selected on the GeoMx Digital Spatial Profiling (DSP) 
instrument (Nanostring, Seattle, WA) through region-specific 
cleavage and collection of the photocleaved indexing oligonu
cleotides. Cleaved indices were then quantified via Next Gen 
Sequencing technology generating digital quantification of 
RNA expression with spatial context.

Bioinformatics analysis

Analysis of Digital Spatial Profiling (DSP) data: Gene-level data 
normalized by the Nanostring “Q3” method was used in all 
analyses involving DSP. The Q3 normalization method uses 
the top 25% of expressed genes within a ROI to scale expression 
so that expression patterns across ROIs may be compared.

DSP data analysis of tumor xenografts collected at the time of 
CAR T cell infusion (6 days after the 1st NG-347 infusion): DSP 
was performed using the Cancer Transcriptome Atlas probe 
library for a total of 24 ROIs: 12 ROIs from a tumor xenograft 
from a mouse treated with NG-347 and 12 from a tumor 
xenograft from a control mouse. Two ROIs from the tumor 
xenograft from the NG-347-treated mouse exhibited concor
dant exceptionally high expression of the NG-347-encoded 
transgenes CCL3 (over 40X median) and CD80 (over 3X med
ian) and were designated as “high transgene” ROIs. Note that 
the NG-347-encoded IFNA2 transgene was not detectable in 
this first DSP analysis because the IFNA2 probes detect only 
untranslated regions of the gene that are not expressed in the 
construct. Prior to testing for differential expression, genes 
from the Q3 normalized dataset were filtered to exclude: (1) 
negative control probes, (2) CCL3 and CD80, and (3) genes 
exhibiting only low-level expression, which was defined as 
having 90% quantiles of Q3 normalized expression ≤ 26. This 
reduced the testable gene set from 1811 to 1767 genes. Gene 
expression testing was then performed using the Kendall Tau 
rank correlation test to identify genes with expression levels 
that varied between ROIs in a manner significantly associated 

with extent of oncolytic virus replication, which was defined in 
terms of three ordered levels: 1 = no viral replication: the tumor 
xenografts from control mice, 2 = moderate replication: ROIs 
from tumor xenografts of NG-347 treated mice that did not 
exhibit exceptional transgene expression, and 3 = high replica
tion: ROIs from tumor xenografts of NG-347 treated mice with 
exceptional CCL3 and CD80 transgene expression. Testing was 
performed using the package Kendall in R, p-values were 
adjusted for multiple testing using the Benjamini-Hochberg 
false discovery rate (FDR) method, and genes with FDR < 
0.05 and average |log2(fold-change)| ≥ 0.5 between ROIs 
from control mice and moderate or high replication ROIs 
were selected for subsequent analysis. This analysis yielded 
110 and 102 genes positively and negatively associated with 
oncolytic virus replication, respectively. Testing for over- 
representation of pathways and functional annotations within 
these replication-associated groups of genes was performed 
using Fisher’s Exact test and the following gene sets that were 
accessed through the R package msigdbr::Hallmarks,42 

Reactome,43 KEGG,44 and Biocarta. At FDR <0.01 and requir
ing at least six overlapping genes, 15 pathways were signifi
cantly over-represented within genes positively associated with 
viral replication, and 10 pathways were significantly over- 
represented within genes negatively associated with viral repli
cation. Heatmap visualizations of significant genes and path
way associations were made using the R package pheatmap.

DSP data analysis of tumor xenografts collected 7 days after 
CAR T cell infusion (13 days after the 1st NG-347 infusion): DSP 
was performed for a total of 71 ROIs: 48 ROIs from tumor 
xenografts from two mice treated with NG-347 in combination 
with CAR T cells and 23 ROIs from tumor xenografts from two 
mice treated with CAR T cells alone. For these assays, the Cancer 
Transcriptome Atlas probe library was appended with additional 
probes to detect the NG-347-encoded IFNA2 transgene and 
mouse-specific probes for Itgax (Cd11c), Adgre1 (F4/80), and 
Hprt to detect infiltration of murine cells into the tumor xeno
graft. Each ROI was then scored in terms of T cell infiltration and 
oncolytic virus transgene expression (a surrogate for viral repli
cation) using the log2 average of relevant gene sets. Five T cell- 
specific genes (PTPRC/CD45, CD247/CD3Z, CD3D, CD3E, 
TRAC, and TRBC1/2) were used to compute the T cell infiltra
tion score, and all three transgenes encoded by NG-347 (CCL3/ 
MIP1a, CD80, and IFNA2) were used to compute the transgene 
score. T cell and transgene scores where each then binned into 
three discrete levels in the following manner: (1) T cell infiltra
tion: ROIs from both tumor xenograft groups exhibited largely 
comparable distributions of T cell scores except for a subset of 
ROIs in the NG-347 + CAR T cell group with scores that were 
very high. Receiver operating characteristic (ROC) analysis was 
used to identify a threshold that discriminated these high T cell 
ROIs from the others, and then partition around medoids 
(PAM) was used to cluster the remaining ROIs into low vs. 
medium T cell infiltration groups. (2) Transgene expression: 
ROC analysis was first used to find a transgene score threshold 
that discriminated NG-347 + CAR T cell tumor xenograft ROIs 
from CAR T cell tumor xenograft ROIs (where all transgene 
expression would be due to background endogenous levels). A 
log2 transgene score of 6.22 discriminated the two groups with 
100% specificity and 92% sensitivity, indicating that oncolytic 
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virus replication was absent from approximately 8% of ROIs 
from NG-347+ CAR T cell tumor xenografts. PAM was then 
used to cluster the remaining NG-347 + CAR T cell ROIs into 
medium vs. high transgene expression groups.

Results

Characterization of T-SIGn virus activity

Prior to proceeding with in vivo experiments, the various T-SIGn 
viruses used in this study (enadenotucirev, NG-347 and NG-641) 
were characterized in vitro to assess oncolytic activity and trans
gene expression. First, the oncolytic activity of NG-347 on A549 
cells was demonstrated to be equivalent to that of the parental 
vector, enadenotucirev (Figure S1). Additionally, permissive A549 
cells infected with NG-347 were demonstrated to express the 
human transgenes encoding MIP1α (Figure S2, panel A), IFNα 
(Figure S2, panel B), and CD80 (Figure S3) whereas non- 
permissive MRC-5 cells did not. Enadenotucirev and NG-347 
did not directly stimulate T cells as neither human CD4 nor 
CD8 T cells upregulate CD25 or CD69 upon exposure to the 
viruses (Figure S4), but when co-cultured with virus-infected 
A549 cells, T-cells were activated to upregulate CD69 and IFNγ 

in response to NG-347 (Figure S5 panels A and B, respectively). 
Similar to NG-347, the oncolytic activity of NG-641 on HT-29 
cells was demonstrated to be equivalent to that of the parental 
vector, enadenotucirev (data not shown) and all four NG-641 
transgene products were expressed (Figure S6).

