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Despite their exceptional capacity for transgene delivery ex vivo,
lentiviral (LV) vectors have been slow to demonstrate clinical
utility in the context of in vivo applications. Unresolved safety
concerns related to broad LV vector tropism have limited LV
vectors to ex vivo applications. Here, we report on a novel LV
vector-pseudotyping strategy involving envelope glycoproteins
of Tupaia paramyxovirus (TPMV) engineered to specifically
target human cell-surface receptors. LV vectors pseudotyped
with the TPMV hemagglutinin (H) protein bearing the inter-
leukin (IL)-13 ligand in concert with the TPMV fusion (F) pro-
tein allowed efficient transduction of cells expressing the human
IL-13 receptor alpha 2 (IL-13Ra2). Immunodeficient mice
bearing orthotopically implanted human IL-13Ra2 expressing
NCI-H1299 non-small cell lung cancer cells were injected intra-
venously with a single dose of LV vector pseudotyped with the
TPMV H-IL-13 glycoprotein. Vector biodistribution was moni-
tored using bioluminescence imaging of firefly luciferase trans-
gene expression, revealing specific transduction of tumor tissue.
A quantitative droplet digital PCR (ddPCR) analysis of lung tis-
sue samples revealed a >15-fold increase in the tumor transduc-
tion in mice treated with LV vectors displaying IL-13 relative to
those without IL-13. Our results show that TPMV envelope gly-
coproteins can be equipped with ligands to develop targeted LV
vectors for in vivo applications.
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INTRODUCTION
A number of strategies aimed at broadening the tropism of gene-ther-
apy vectors to transduce previously nonpermissive cells or to replace a
vector’s tropism to transduce specific target cells exclusively have been
described.1,2 For example, the host range of retroviral vectors,
including that of lentiviral (LV) vectors, can be expanded or altered
by a process known as pseudotyping. Pseudotyped retroviral vector
particles bear envelope (Env) glycoproteins derived from other envel-
oped viruses and acquire the tropism of the virus from which the
glycoprotein was derived.3 Although targeting strategies for LV vec-
tors involving the traditional pseudotyping approach are well estab-
lished,3–5 it has been challenging to design LV vectors with a reduced
tropism for the natural receptor and an increased specificity for a cho-
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sen receptor to allow targeted transduction of specific cell types in vitro
and in vivo. This is due to a number of issues, including low vector ti-
ters and a general lack of specificity of the strategies tested.2,6

Over the past several years, a versatile strategy for LV vector targeting
involving engineered measles virus (MV) hemagglutinin (H) and
fusion (F) glycoproteins has emerged.5–7 The nativeMVH protein me-
diates attachment of the virus to CD46, signaling lymphocyte-activa-
tion molecule (SLAM),8,9 or Nectin-410 on the cell surface and signals
to the F protein to trigger cell fusion. The steps required to retarget this
cell fusion reaction are ablation of H protein-mediated CD46, SLAM,
and Nectin-4 receptor recognition and introduction of a new binding
specificity in the H glycoprotein.5,7 Various ligands, including
epidermal growth factor (EGF)11, interleukin (IL)-1312, single-chain
antibodies,13 and designed ankyrin repeat proteins (DARPins),14

have been successfully displayed using MV H, allowing retargeted
LV vector delivery. However, the high prevalence of antibodies against
MV may hamper the efficacy of MV-derived therapeutics, including
pseudotyped LV vectors containing MV glycoproteins, in a clinical
setting due to vaccination or natural infection.15

Glycoproteins from other members of the Paramyxoviridae family,
including those from the Tupaia paramyxovirus (TPMV), have also
been used to pseudotype LV vectors.7 TPMV was originally isolated
from a tree shrew (Tupaia belangeri)16 and has garnered particular in-
terest in gene therapy due to its restrictive tropism. Indeed, TPMV is
restricted to Tupaia cells, and no serological cross-reactivity with
other Paramyxoviridae has been observed.16 The TPMV genome
and the H and F proteins have been characterized extensively,17,18

revealing that receptor binding limits TPMV entry into other
mammalian cells.19 The absence of pre-existing tropism for human
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Figure 1. Pseudotyping LV vectors bearing

engineered TPMV H and F glycoproteins

(A) Wild-type H protein and H protein variants bearing

truncated CT sequences. IL-13 and 6-His-encoding se-

quences were added at the end of the extracellular domain

(ED). (B) Wild-type F protein and F protein variants bearing

CT truncations. (C) Transduction efficiency in U251 cells of

unconcentrated EGFP-encoding NL(CMV)EGFP/CMV/

WPREDU3 LV vectors pseudotyped using various H-IL-13

protein variants in conjunction with various F protein vari-

ants (n = 2). (D) Optimization of the production of LV vectors

bearing the TPMV HD32-IL-13 and FD32 glycoproteins.