Optimization of T-SIGn virus route of administration and 
dosing schedule

First, we evaluated the level of viral vector delivery to the TME 
following intravenous (IV) dosing or intra-tumoral (IT) dosing. 
Groups of mice bearing bilateral A549 human tumor xenografts 
were treated either with three IV injections of enadenotucirev 
virus particles (the T-SIGn empty vector) or PBS on Days 0, 3 
and 5 or a single IT injection of enadenotucirev virus particles or 
PBS control into each tumor on Day 0 (Figure 1a). Tumors were 
subsequently collected from the animals on Days 6 and 14 (IV 
route) or Day 4 (IT route). One of the bilateral tumors from each 
animal was snap frozen in liquid nitrogen for viral load analysis 
via qPCR and the second tumor from each animal was formalin- 
fixed and paraffin embedded (FFPE). FFPE sections of the 
tumors were subsequently stained with H&E and via IHC to 
detect adenovirus capsid protein expression. A549 tumors grow 

Figure 1. Evaluation of the level of enadenotucirev delivery to subcutaneous A549 tumors in NSG mice. a) NSG mice bearing bilateral A549 tumors were treated 
with either three intravenous (IV) doses of 5 × 109 enadenotucirev virus particles (vp) on Days 0, 3 and 5 or a single 5 × 109 vp intra-tumoral (IT) dose on Day 0. Tumors 
were collected on Days 6 and 14 (IV route) or Day 4 (IT route) and one of the bilateral tumors from each mouse was snap frozen for molecular analysis. The other tumor 
from each mouse was fixed in formalin, processed to paraffin block (FFPE) and sectioned for histologic evaluation. b) Sections of the FFPE tumors were stained with H&E 
and via IHC to detect adenovirus capsid protein expression. Analysis of the H&E tumor sections from animals treated with enadenotucirev via either the IV or IT routes 
yielded large areas of A549 tumor necrosis (Arrows, Panels A and C, respectively) which contained robust adenovirus capsid protein expression (Arrows, Panels B and D, 
respectively). c) The snap frozen tumor from each animal was subsequently evaluated via qPCR to enumerate virus genomes per mg of tissue and the IV administration 
route (Day 14) yielded a roughly equivalent virus load to the IT administration route (ns = no significant difference between groups).
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relatively quickly, and larger tumors often contain necrotic 
regions which may originate in areas of low vascular density 
(Figure S7). Evaluation of the H&E slides showed that both IV 
and IT enadenotucirev administration yielded large areas of 
tumor necrosis (Figure 1b, Panels a and c, respectively) which 
contained robust adenovirus capsid protein expression (Figure 
1b, Panels b and d, respectively), indicating that the necrosis was 
caused by the virus rather than insufficient vascularity. Likewise, 
the snap frozen tumors were subsequently evaluated via qPCR to 
enumerate virus genomes per mg of tissue and the IV adminis
tration route (Day 14) yielded a roughly equivalent virus load to 
the IT administration route (Figure 1c).

Because our ultimate goal was to use the NG-347 T-SIGn 
vector (which encodes IFNα, MIP1α and CD80) for our OV + 
anti-EGFR CAR T cell combination studies, we next studied the 
impact of this virus variant on tumor xenograft growth when 
delivered as a single agent. Animals bearing single A549 tumor 
xenografts were treated either with a single IT injection of NG- 
347 virus particles or PBS as comparator control on Day 0 or 
with three IV injections of NG-347 virus particles or PBS on 
Days 0, 3 and 5 (Figure 2a), following previously optimized 
dosing regimens for T-SIGn viruses, which broadly align to 
those used in clinical studies.34,35,45 Tumor volume was mea
sured biweekly through Day 73. IV and IT administration 
provided equivalent levels of tumor growth suppression 
(Figure 2b), supporting the intravenous dosing route for sub
sequent studies. Because three intravenous injections of virus 
caused robust inhibition of tumor growth, potentially impeding 
our ability to demonstrate any additive antitumoral activity of 
CAR T cells delivered in combination, we chose to move for
ward with only two IV doses of NG-347 virus particles delivered 
on Days 0 and 3 and then treat with anti-EGFR CAR T cells on 
Day 6 for subsequent A549 tumor xenograft studies.

T-SIGn virus NG-347 synergizes with anti-EGFR CAR T cells 
to clear primary tumors and pulmonary metastases

To determine if NG-347 would synergize with anti-EGFR CAR T 
cells to clear A549 tumors and their pulmonary metastases, tumor- 
bearing NSG mice were treated IV with NG-347 or vehicle and 
then treated with various doses of anti-EGFR CAR T cells, 
untransduced T cells or vehicle via the intravenous route on Day 
6 (Figure 3a and Table 1). Tumors were collected from satellite 

animals treated with vehicle or NG-347 on Day 6 prior to CAR T 
cell administration and processed to paraffin block. For the ani
mals remaining in the study, tumor volume was measured bi- 
weekly and lungs were collected from all animals at the time of 
euthanasia to enumerate metastases.

We first determined the extent of NG-347 delivery to and 
replication within the TME at the time of CAR T treatment (Day 
6) via immunohistochemistry. As shown in Figure 3b, tumors 
from the satellite animals that were treated with NG-347 had 
focal regions of viral capsid immunoreactivity scattered through
out the A549 TME, thus demonstrating that the virus was present 
and replicating within the TME at the time of CAR T cell delivery.

The tumor growth curves from this experiment are illustrated 
in Figure 3c. When used as a single agent, NG-347 significantly 
inhibited tumor growth, but did not clear A549 tumors (Figure 
3c, Panel B). However, when animals were pre-treated IV with 
NG-347 virus particles on Days 0 and 3 and then treated IV with 
anti-EGFR CAR T cells on Day 6, the two treatment modalities 
synergized. The combination of NG-347 + high dose anti-EGFR 
CAR T cells completely cleared the tumors (10/10 animals) and 
was significantly more effective than either NG-347 alone or the 
same dose of anti-EGFR CAR T cells delivered as a single agent, 
which cleared only 2/5 tumors (Figure 3c, Panels C and D). 
Likewise, the combination of NG-347 + mid-dose anti-EGFR 
CAR T cells cleared the tumors in 8/10 animals and was sig
nificantly more effective than either NG-347 alone or the same 
dose of anti-EGFR CAR T cells delivered as a single agent 
(Figure 3c, Panels E and F). Finally, even the combination of 
NG-347 + low dose anti-EGFR CAR T cells was significantly 
more effective than either NG-347 alone or the same dose of 
anti-EGFR CAR T cells delivered as a single agent (Figure 3c, 
Panels G and H), but the tumors ultimately began to grow back 
(only 2/10 animals treated with the combination were tumor free 
at the end of the study). Untransduced T cells delivered as a 
single agent at 25.2 × 106 cells/mouse had no impact on tumor 
growth (Figure 3c, Panel A). Interestingly, when animals were 
pre-treated IV with NG-347 virus particles on Days 0 and 3 and 
then treated IV with the same dose of UTD cells on Day 6, the 
UTD cells partially inhibited the anti-tumor activity of NG-347 
(Figure 3c, Panel A).

To determine if the various treatments had an impact on 
A549 lung metastases, a single 5 μm FFPE section of lung from 
each animal cut at the level of the mainstem bronchus was 

Figure 2. Impact of NG-347 delivery via the IT vs IV route on subcutaneous A549 tumor growth in NSG mice. a) Animals bearing single A549 tumors were treated 
either with a single IT injection of 5 × 109 NG-347 virus particles or PBS as comparator controls on Day 0 or with three IV injections of 5 × 109 NG-347 virus particles or 
PBS on Days 0, 3 and 5. b) Tumor volume was measured biweekly through Day 73. IV and IT administration provided equivalent levels of tumor growth suppression, 
supporting the intravenous dosing route for subsequent studies (ns = no significant difference between groups).
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stained for human pan-cytokeratin via IHC and examined 
microscopically to enumerate metastases. Animals treated 
with the vehicle control had an average of 12.0 ± 2.1 metastases 
and animals treated with UTD cells as a sole therapy had an 
average of 17.4 ± 6.7 metastases. Animals treated with NG-347 
as a sole agent or NG-347 followed by UTD cells experienced a 
significant reduction in the number of metastases as compared 
to the vehicle control (2.3 ± 1.0 metastases and 2.4 ± 1.0 
metastases, respectively). Animals treated with the high or 
mid-dose anti-EGFR CAR T cells, either as a sole therapy or 
in combination with NG-347 did not have any lung metastases. 
In contrast, animals treated with the low dose of anti-EGFR 
CAR T cells as a sole agent had lung metastases, but the 
number was significantly reduced (2.6 ± 1.4 metastases), as 
compared to the vehicle control. Finally, animals treated with 

the combination of NG-347 + and low dose anti-EGFR CAR T 
cells had a significant reduction of lung metastases (0.3 ± 0.2 
lung metastases) as compared to animals treated with that dose 
of anti-EGFR CAR T cells as a sole agent. Interestingly, the 
number of metastases in the NG-347 + low dose anti-EGFR 
CAR T group was decreased as compared to the number of 
metastases in animals treated with NG-347 alone, but the 
difference was not significant. Thus, NG-347 is able to sub
stantially reduce the number of lung metastases when used as a 
sole agent and CAR T cells synergize with the virus to cause a 
further (albeit statistically insignificant) reduction in lung 
metastasis burden. It is interesting to note that in the few 
mice treated with NG-347 that had remaining lung metastases, 
we could often identify adenovirus replication localized to the 
metastatic site via IHC (Figure S8).

Figure 3a. T-SIGn virus NG-347 synergizes with anti-EGFR CAR T cells to clear primary tumors and pulmonary metastases. a) A549 tumor-bearing NSG mice 
were treated IV with NG-347 or vehicle on Days 0 and 3 and then treated with various doses of anti-EGFR CAR T cells, untransduced T cells (UTD) or vehicle via the 
intravenous route on Day 6. b) FFPE tumors collected from satellite animals treated with vehicle control or NG-347 on Day 6 prior to CAR T cell administration were 
stained by IHC to detect adenoviral capsid. Tumors from animals that were treated with NG-347 had focal regions of viral capsid immunoreactivity (brown) scattered 
throughout the TME and tumor sections from animals treated with vehicle control were unstained (not shown). c) T-SIGn virus NG-347 synergizes with anti-EGFR CAR T 
cells to clear primary tumors (complete data from animals treated with high dose anti-EGFR CAR T or UTD cells and controls is presented in Panel a). Panel b compares 
tumor growth in mice from the untreated (vehicle) group with those mice treated with NG-347; Panels c-d show paired treatment comparisons for NG-347 combined 
with the high dose anti-EGFR CAR T cells vs NG-347 alone or vs anti-EGFR CAR T cells alone, respectively; Panels e-f compare the effect of NG-347 combined with the 
medium dose of anti-EGFR CAR T cells vs NG-347 alone or vs anti-EGFR CAR T cells alone, respectively; Panels g-h compare the effect of NG-347 combined with the low 
dose of anti-EGFR CAR T cells vs NG-347 alone or vs anti-EGFR CAR T cells alone, respectively. d) To determine if the various treatments had an impact on A549 lung 
metastases, a single 5 μm FFPE section of lung from each animal cut at the level of the mainstem bronchus was stained for human pan-cytokeratin via IHC and examined 
microscopically to enumerate metastases. Symbols indicate significance level from one-sided t-test comparing the indicated groups: *, # indicate p < .05 or 0.01, 
respectively.
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T-SIGn virus NG-347 “re-programs” the A549 TME to a 
proinflammatory state

One of our hypotheses was that NG-347 would “re-program” 
the TME to a pro-inflammatory state, thereby enhancing CAR 
T cell recruitment and activation. To study the impact of NG- 
347 replication on the A549 TME transcriptome, serial 5 μm 

FFPE sections of tumors collected from the satellite vehicle and 
NG-347 treatment groups described above on Day 6 (n = 1 
tumor from each group) were subjected to adenovirus capsid 
IHC and Digital Spatial Profiling (DSP) transcriptional analysis 
(Figure 4a). Adenovirus-positive ROIs containing virus were 
confirmed by markedly elevated expression of human MIP1α 
and CD80 transcripts (transgene payloads of NG-347) and 

Figure 3b. Continued
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were subcategorized into virus high and virus low samples 
based upon expression levels, thus yielding 3 groups: Control 
(green), NG-347 low (pink) and NG-347 high (blue). This 
analysis identified 110 transcripts that were significantly posi
tively associated with NG-347 levels that we then tested for 
over-representation of inflammatory pathways (Figure 4b). 
Some of the most strongly enriched pathways were related to 
IFNα and IFNγ response, antigen processing and presentation, 
cytokine signaling, inflammation, and hypoxia.