The titers of unconcentrated NL(CMV)EGFP/CMV/

WPREDU3 LV vectors pseudotyped with the FD32 and

HD32-IL-13 glycoproteins in U251 cells are shown. The

ratios and total amounts of the FD32 and HD32-IL-13

glycoprotein-encoding plasmid DNAs were varied during

vector production (n = 2). Error bars represent mean-

s ± standard error.
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cells positions TPMV glycoproteins as attractive candidates for the
design of specific and directed LV vector-pseudotyping strategies.

Few studies have been conducted to explore the potential of TPMV
glycoproteins in modifying gene-delivery vectors. Single-chain vari-
able fragments (scFvs) attached to TPMV H were used to target
TPMV vectors to carcinoembryonic antigen in HEK293T cells19

and to EGF receptor (EGFR) and CD20 in human and African green
monkey kidney cell lines.20 In addition, TPMV-H-pseudotyped LV
vectors displaying an anti-CD20 scFv were shown by Enkirch
et al.21 to specifically target CD20 expressing human cells in vitro.

The purpose of this work was to investigate the in vivo specificity of
TPMV glycoprotein-pseudotyped LV vectors bearing a ligand (IL-
13) specific for human IL-13 receptor alpha 2 (IL-13Ra2). IL-13Ra2
binds IL-13 with high affinity22 and is overexpressed in a variety of hu-
man cancer cells.23 In this study, we tested LV vectors pseudotyped
with a modified TPMV H-glycoprotein displaying the IL-13 ligand
in concert with a modified version of the TPMV F glycoprotein to
target IL-13Ra2 expressing human non-small cell lung cancer
(NSCLC) NCI-H1299 cells24 xenografted into the lungs of NOD-scid
IL-2Rgnull (NSG) mice. The data obtained show that LV vectors pseu-
dotyped with TPMV glycoproteins bearing the IL-13 ligand show an
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enhanced capacity to transduce human cells ex-
pressing IL-13Ra2.With the use of a variety of ap-
proaches, including immunohistochemistry and
quantitative PCR, we demonstrate that TPMV
glycoproteins can be used to design and create tar-
geted and cell-specific LV vector pseudotypes.

RESULTS
Assessing pseudotyping efficiency of LV

vectors bearing engineered TPMV

glycoproteins

To optimize the efficiency of engineered TPMV-
derived H and F glycoproteins to pseudotype LV
vectors, a series of TPMV H and F protein variants with truncated
cytoplasmic tails (CTs) were prepared and tested.

The TPMV H protein is a type II membrane protein consisting of 665
amino acids, including a CT of 94 amino acids17 (Figure 1A). Starting
with a codon-optimized TPMVH protein coding region, we generated
nine different TPMV H protein variants lacking 14, 25, 32, 42, 52, 62,
73, 78, and 86 amino acids, respectively, at the N terminus of the pro-
tein. The corresponding protein constructs are referred to as HD14,
HD25, HD32, HD42, HD52, HD62, HD73, HD78, and HD86, respec-
tively (Figure 1A). To direct LV vector transduction to IL-13Ra2-ex-
pressing cells, an IL-13-encoding sequencewas added to the C-terminal
ends of the various H protein constructs (Figure 1A).

The TPMV F protein is a 553-amino acid type I membrane protein17

bearing a 38-amino acid CT18 (Figure 1B). A codon-optimized F pro-
tein-encoding region was prepared, and CT-truncated variants of the
F protein lacking 32, 26, 20, 14, and 8 amino acids from the C termi-
nus, respectively, were prepared. These variants are referred to as
FD32, FD26, FD20, FD14, and FD8, respectively (Figure 1B).

The pseudotyping efficiency of LV vectors bearing various combina-
tions of the TPMV H-IL-13 and F protein variants was tested by
& Clinical Development Vol. 21 June 2021 671
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Figure 2. Specificity of in vitro transduction of LV vectors bearing

engineered TPMV glycoproteins

(A) Transduction of U251 and HEK293T cells using unconcentrated LV vectors

pseudotyped with TPMV HD32 IL-13/FD32 or HD32/FD32 glycoproteins (n = 2). (B)