Collectively, these data show that a) NG-347 re-programs 
the A549 tumor xenograft TME to a pro-inflammatory state 
and b) that the proinflammatory state is associated with 
enhanced anti-tumor efficacy both at the primary tumor and 
sites of distant metastases.

The synergistic anti-tumor effect of NG-347 + anti-EGFR 
CAR T cells is dependent upon virus dose

Having demonstrated that NG-347 reprogrammed the A549 
TME to a proinflammatory environment and shown that anti- 
EGFR CAR T cells synergized with NG-347 to clear the tumors 
and their metastases, we next wanted to a) make sure that the 
results were reproducible, b) study the impact of virus dose on 
anti-tumor efficacy and c) study the impact of NG-347 treat
ment on CAR T cell activation within the A549 tumor TME. 
Accordingly, A549 tumor-bearing mice were treated IV with 
either vehicle or various doses of NG-347 and then either with 
vehicle or a constant dose of UTD or anti-EGFR CAR T cells 
(Figure 5a). Animals treated with NG-347 as a sole agent 
experienced a dose-dependent reduction in tumor burden as 
compared to the vehicle control animals (Figure 5b, Panel B). 
The combination of high dose NG-347 + anti-EGFR CAR T 
cells cleared the tumors in 4/5 animals and was significantly 
more effective than the same doses of NG-347 or anti-EGFR 
CAR T cells delivered as a single agent (Figure 5b, Panels C and 
D). Likewise, the medium dose of NG-347 + anti-EGFR CAR T 
cells reduced the tumor burden significantly more than the 
same doses of NG-347 or anti-EGFR CAR T cells delivered as 
a single agent (Figure 5b, Panels E and F). Finally, although the 
combination of low dose NG-347 + anti-EGFR CAR T cells 
was significantly more effective than anti-EGFR CAR T cells 
alone, the combination was only slightly more effective for a 
short period of time than the same dose of NG-347 delivered as 
a single agent (Figure 5b, Panels G and H). Interestingly, as 
observed in the last experiment, the combination of UTD cells 
+ high dose NG-347 was less efficacious than high dose NG- 
347 delivered as a single agent (Figure 5b, Panel A).

NG-347 enhances the recruitment and activation of 
anti-EGFR CAR T cells resulting in their improved efficacy 
against A549 tumor xenografts

To evaluate the overall effects of NG-347 and anti-EGFR CAR 
T cells either individually or in combination on the TME, bulk 
Nanostring nCountergene expression profiling of mRNA 
extracted from tumor FFPE sections (Day 13) from the satellite 
animals mentioned above was undertaken. Animals treated 
with the combination of NG-347 + anti-EGFR CAR T cells 

preferentially exhibited robust expression of T cell activation 
(Figure 6a) and inflammatory chemokine (Figure 6b) genes, 
which was lacking in the other treatment groups, indicating 
strongly synergistic T cell and recruitment and activation.

To further investigate how the oncolytic virus + CAR T cell 
combination synergistically impacted intra-tumoral immune 
cell recruitment and activation, we applied DSP transcriptional 
analysis to compare tumors from mice treated with anti-EGFR 
CART T alone to tumors from mice treated with NG-347 
+ anti-EGFR CAR T cells (Figure 6c). NSG mice are a strongly 
immunodeficient mouse strain, lacking T cells, B cells and NK 
cells, allowing the growth of human tumor xenografts, but 
these mice still retain innate myeloid immune cells thus allow
ing us to investigate the effect of NG-347-CAR T cell combina
tion on host myeloid cell recruitment.

We first scored each spatial region of interest (ROI) in the 
DSP dataset according to a virus transgene score (based on 
NG-347 transgenes) and a T cell infiltration score (based on 
expression of T cell markers) (Figure 6d). This analysis 
revealed marked heterogeneity across spatial regions of the 
tumors, allowing stratification of the ROIs in terms of NG- 
347 transgene expression and T cell infiltration into 3 discreet 
levels for each factor (Figure 6d). Generally, T cell infiltration 
increased as the virus infection increased, with an apparent 
artefactual decrease in T cells in the ROIs with highest virus 
transgene scores likely due to substantial necrosis. Assessing 
how cytotoxic effector molecule expression varied between 
the ROI groupings revealed that both Granulysin and 
Granzyme-B were preferentially over-expressed in ROIs 
with moderate-to-high virus transgene expression and high 
overall T cell infiltration, but not ROIs lacking virus transgene 
expression (Figure 6e). Over-expression of these effector 
molecules may result from higher T cell infiltration overall 
and/or greater cytotoxic activation of the T cells within the 
ROIs. We therefore also assessed expression Granulysin and 
Granzyme-B relative to the overall T cell infiltration score for 
each ROI (figure 6f) and this revealed that in tumor regions 
with moderate-to-high virus replication levels not only exhi
bit higher cytotoxic effector molecule levels overall, but also 
higher levels of these markers relative to the amount of 
infiltrating T cells. NG-347 in combination with anti-EGFR- 
CAR T cells therefore appears to promote both recruitment of 
CAR T cells to the tumor and cytotoxic skewing of intra- 
tumoral CAR T cells.