Analysis of IL-13Ra2 levels in NCI H1299 cells. Cells were incubated with goat anti-

human IL13-Ra2 antibody (referred to as aIL-13) and a fluorescein isothiocyanate

(FITC)-labeled secondary antibody. A polyclonal goat antibody was used as a

control (Ctrl). (C) Transduction of NCI H1299 cells using concentrated EGFP-en-

coding LV vectors bearing TPMV HD32 IL-13/FD32 (left panel) or TPMV HD32/

FD32 glycoproteins (right panel). The areas highlighted in green represent un-

transduced cells. (D) NCI-H1299 cells treated with a goat anti-IL-13Ra2 polyclonal

antibody before and during transduction. Concentrated LV vectors pseudotyped

using the TPMV HD32 IL-13 plus FD32 glycoproteins (MOI = 4), the measles virus

(MV) HcD18-AA-IL-13 plus FcD30 glycoproteins12 (MOI = 4), or VSV-G (MOI = 0.2)

were used (n = 2).Error bars represent means ± standard error.
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transducing IL-13Ra2-expressing U251 glioblastoma cells.2 To do
this, the pNL(CMV)EGFP/CMV/WPREDU3 LV vector plasmid
that we previously described12 was used. Figure 1C shows that the
EGFP-encoding NL(CMV)EGFP/CMV/WPREDU3 LV vector pseu-
dotyped using the HD32-IL-13 variant in conjunction with the FD32
variant produced the highest vector titers. The HD32-IL-13 and
HD32 variants and the FD32 glycoprotein variants were used in all
subsequent experiments.

To optimize the production of LV vectors bearing the TPMV HD32-
IL-13 and FD32 glycoproteins, the ratios of the FD32 and HD32-IL-
13 glycoprotein-encoding plasmids and the total amount of plasmid
DNA used during vector production were investigated. As shown in
Figure 1D, a plasmid ratio of 4:1 yielded the highest vector titers using
a total of 100, 50, and 25 ng of the two plasmid DNAs, whereas at
lower total amounts (12.5 ng) of the two plasmids, a 2:1 ratio was
better.

As indicated in Figure 1A, the TPMVHD32-IL-13 glycoprotein bears
a six-histidine tag at the C terminus. The six-histidine tag may pro-
mote the transduction by LV vectors pseudotyped with these glyco-
proteins of cells containing the aHis pseudoreceptor25 as demon-
strated before for TPMV vectors.20 The results presented in
Figure S1 show that Vero-aHis cells25 were transduced efficiently us-
ing LV vectors containing the TPMV HD32-IL-13 glycoprotein or
TPMV HD32 (lacking IL-13), whereas Vero cells lacking the aHis
pseudoreceptor were not. This result indicates that transduction of
Vero-aHis cells was mediated by the six-histidine tag and the aHis
pseudoreceptor. With the use of this assay, the transduction effi-
ciencies of TPMV HD32-IL-13 and TPMV HD32 pseudotypes were
similar, indicating that glycoprotein incorporation levels in vector
particles were similar for the two pseudotypes.

Table S1 shows the results of three independent batches of TPMV
HD32-IL-13/FD32- or TPMV HD32/FD32-pseudotyped LV vectors
produced using HYPERFlask vessels and concentrated using
Mustang Q26,27 or Sartobind Q membrane adsorbers. The titers for
concentrated TPMV HD32-IL-13/FD32 pseudotypes were up to
1 � 107 transduction units (TU)/mL, a value similar to that reported
previously for concentrated LV vectors pseudotyped usingMVH and
F glycoproteins.27
Analysis of the in vitro cell tropism of the LV vector bearing

engineered TPMV glycoproteins

We next wanted to confirm that transduction of IL-13Ra2-expressing
cells by LV vectors pseudotyped with the TPMV HD32-IL-13 and
FD32 glycoproteins was specific. To do this, U251 cells were trans-
duced with the EGFP-encoding NL(CMV)EGFP/CMV/WPREDU3
LV vector pseudotyped with the TPMV HD32-IL-13/FD32 or
HD32/FD32 glycoproteins. The results presented in Figure 2A show
that the percentage of EGFP-positive U251 cells in the absence of
the IL-13 ligand was considerably lower compared to cells transduced
with vectors containing IL-13. HEK293T cells that do not express IL-
021



Figure 3. Orthotopic lung cancer model to evaluate

in vivo targeting of LV vectors

(A) In vivo bioluminescence imaging of mice 4 weeks after

intrathoracic injection of NCI-H1299 GLuc cells (1.5� 106).

Two experiments, with 6 to 7 mice each, were performed.

(B) Representative macroscopic view of a lung lobe bearing

a tumor nodule (white arrow). Animals were sacrificed

42 days post-cell engraftment. (C) Microscopic view after

H&E staining of a lung section 6 weeks post-cell engraft-

ment.
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13Ra2 did not reveal any EGFP-positive cells, independent of IL-13
(Figure 2A).

These findings were confirmed in the context of the NCI-H1299 hu-
man NSCLC cell line that expresses IL-13Ra2 (Figure 2B). IL-13Ra2
levels in NCI-H1299 cells were comparable to those observed in U251
cells (T.A., unpublished data). Efficient transduction of NCI-H1299
cells was dependent on the presence of the IL-13 ligand (Figure 2C,
left panel); Vectors lacking the IL-13 ligand revealed transduction ef-
ficiencies at background levels (Figure 2C, right panel).

In a subsequent experiment, IL-13Ra2-expressing NCI-H1299 cells
were treated with a polyclonal goat anti-IL-13Ra2 antibody 1 h before
and during transduction. Figure 2D shows that transduction was
blocked in a dose-dependent manner for vectors pseudotyped with
TPMV orMVH and F glycoproteins but not for vectors pseudotyped
with vesicular stomatitis virus G protein (VSV-G). Taken together,
these results are consistent with the view that transduction of U251
and NCI-H1299 cells by LV vectors bearing TPMV HD32-IL-13/
FD32 glycoproteins was mediated by IL-13 and IL-13Ra2.

Orthotopic lung cancer model to evaluate targeting of LV

vectors bearing TPMV glycoproteins

To investigate the targeting specificity in vivo of LV vectors bearing
TPMV HD32-IL-13/FD32 or HD32/FD32 glycoproteins, a mouse-
based orthotopic lung cancer model involving NCI-H1299 NSCLC
cells was established.28 To assess tumor formation, NCI-H1299 cells
were tagged using a membrane-bound version of Gaussia luciferase
(GLuc).12 The tagged cells are referred to as NCI-H1299 GLuc cells.
NCI-H1299 GLuc cells (1.5 � 106) were implanted into the left lungs
of NSG mice via intrathoracic injection,29 and tumor formation was
Molecular Therapy: Methods
evaluated by bioluminescence imaging after in-
jection of the GLuc substrate coelenterazine at
various time points. The results obtained showed
that NCI-H1299 GLuc cells xenografted intratho-
racically produced a bioluminescent signal within
2 weeks after cell injection; up to 90% of the ani-
mals revealed tumors 4 to 5 weeks post-cell injec-
tion (T.A., unpublished data), resulting in a
strong bioluminescence signal in the left lobes
of the lungs (Figure 3A). For macroscopic exam-
ination of tumors and histopathological analysis
of lung lesions, animals were sacrificed 5.5 weeks post-intrathoracic
cell injection. Lung tissue was processed for hematoxylin and eosin
(H&E) staining and immunohistochemical (IHC) analysis. The
macroscopic examination typically revealed one or two tumor nod-
ules in injected lungs. No tumor nodules were seen in uninjected
lungs or in distant organs such as liver, spleen, and major lymph no-
des (T.A., unpublished data). Figure 3B shows a tumor nodule grown
in the parenchyma of the lung of a mouse sacrificed 5.5 weeks post-
implantation of NCI-H1299 GLuc cells. Figure 3C shows a represen-
tative H&E staining of a tumor nodule grown in the parenchyma of
the lung of a mouse sacrificed 5.5 weeks post-cell implantation.

Overall, these results confirmed that the GLuc signal observed by
bioluminescence imaging after injection of the coelenterazine sub-
strate reflected tumor formation by NCI-H1299 GLuc cells at the
site of cell implantation.

Analysis of the in vivo cell tropism of the LV vector bearing

engineered TPMV glycoproteins

To assess LV vector distribution in vivo, pseudotyped vector particles
were injected intravenously (i.v.) into tumor-bearing mice 4 weeks af-
ter NCI-H1299 GLuc cell implantation (Figure 4A). The NL(CMV)
TK2ALuc2/CMV/WPREDU3 LV vector encoding the herpes simplex
virus-1 thymidine kinase (HSV-1 TK) SR39 mutant protein,30 a F2A
peptide, and firefly luciferase (FLuc) (Figure 4B) was used.

Vector distribution was assessed 7 days later by whole-body biolumi-
nescence imaging after injection of the FLuc substrate D-luciferin
(Figure 4C). Mice injected with the NL(CMV)TK2ALuc2/CMV/
WPREDU3 vector pseudotyped with the TPMV HD32-IL-13/FD32
glycoproteins produced a bioluminescent signal (Figure 4C, left
& Clinical Development Vol. 21 June 2021 673
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Figure 4. Analysis of in vivo cell tropism of LV vectors