Differential expression analysis across the stratified ROIs 
also revealed preferential expression of murine innate 
immune cells into ROIs exhibiting moderate-to-high virus 
transgene expression and high T cell infiltration (Figure 6g), 
as measured by mouse-specific probes for DCs (mCD11c) and 
macrophages (mF4/80). This suggested that the NG-347- 
driven inflammatory mechanisms leading to increased T cell 
infiltration could also be recruiting the innate arm of residual 
immunity of NSG mice. To test whether murine innate 
immune cells co-infiltrated the tumors alongside human anti- 
EGFR-CAR T cells, and whether this relationship was influ
enced by NG-347, we directly compared the T cell infiltration 
scores with a “mouse innate myeloid score” (defined as the 
geometric mean of mouse-specific probes for Hprt, mF4/80 
and mCD11c) across ROIs for both experimental groups 
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(Figure 6h). While no significant relationship was observed 
for ROIs from tumors collected from mice treated with anti- 
EGFR-CAR T cell alone (Figure 6h, left), a strong correlation 
between these variables was observed for ROIs from tumors 
collected from mice treated with NG-347+ anti-EGFR-CAR T 
cell (Figure 6h, right), indicating that NG-347 changes to the 
TME led to joint infiltration of mouse innate cells and human 
T cells. In sum, in order for robust T cell recruitment and 
activation to occur in the A549 tumor xenograft TME we 
hypothesize a 3 stage model: a) T-SIGn virus-mediated repro
gramming of the TME enables initial CAR T cell entry into 
the tumor b) CAR T cell recognition of their specific antigen 
to provide Signals 1 and 2 through the CAR, c) the virus 
transgenes and/or TME reprogramming licenses full func
tional activation of the CAR T cells (Signal 3) which them
selves also produce chemokines, thus initiating a positive 
feedback loop which results in the recruitment of additional 
CAR T cells as well as host immune cells to collectively drive 
tumor regression.

The transgenes encoded by T-SIGn viruses play a critical 
role in the synergistic anti-tumor activity with anti-EGFR 
CAR T cells

To understand if the transgenes encoded by NG-347 were 
critical for the observed anti-tumor synergy with anti-EGFR 
CAR T cells, A549 tumor-bearing NSG mice were treated 
IV on Days 0 and 3 with the parental T-SIGn virus enade
notucirev (no transgenes), NG-347 or NG-641 (a different 
T-SIGn virus which encodes transgenes for an anti-human 
FAP bispecific T-cell activator [FAP-Tac], CXCL9, CXCL10 
and IFNα). Note that the FAP-TAc does not bind to mouse 
FAP so is not expected to be functional in mouse tumor 
xenograft models.29 Tumor-bearing satellite animals from 
the vehicle control, enadenotucirev, NG-347 and NG-641 
treatment groups were euthanized on Day 6 and their 
tumor xenografts collected to compare the mRNA tran
script expression pattern associated with virus treatment. 
Either vehicle, untransduced T cells or anti-EGFR CAR T 
cells were then dosed on Day 6 and tumor volume was 
monitored bi-weekly (Figure 7a). In this experiment, a 
suboptimal dose of anti-EGFR CAR T cells was selected 
(4 X 106 cells/animal), based upon the previous 

experiments, that should impact but not fully clear the 
tumor in combination with the T-SIGn viruses. This sub
optimal CAR T dose was selected to allow us to compare 
the synergistic effect of the different viruses at a dosage of 
CAR T cells that would not lead to complete clearance of 
the tumors. Treatment of animals with the various T-SIGn 
viruses (enadenotucirev, NG-347 or NG-641) as single 
agents significantly inhibited A549 tumor growth as com
pared to the vehicle control, but there was no significant 
difference between virus treatment groups (Figure 7b, Panel 
a). The combination of the various T-SIGn viruses + UTD 
cells significantly inhibited tumor growth as compared to 
the vehicle control, and the degree of tumor growth inhibi
tion was similar to treatment with the viruses as sole 
agents. Once again, there was no significant difference 
between the T-SIGn virus + UTD treatment groups 
(Figure 7b, Panel b). Interestingly, the combination of 
NG-347 + anti-EGFR CAR T cells was significantly more 
effective at reducing the A549 tumor burden than the 
combination of enadenotucirev + anti-EGFR CAR T cells 
(Figure 7b, Panel c). Likewise, the combination of NG-641 
+ anti-EGFR CAR T cells was significantly more effective at 
reducing the A549 tumor burden than the combination of 
enadenotucirev + anti-EGFR CAR T cells (Figure 7b, Panel 
d). It is interesting to note that the NG-347 combination 
appeared to be slightly more effective than the NG-641 
combination (Figure 7b, Panels c vs d). Further, bulk 
Nanostring nCounter mRNA expression analysis of A549 
tumors on Day 6 following treatment with the three viruses 
demonstrated upregulation of IFN response genes and anti
gen processing and presentation mRNAs (Figure 7c). 
Representative example graphs are shown in Figure 7d-e. 
Although enadenotucirev promoted some increase in 
expression of each of these genes as compared to the 
vehicle control group, both NG-347 and NG-641 substan
tially increased the levels of these mRNAs. As IFNα is the 
transgene common to both NG-347 and NG-641, it is 
interesting to speculate that the inclusion of IFNα is critical 
for the observed anti-tumor synergy when these viruses are 
used in combination with anti-EGFR CAR T cells. There 
were some differences in gene expression levels between 
NG-347 and NG-641, as illustrated by four chemokine 
genes in figure 7f.

Table 1. Example experimental design for the study depicted in Figure 3.

Test Article 1 
Oncolytic Virus (OV, NG-347)

Test Article 2 
CAR T cells

*OV (5E9 vp) Route of Administrations/Dosing Frequency CAR-T (82.5%+) Dose (E6) Route of Administration/Dosing Frequency

Vehicle

IV; D0 and D3

Vehicle N/A

IV; D6

Vehicle EGFR CAR 25.2
NG-347 EGFR CAR 25.2
Vehicle EGFR CAR 12.6
NG-347 EGFR CAR 12.6
Vehicle EGFR CAR 4.2
NG-347 EGFR CAR 4.2
NG-347 Vehicle N/A
Vehicle UTD 25.2
NG-347 UTD 25.2
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The T-SIGn virus NG-347 synergizes with anti-HER-2 CAR T 
cells to clear subcutaneous A549 tumors
To determine if NG-347 would similarly synergize with CAR T 
cells targeting a different tumor antigen, we employed CAR T 
cells specific for the human epithelial cancer antigen HER-2. 
First, we verified that the HER-2 CAR T cells were selectively 
able to kill HER-2-expressing A549 tumor cells, but not mouse 
CT26 tumor cells (not expressing the human HER2 protein) 
(Figure S9). As a control, anti-CD3/anti-CD28-activated 
untransduced T cells (UTD) had no significant in vitro cyto
toxicity against any of the tested tumor cell lines (Figure S9). 