bearing engineered TPMV glycoproteins

(A) Outline of lung cancer model used to assess LV vector

targeting. (B) Outline of the NL(CMV)TK2ALuc2/CMV/

WPREDU3 LV vector used in vivo. (C) Bioluminescence

imaging of tumor-bearing animals 7 days post i.v. injection

of NL(CMV)TK2ALuc2/CMV/WPREDU3 LV vectors

(42 days post-cell engraftment). Left panel: vectors pseu-

dotyped with TPMV HD32-IL-13; right panel: vectors

pseudotyped with TPMV HD32 lacking IL-13. (D) Co-

localization of vector-encoded FLuc and the human cell-

specific marker FASN. Top left panel: DAPI staining; top

right panel: anti-FLuc staining; bottom left panel: anti-FASN

staining; bottom right panel: picture combining all three

panels. Animals were sacrificed 42 days post-cell engraft-

ment (7 days after LV vector injection), and lung tissue

samples were collected and processed for immunohisto-

chemistry.
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panel), whereas LV vectors pseudotyped with TPMV HD32 lacking
the IL-13 ligand did not (Figure 4C, right panel). Also, mice lacking
tumors injected with TPMV HD32-IL-13/FD32-pseudotyped
NL(CMV)TK2ALuc2/CMV/WPREDU3 vectors did not reveal a
bioluminescence signal (Figure S2). These results indicate that LV
vectors pseudotyped with TPMV HD32-IL-13 had a strong target
preference, whereas TPMV HD32 vectors lacking IL-13 did not suc-
cessfully transduce the target cells.

To investigate vector-targeting events more directly, lung sections
were prepared and analyzed using immunohistochemistry. Vector-
encoded FLuc was detected using a monoclonal anti-FLuc antibody
and an Alexa Fluor 488-tagged secondary antibody (Figure 4D, upper
right and bottom right panels; Figure S3B). Lung sections from tu-
mor-bearing animals without LV vector injection did not reveal an
immunofluorescence signal above background after staining using a
monoclonal anti-FLuc antibody and an Alexa Fluor 488-tagged sec-
ondary antibody (Figure S3C), whereas lung tumor sections from a
mouse that was i.v. injected with the NL(CMV)TK2ALuc2/CMV/
WPREDU3 LV vector (Figure S3D) did, indicating that the anti-
FLuc staining observed was specific.

Human cells were identified using a monoclonal antibody directed
against human fatty acid synthase (FASN) and an Alexa Fluor 645-
tagged secondary antibody (Figure 4D, lower left and lower right
674 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2021
panels). Co-localization of FLuc-positive and
FASN-positive cells (Figure 4D, lower right
panel) indicates the presence of LV vector-trans-
duced NCI-H1299 cells. This conclusion is sup-
ported by the colocalization analysis of in vivo-
transduced cells (presented in Figure S4).

Analysis of in vivo-transduced cells by PCR

and droplet digital PCR (ddPCR)

The presence of LV vector sequences in lung
tissue samples was determined by PCR using
primers specific for HSV-1 TK transgene and hRNaseP genomic
sequences. To do this, genomic DNA from lung tumor samples
collected from tumor-bearing animals injected with NL(CMV)
TK2ALuc2/CMV/WPREDU3 LV vectors pseudotyped with the
TPMV HD32-IL-13/FD32 or TPMV HD32/FD32 glycoproteins
was used. The results obtained showed that genomic DNA ex-
tracted from lung samples of animals injected with TPMV
HD32-IL-13/FD32-pseudotyped vectors produced an HSV-1 TK
transgene-specific PCR product (Figure 5A, top left panel),
whereas genomic DNAs from lung samples of animals injected
with TPMV HD32/FD32-pseudotyped vectors did not (Figure 5A,
top right panel). With the use of hRNaseP-specific primers, all
samples produced a PCR fragment of the expected size (Figure 5A,
bottom panels).

We next conducted a ddPCR analysis to determine vector-specific
HSV-1 TK transgene sequences and human andmouse prostaglandin
E receptor2 (PTGER2) sequences31 in genomic DNA extracted from
mouse lung samples. The specificity of the primers and probes used
for ddPCR was assessed using genomic DNA from human NCI-
H1299 cells, mouse NIH 3T3 cells, and mouse lung tissue. Figure 5B
shows that the PTGER2 primers and probes used were able to distin-
guish between human and mouse sequences and that there were no
TK-specific sequences present in genomic DNA obtained from
NCI-H1299 or NIH 3T3 cells or mouse lung tissue.



Figure 5. Analysis of in vivo-transduced cells by PCR

and ddPCR

(A) PCR analysis of HSV-1 TK transgene and hRNaseP

genomic sequences in lung samples collected from ani-

mals injected with NL(CMV)TK2ALuc2/CMV/WPREDU3

LV vectors containing the TPMV glycoproteins. Top panel:

PCR analysis involving HSV-1 TK primers. Left part:

genomic DNA from lungs of animals injected with vectors

pseudotyped with TPMV HD32-IL-13; right part: vectors

pseudotyped with TPMV HD32 lacking IL-13. Bottom

panel: PCR analysis involving hRNaseP primers. Left part:

genomic DNA from lungs of animals injected with vectors

pseudotyped with TPMV HD32-IL-13; right part: vectors

pseudotyped with TPMV HD32 lacking IL-13. (+) and (�)

refer to PCR reactions conducted using NL(CMV)TK2A-

Luc2/CMV/WPREDU3 plasmid DNA or no plasmid DNA.