Next, A549 tumor-bearing NSG mice were treated IV with 
NG-347 or vehicle on Days 0 and 3 and then treated with anti- 
HER-2 CAR T cells or vehicle on Day 6. (see Figure 3a). As 
seen in the studies with anti-EGFR CAR T cells, NG-347 used 
as a sole agent significantly impacted tumor growth, but did 
not clear the tumors (Figure 8, Panel b). However, as we 
previously demonstrated with anti-EGFR CAR T cells, the 
combination of NG-347 + anti-HER2 CAR T cells synergized 
to significantly reduce A549 tumor size as compared to either 
virus or anti-HER2 CAR T cells when used as a sole agent 
(Figure 8, Panels c and d). Thus, these data imply that the 

Figure 4. T-SIGn virus NG-347 “re-programs” the A549 TME to a proinflammatory state. a) Serial tissue sections of the NG-347+ and control satellite tumors from 
the study above were stained via IHC to detect adenoviral capsid (upper and lower right panels) and via immunofluorescence (IF) to detect smooth muscle actin (green), 
pan-cytokeratin (red), fibroblast activation protein alpha (FAP) and a DAPI DNA counterstain for tissue orientation (upper and lower left panels). We used the viral capsid 
IHC-stained slide from the NG-347-treated animal as a guide to select 12 adenovirus + regions of interest (ROI) (upper right panel) and then digitally copied those ROIs 
to the IF-stained serial section used for Digital Spatial Profiling (DSP) mRNA collection (upper left panel). Likewise, we selected 12 random ROIs from the control tumor 
stained via IHC for viral capsid (lower right panel) and then digitally copied those ROIs to the IF-stained serial section used for DSP mRNA collection (lower left panel). 
Each ROI was subsequently evaluated for the expression of ~1800 mRNAs detected by the Nanostring GeoMx Cancer Transcriptome Atlas (CTA) RNA detection probes. 
b) Differential expression analysis identified 110 genes that were positively associated with NG-347 viral replication (FDR<0.05 & |log2(fold-change|>0.5). Interferon 
response, antigen processing and presentation, cytokine signaling, hypoxia, and other pathways were significantly over-represented in this gene set (FDR <0.01). The 
heatmap shows expression of these genes (columns) across ROIs (rows) relative to average expression in the control ROIs. The color bar column on the left indicates the 
ROI groups: green = control tumor xenograft, blue = ROIs from the NG-347 treated tumor xenograft that exhibited high CCL3 and CD80 NG-347 transgene expression, 
pink = remaining ROIs from the NG-347 treated tumor xenograft. The color bar rows on the bottom indicate which genes are associated with particular over- 
represented pathways.
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synergy between NG-347 and CAR T cells is not target- 
dependent and may be a general principle in the A549 model 
of lung cancer. It is interesting to speculate that T-SIGn viruses 
may also synergize with multivalent CAR T cells in this model 
and in human patients with solid tumors.

Discussion
The mere presence of a tumor suggests that the tumor has 
already defeated the patient’s immune system. The immuno
suppressive TME thus formed serves as a formidable barrier to 
any adaptive immune response that the patient’s immune 

Figure 5. The synergistic anti-tumor effect of NG-347 + anti-EGFR CAR T cells is dependent upon virus dose. a) During this study, we held the CAR T cell dose 
constant (12 X 106 cells/mouse) and varied the dose of NG-347 (5 X 109, 1 × 109 or 2 × 108 NG virus particles/mouse; high, medium and low-dose virus cohorts, 
respectively). We included additional satellite animals in the vehicle alone, vehicle + untransduced T cells (UTD), vehicle + anti-EGFR CAR T cells, and the high dose virus 
cohort groups including NG-347 alone, NG-347 + UTD cells and NG-347 + anti-EGFR CAR T cells, which were collected on Day 13, one week after administration of the 
CAR T cells for additional analysis. b) The synergistic anti-tumor effect of NG-347 + anti-EGFR CAR T cells is dependent upon virus dose (complete data from animals 
treated with high dose NG-347 and/or anti-EGFR CAR T or UTD cells and controls is presented in Panel A). Panel B shows the virus dose-dependent impact of NG-347 on 
tumor growth. Panels C-D show paired treatment comparisons of high dose NG-347 combined with anti-EGFR CAR T cells vs NG-347 alone or vs anti-EGFR CAR T alone, 
respectively; Panels E-F show paired treatment comparisons of medium dose NG-347 combined with anti-EGFR CAR T cells vs NG-347 alone or vs anti-EGFR CAR T alone, 
respectively; Panels G-H show paired treatment comparisons of low dose NG-347 combined with anti-EGFR CAR T cells vs NG-347 alone or vs anti-EGFR CAR T alone, 
respectively. Symbols indicate significance level from one-sided t-test comparing the indicated groups: *, # indicate p < .05 or 0.01, respectively.
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system may attempt to mount as well as any attempts at 
adoptive immunotherapy. Here we showed that pre- 
treatment of immunodeficient NSG mice bearing A549 
human tumor xenografts with the T-SIGn oncolytic viral vec
tor NG-347 led to expression of the encoded IFNα, MIP1α and 
CD80 transgenes and that the virus “reprogrammed” the TME 
to a pro-inflammatory state characterized by upregulation of 
mRNAs which map to pathways associated with acute inflam
mation. Thus, treatment with NG-347 as a sole therapy pre
pared the A549 TME to be receptive to incoming immune cells. 
Further, we showed that there was upregulation of mRNAs 
associated with antigen presentation and cross-presentation 
pathways and upregulation of MHC molecules. Thus, with 
the combined effects of viral tumor cell lysis, release of tumor 

neoantigens and upregulation of the antigen processing and 
presentation machinery, the post-NG-347 TME should be ideal 
for the activation and recruitment of additional cohorts of anti- 
tumor T cells via epitope spreading. Indeed, epitope spreading 
has been shown to be an important element of tumor clearance 
following therapy with oncolytic viruses.30,46–48

Two of the biggest barriers to effective CAR T cell treatment 
of solid tumors include ineffective CAR T cell trafficking to the 
tumor and CAR T cell dysfunction within the hostile TME.49 

Here we showed that doses of the T-SIGn virus NG-347 and 
EGFR or HER2 specific CAR T cells, which were sub-therapeutic 
individually, synergized when combined to clear A549 tumors 
and pulmonary metastases. We showed that this synergistic anti- 
tumor effect was dependent upon the transgenes carried by the 

Figure 6. NG-347 enhances the recruitment and activation of anti-EGFR CAR T cells resulting in their improved efficacy against A549 tumors. a-b) Nanostring 
nCounter gene expression profiling of mRNA extracted from Day 13 tumor FFPE sections of tumors collected from mice treated with vehicle alone, vehicle + 
untransduced T cells (UTD), vehicle + anti-EGFR CAR T cells, and the high dose virus cohort groups including NG-347 alone, NG-347 + UTD cells and NG-347 + anti-EGFR 
CAR T cells. Animals treated with the combination of NG-347 + anti-EGFR CAR T cells preferentially exhibited robust expression of T cell activation (a) and chemokine (b) 
genes, which was lacking in the other treatment groups. Symbols indicate significance level from one-sided t-test comparing the indicated groups: ~, *, **, *** indicate 
p < .1 (trend), 0.05, 0.01, or 0.001, respectively. c) 5 μm FFPE sections of the tumors from the satellite animal vehicle + anti-EGFR CAR T cell and NG-347 + anti-EGFR CAR 
T cell groups collected on Day 13 were stained via IHC to detect adenoviral capsid (not shown) and serial sections were stained via IF to detect human CD45, murine 
CD11b and DAPI. As described in the previous DSP experiment, for the animals treated with NG-347, we used the images of tumor sections stained for adenovirus 
nucleocapsid via IHC to identify ROIs containing virus (not shown) and digitally transferred those ROIs to the corresponding serial IF-stained slide. We attempted to 
collect ROIs that contained various combinations of virus and/or human CD45 cells and/or murine CD11b cells. We repeated this process on the images of the tissue 
sections from animals treated with vehicle + anti-EGFR (not shown), and then subjected both groups of samples to Digital Spatial Profiling (DSP) transcriptional analysis. 
Shown is an example IF-stained slide. d) ROIs from FFPE specimens derived from tumors collected from two mice treated with CAR T cell alone and two mice treated 
with NG-347+ CAR T cells were scored in terms of T cell signature expression (mean log2 expression of: PTPRC, CD247, CD3D, CD3E, TRAC, and TRBC1/2) and NG-347 
transgene expression (mean log2 expression of: IFNA2, CCL3, and CD80). In this scatterplot, the T cell score (y axis) is plotted against the virus transgene score (x axis) for 
all ROIs, which are further categorized into three discrete levels for each factor. Endogenous expression of NG-347 transgenes in the CAR T cells alone ROIs was used to 
set the background level for the “No virus” group. High levels for the T cell score were only observed for NG-347 + anti-EGFR CAR T cell specimens. Colors represent 
specific categories for T cell score and virus transgene score. Squares and diamonds indicate ROIs from two biological replicate specimens from mice treated with anti- 
EGFR CAR T cells alone; triangles and upside-down triangles indicate ROIs from two biological replicate NG-347 + anti-EGFR CAR T cell specimens. e-g) ROI groupings 
defined in (d) were used to assess how NG-347 modulated immune activation signatures within the tumor. Gene expression levels of cytotoxic T cell effector markers 
Granzyme-B and Granulysin in ROIs are shown in e and these levels relative to the T cell signature score are shown in f). Murine innate immune cell markers CD11c (DC 
marker) and F4/80 (macrophage marker) expression levels in ROIs are shown in g). For e-g: symbols indicate significance level from Mixed-Model ANOVA testing for an 
effect of T cell infiltration level on gene expression (solid lines) or for an interaction between T cell infiltration and transgene expression (dashed lines). Key to 
significance symbols: ~, *, **, *** indicate p < .1 (trend), 0.05, 0.01, or 0.001, respectively. H) the extent of intratumoral murine immune cell infiltration (measured by 
mean log2 expression of mouse-specific probes Itgax(mCd11c), Adgre1(F4/80) and Hprt was correlated with the extent of intratumor T cell infiltration (measured by T 
cell score) in tumor xenografts from mice treated with CAR T cells + NG-347 or tumor xenografts from mice treated with CAR T cells alone. Spearman rank correlation 
statistics are shown.
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T-SIGn vectors as synergy was not observed when we substituted 
in the parental virus which lacks transgenes, indicating that TME 
reprogramming by virus infection and oncolysis alone is not 
sufficient for supporting anti-tumor efficacy of CAR T cell ther
apy. We also showed that the combined therapy, but not indivi
dual treatments resulted in robust up-regulation of chemokines 
in the TME. Finally, we showed that within the TME of animals 
treated with combination therapy, the NG-347 viral load was 
proportional to human CAR T cell and mouse myeloid cell 
presence in the TME, as assessed by gene expression analysis, 
indicating an increased CAR T cell recruitment and/or prolif
eration in the tumor site, as well as an enhanced mouse macro
phage and DC recruitment. Thus, in addition to reprogramming 
the TME to receive therapeutic CAR T cells and promoting 

upregulation of antigen processing and presentation machinery, 
NG-347 promoted the recruitment and activation of effector T 
cells which contributed to tumor control.

Our results are similar to a previous combination ther
apy study in which intra-tumoral (IT) pretreatment with an 
oncolytic adenovirus encoding RANTES and IL-15 resulted 
in the recruitment and survival of IV dosed anti-GD2 CAR 
T cells to the TME of neuroblastoma xenografts, though in 
that study the combination of virus and CAR T cells did 
not lead to tumor clearance.23 Oncolytic viruses are fre
quently administered via the IT route because they often 
cannot survive in blood.50 Viruses administered in this 
manner do not have the opportunity to directly infect, 
lyse and reprogram distant metastases. Rather IT injection 

Figure 6 b. Continued
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is thought to promote an adaptive immune response to 
tumor neoantigens released by virus-mediated tumor lysis, 
and it is hypothesized that these tumor neoantigen-specific 
T cells may traffic to and clear the metastatic lesions, if they 
express the same neoantigens.46 However, enadenotucirev – 
the T-SIGn vector used to create NG-347 and NG-641 – 
was actively selected for its stability in blood32 and thus 
capability of IV dosing.33,34 Here we showed that combina
tion therapy with NG-347 and CAR T cells, both dosed via 
the IV route, cleared both primary A549 human tumor 
xenografts and cleared/prevented lung metastases at doses 
that were subtherapeutic when used as individual treat
ments. Clearance/inhibition of pulmonary metastases was 
not due to epitope spreading in this study as we used NSG 

mice which lack T cells to mount an immune response 
against tumor neoantigens released via oncolysis. Rather, 
as we demonstrated via IHC to detect adenovirus capsid 
protein, NG-347 administered IV traveled directly to and 
likely reprogrammed the micrometastases, thus preparing 
them to receive the anti-EGFR CAR T cells. Additionally, 
activated CAR T cells may have trafficked from the primary 
tumor to these distant tumor metastatic sites. Thus, in a 
human patient with an intact immune system, IV dosed 
combination therapy with T-SIGn viruses followed by CAR 
T cells may promote clearance of distant metastases by at 
least three methods: a) direct viral infection of metastatic 
sites resulting in oncolysis, b) TME reprogramming fol
lowed by CAR T cell recruitment and activation and c) by 