(B) Performance of the human PTGER2, mouse PTGER2,

and TK ddPCR assays on genomic DNA isolated from NCI-

H1299 cells, NIH 3T3 cells, or mouse lung tissue. (C)

ddPCR-based quantification of human PTGER2 se-

quences. (D) ddPCR-based quantification of mouse

PTGER2 sequences. (E) ddPCR-based quantification of

HSV-1 TK transgene sequences. Error bars represent

means ± standard error.
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Genomic DNA extracted from tumor biopsies was analyzed next. In
all samples, human PTGER2, mouse PTGER2, and vector-specific TK
sequences were quantified. In mice-bearing tumor xenografts, we
observed a statistically significant increase in human PTGER2 se-
quences in animals that were treated with the LV vector containing
the IL-13 ligand compared to animals treated with a LV vector lacking
IL-13, possibly due to IL-13 vector-induced agonism of the IL-13Ra2
on the xenografted tumor24 (Figure 5C). No increase was observed in
mouse PTGER2 sequences (Figure 5D). Encouragingly, we observed
minimal vector-specific TK sequences in biopsies taken from mice
treated with the non-IL-13-containing LV vector. However, we
observed a substantial increase in vector-specific TK sequences in bi-
opsies taken from mice treated with the IL-13-containing LV vector
(Figure 5E).

DISCUSSION
LV vectors have been used in numerous clinical trials to introduce
transgene sequences into hematopoietic stem cells and mature
T cells ex vivo.32,33 Four LV vector-based gene-therapy products
have recently received regulatory approval, including Kymriah (tisa-
genlecleucel) for the treatment of relapsed/refractory B cell acute
lymphoblastic leukemia (B-ALL),34 Zynteglo (betibeglogene auto-
temcel) for the treatment of transfusion-dependent beta-thalas-
semia,35 Breyanzi (lisocabtagene maraleucel) for the treatment of
relapsed or refractory large B cell lymphoma (LBCL),36 and Abecma
(idecabtagene vicleucel) for the for the treatment of adult patients
with relapsed or refractory multiple myeloma.37

LV vectors are also being applied directly in vivo for therapeutic pur-
poses. A non-primate LV vector system based on equine infectious
anemia virus (EIAV) has been investigated clinically to treat ocular
disorders.38 In another in vivo application, an HIV-1-based, integra-
Molecul
tion-deficient LV vector expressing the New York esophageal squa-
mous cell carcinoma 1 (NY-ESO-1) cancer testis antigen and targeted
to dendritic cells was used to promote an immune response against
NY-ESO-1-expressing tumors.39

In vivo gene-therapy approaches involving LV vectors have faced a
number of challenges, including efficiency of transgene delivery; a
need for tissue-restricted transgene expression; immunogenicity to
both the product encoded by the transgene as well as components
of the vector, including its envelope; and inactivation by the human
complement cascade. Surface engineering approaches will be critical
to help mitigate some of these issues.5

This report describes a novel pseudotyping system for LV vectors
involving the TPMV H and F glycoproteins allowing targeting of
LV vectors to specific receptors. Despite the phylogenetic relationship
between TPMV and human pathogens, no serological cross-reactivity
with other Paramyxoviridae has been observed.16 The likely absence
of TPMV-reactive antibodies in human subjects has resulted in efforts
toward the development of TPMV-pseudotyped LV vectors for gene-
therapy applications.21

One of the challenges for using LV vectors bearing paramyxovirus-
derived glycoproteins is low titer during vector production. This re-
sults in the need to manufacture large volumes of the vectors and
to concentrate them to appropriate titers. Previously, we adapted an
anion-exchange membrane chromatography method to concentrate
MV glycoprotein-pseudotyped LV vectors.27 With the use of the
same anion-exchange membrane chromatography approach to
concentrate TPMV-pseudotyped LV vectors in conjunction with
the use of HYPERFlask vessels during vector production,26 titers up
to 1 � 107 TU/mL were obtained. These titers compare favorably
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 675
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to those obtained using LV vectors pseudotyped with receptor-tar-
geted Nipah virus glycoproteins.40 Compared to the titers of LV vec-
tors pseudotyped with VSV-G, the titers of LV vectors pseudotyped
with TPMV H and F glycoproteins were lower, typically by at least
two logs (M.P.M., unpublished data).