Figure 7. The transgenes encoded by T-SIGn viruses play a critical role in the synergistic anti-tumor activity with anti-EGFR CAR T cells. a) To understand if the 
transgenes encoded by NG-347 were critical for the observed anti-tumor synergy with anti-EGFR CAR T cells, A549 tumor-bearing NSG mice were treated IV on Days 0 
and 3 with the parental T-SIGn virus enadenotucirev (EnAd, no transgenes), NG-347 or NG-641 followed by a suboptimal dose of anti-EGFR CAR T cells (4 X 106 cells/ 
animal) that should not clear the tumor in combination with the T-SIGn viruses. b) Panel a shows the effect of treatment of animals with the various T-SIGn viruses 
(EnAd, NG-347 or NG-641) as single agents; Panel b shows the effect of combining the various T-SIGn viruses + UTD cells; Panel c shows the effect on tumor growth of 
the combination of NG-347 + anti-EGFR CAR T cells compared to that of EnAd plus anti-EGFR CAR T cells or vehicle; Panel d shows the effect on tumor growth of the 
combination of NG-641 + anti-EGFR CAR T cells compared to that of EnAd combined with anti-EGFR CAR T cells or vehicle. Symbols indicate significance level from one- 
sided t-test comparing the indicated groups: *, # indicate p < .05 or 0.01, respectively. c-f) Nanostring nCounter expression analysis of A549 tumors on Day 6 following 
treatment with the three viruses, showing mean fold changes of IFN response genes, antigen processing and presentation genes, and other inflammatory mediators (c), 
with examples of each illustrated in d, e and f, respectively. For d-f: symbols indicate significance level from one-sided t-test comparing the indicated groups: ~, *, **, *** 
indicate p < .1 (trend), 0.05, 0.01, or 0.001, respectively.
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induction of an adaptive anti-tumor immune response to 
tumor neoantigens released by virolysis (epitope spreading) 
and recruitment of these cells to the metastatic sites.

One of the most interesting findings in this study was the close 
correlation between viral burden, human T cell recruitment and 
mouse innate immune cell recruitment to the TME. We showed 

Figure 7 b. Continued

Figure 8. The T-SIGn virus NG-347 synergizes with anti-HER-2 CAR T cells to clear subcutaneous A549 tumors. A549 tumor-bearing NSG mice were treated IV 
with NG-347 or vehicle on Days 0 and 3 and then treated with anti-HER-2 CAR T cells or vehicle on Day 6 (Study design similar to Figure 3a; composite data presented in 
Panel a). Panel b compares the effect of NG-347 alone with that of vehicle treatment; Panels c and d show the effect of NG-347 combined with anti-HER2 CAR T cells with 
NG-347 only or anti-HER2 CAR T cells only treatments, respectively. Symbols indicate significance level from one-sided t-test comparing the indicated groups: *, # 
indicate p < .05 or 0.01, respectively.
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that as the viral burden in a region of the tumor increases, the T cell 
infiltration also increases (up to a point and then seems to level off 
or decrease). The decrease in T cell infiltration in regions of the 
highest virus load is likely artifactual because the latter are char
acterized by necrosis and cell debris rather than inflammatory cell 
infiltration. We also showed that mouse innate immune cells are 
most numerous in regions of the tumor that contain a high 
number of activated T cells and that enhanced recruitment of 
both cell populations is associated with the expression of chemo
kine genes. It is interesting to speculate that the virus-encoded 
transgenes initially ”re-program” the TME to promote recruit
ment of the first wave of CAR T cells. Upon engagement of their 
target (EGFR), the CAR T cells then become activated through the 
CAR (Signals 1 and 2) and produce cytokines, which would fully 
activate the CAR T cells (Signal 3) and simultaneously recruit the 
next wave of CAR T cells and innate immune cells to the local 
TME vicinity. It is possible and likely that the recruited mouse 
innate immune cells are activated by the human cytokines/che
mokines and may or may not contribute to further CAR T cell 
recruitment. In a human patient, the innate immune cells in the 
TME would be expected to respond to the released cytokines by 
becoming activated and producing chemokines and other pro- 
inflammatory molecules as well. This pattern of CAR T cell 
recruitment, antigen-specific activation followed by innate cell 
recruitment and activation followed by more CAR T cell and 
innate cell recruitment has the potential to form a positive feed
back loop, which could potentially persist as long as the antigen for 
which the CAR T cells are specific is present in the TME.

In summary, our data shows that transgene-expressing T-SIGn 
oncolytic viral vectors can be effectively administered via the 
intravenous route and synergize with CAR T cells to eliminate 
primary tumors and their pulmonary metastases. The viruses 
effectively “re-program” the TME from an immunosuppressive 
to a pro-inflammatory microenvironment, thus preparing the 
tumor to attract and activate CAR T cells and innate antigen 
presenting cells. The resultant tumor lysis, release of tumor neoan
tigens and upregulation of antigen processing and presentation 
machinery should make this environment ideal for the promotion 
of epitope spreading, thus further amplifying the anti-tumor 
response.

One caveat is that the A549 tumor xenograft model is an 
artificial system and lacks certain TME elements which would 
be found in human patients, such as regulatory T cells and 
human innate immune cells, which may further contribute to 
immunosuppression. However, the system also lacks human 
antigen presenting cells in the TME which could process and 
present tumor antigen, particularly neoepitopes released from 
the tumors, and simulate an adaptive anti-tumor immune 
response that could further contribute to tumor rejection. 
Thus, the results summarized in this study may or may not 
translate to clinical efficacy in human patients. In summary, the 
combination of tumor reprogramming vectors with CAR T 
cells may be critical to successful treatment of solid tumors.
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