Our work has focused on IL-13-displaying LV vectors bearing
TPMV glycoproteins to target IL-13Ra2-expressing cells. To opti-
mize this system, we tested a number of H and F protein variants
containing CT truncations for their ability to mediate transgene de-
livery into IL-13Ra2-expressing U251 cells. An F protein variant
with a six-amino acid CT (FD32) resulted in the highest vector ti-
ters. This finding agrees with results obtained involving a CD20-tar-
geted LV vector containing TPMV glycoproteins.21 For the TPMV
H-IL-13 protein, we found that the HD32 protein variant fused to
IL-13 produced the highest vector titers. This is in contrast to the
findings obtained by Enkirch et al.,21 which showed that the
TPMV HD80 variant in conjunction with an anti-CD20 single-
chain antibody produced the highest vector titers in HT1080-
CD20 cells. The reason for this discrepancy is not known. However,
it may be due to differences in the targeting ligand used and its bio-
physical properties.41

The results presented in this paper show that IL-13Ra2-expressing
human cells can be targeted in vivo upon systemic vector injection.
Our findings are consistent with the view that transduction was medi-
ated by the IL-13 ligand since LV vectors lacking IL-13 failed at trans-
ducing cells in vitro and in vivo. In NSG mice bearing xenografts of
human lung tumor tissue, we were able to demonstrate the accumu-
lation of vector-specific TK sequences in tumor biopsy samples. With
the use of ddPCR, we quantified human PTGER2 sequences, mouse
PTGER2 sequences, and vector-specific TK sequences in genomic
DNA isolated from tumor biopsies taken from mice treated with
TMPV H-pseudotyped LV vectors lacking IL-13 or LV vectors pseu-
dotyped with TPMV H glycoproteins displaying IL-13. In mice
treated with TPMV H-pseudotyped LV vectors lacking IL-13, we
observed no accumulation of vector-specific TK sequences in tumor
biopsies. However, in mice treated with LV vectors containing IL-
13, we observed accumulation of vector-specific TK sequences in tu-
mor biopsy samples. Given the small biopsy size and the complexity
of working with xenografted solid tumors, we were unable to pre-
emptively separate human and mouse tissues before performing
genomic DNA isolations. However, we were able to quantify the
composition of this heterogeneous population in terms of human
gene sequences, mouse gene sequences, and vector-specific
sequences.

A number of recent studies used surface-engineered LV vectors
involving engineered MV glycoproteins to target specific cells in vivo
following systemic vector injection, including liver sinusoidal and ar-
tery endothelial cells using CD105-targeted vectors42 and human
CD4+ T cells using CD4-targeted LV vectors.43,44 CD4-targeted LV
vectors may ultimately allow the in vivo generation of CD4+ chimeric
antigen receptor (CAR) T cells for clinical applications. The capacity
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of LV vector pseudotypes involving CD4-targeted TPMV glycopro-
teins to target CD4+ T cells in vivo remains to be determined.
MATERIALS AND METHODS
Plasmid constructs

The pNL(CMV)EGFP/CMV/WPREDU3 LV vector plasmid was
described before.12 It is available through Addgene (plasmid
#41970). The pNL(CMV)TK2ALuc2/CMV/WPREDU3 LV vector
plasmid was derived from the pNL(CMV)EGFP/CMV/WPREDU3
plasmid12 by replacing the EGFP coding region with a codon-opti-
mized sequence encoding the HSV-1 TK SR39 mutant protein30 (Ge-
neart AG, Regensburg, Germany), a F2A sequence, and a FLuc-en-
coding sequence.12 It is available through Addgene (plasmid
#163965).

Synthetic, codon-optimized versions of the TPMV H and F protein
coding regions (GenBank: AF079780.2) were prepared by GenScript
(Piscataway, NJ, USA). The pCG-HcD18-AA-IL-13 plasmid12 was
used as a backbone with the TPMV H and F coding regions replacing
the HcD18-AA-IL-13 sequence.

TPMV H protein variants bearing N-terminal truncations were
generated by replacing the 50 end of the H protein coding region
with PCR fragments containing the corresponding deletions.
TPMV F protein variants bearing C-terminal truncations were gener-
ated similarly by replacing the 30 end of the F protein coding regions
with PCR fragments containing the corresponding deletions.

The pCG-TPMV HD32-IL-13 plasmid (Addgene; plasmid #163869),
the pCG-TPMV FD32 plasmid (Addgene; plasmid #163964), and the
pCG-TPMV HD32 plasmid (Addgene; plasmid #163963) are avail-
able from Addgene (Watertown, MA, USA).
Cell lines

HEK293T cells (ATCC CRL-3216; ATCC, Manassas, VA, USA) and
HEK293 cells (catalog number 103; NIH AIDS Reagent Program,
Germantown, MD, USA) were grown in Dulbecco’s modified Eagle’s
medium (DMEM) containing high glucose (4.5 g/L), 2 mM L-gluta-
mine, 10% heat-inactivated fetal bovine serum (FBS), 100 U/mL peni-
cillin, and 100 mg/mL streptomycin. Cell-culture reagents were pur-
chased from Gibco (Thermo Fisher Scientific, Waltham, MA, USA).

Human U251 glioblastoma cells (National Cancer Institute [NCI],
Frederick, MD, USA) were cultured in RPMI-1640 medium sup-
plemented with 10% FBS, 25 mM HEPES, 0.1 mM-nonessential
amino acids, 2 mM glutamine, 1 mM sodium pyruvate, penicillin
(100 U /mL), and streptomycin (100 mg/mL) (all from Thermo
Fisher Scientific).

The human NCI-H1299 NSCLC cell line (ATCC CRL-5803) (ATCC)
was propagated in RPMI-1640 medium (ATCC) containing 10%
heat-inactivated FBS, penicillin (100 U /mL), and streptomycin
(100 mg/mL).
021
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NCI-H1299 GLuc cells were obtained by transduction using the
NL(CMV)GLuc/CMV/WPREDU3 LV vector.12 Single-cell clones
were obtained by limiting dilution, and clones with high GLuc activity
were identified using the BioLux GLuc Assay Kit (New England Bio-
labs, Ipswich, MA, USA) as described by the manufacturer.

Vero-aHis cells25 were provided by Stephen Russell (Mayo Clinic,
Rochester, MN, USA), and Vero cells were obtained from Alan
Baer (US Food and Drug Administration/Center for Biologics Evalu-
ation and Research [FDA/CBER]).

NIH 3T3 cells were provided by Carolyn Wilson (FDA/CBER).

LV vector production

LV vector production was carried out using 6-well plates, 15 cm
dishes, or HYPERFlask cell-culture vessels (Corning, Lowell, MA,
USA) as described.27 For vector production in 6-well plates, 293T
V6 cells (a clonal derivative of HEK293T cells with increased vector
production capacity; W.O., unpublished data) were plated at 1 �
106 cells per well and transfected with 0.53 mg of the pNL(CMV)
TK2ALuc2/CMV/WPREDU3 vector plasmid, 0.32 mg of the pCD/
NL-BHD1 packaging plasmid, 0.76 mg of the pCMV-Rev plasmid,
0.02 mg of pCG-TPMV F, and 0.005 mg of either the pCG-TPMV
H-IL-13 or pCG-TPMV H plasmids. For 15-cm dishes and HYPER-
Flask vessels, the number of cells and the quantities of the various
plasmids were proportionally increased according to the cell-culture
surface area. The cell-culture media were changed the day after trans-
fection, and the vector-containing supernatants were harvested on the
3rd day (about 60 h) post-transfection, filtered through a 0.45-mm
pore-size filter (Millipore Sigma, Burlington, MA, USA), and stored
at �80�C.

LV vectors for animal studies were produced using HYPERFlask ves-
sels and concentrated using Mustang Q anion-exchange chromatog-
raphy as described previously.26,27 Mustang Q XT Acrodisc 0.86 mL
(MSTGXT25Q16) and 5 mL Mustang Q XT5 (XT5MSTGQPM6)
units were purchased from Pall (Port Washington, NY, USA). Sarto-
bind Q SingleSep nano 1 mL (92IEXQ42DN-11) and Sartobind Q
nano 3 mL (96IEXQ42EUC11-A) were obtained from Sartorius Ste-
dim Biotech (Göttingen, Germany).

Transfections were performed in DMEM supplemented with 10%
FBS, 2.5 mML-glutamine, 100 U/mL penicillin, and 100 mg/mL strep-
tomycin (all from Thermo Fisher Scientific). The media were
removed the next day and replaced with an equal volume of Ultra-
CULTURE medium (Lonza, Walkersville, MD, USA) supplemented
with 2.5 mML-glutamine (Thermo Fisher Scientific), 100 U/mL peni-
cillin, and 100 mg/mL streptomycin (Thermo Fisher Scientific). The
vector-containing supernatants were filtered as described and loaded
onto a 5-mLMustang QXT5 unit at a flow rate of 25mL/min using an
ÄKTA Pure 25 L1 chromatography system (Cytiva Life Sciences,
Marlborough, MA, USA). The Acrodisc was then washed with 15 col-
umn volumes (CVs; 75 mL) of 150mMNaCl in 25 mMTris-HCl (pH
7.4), and vectors were eluted in 12 CV (60 mL) of 1.0 M NaCl in
Molecul
25 mM Tris-HCl (pH 7.4). The eluted fraction was then further
concentrated and desalted by centrifugation at 3,500 � g using Cen-
tricon Plus-70 centrifugal filter units with Ultracel-PL membrane,
100 kDa (Millipore Sigma, Burlington, MA, USA), until a final vol-
ume of 1�2 mL was reached. The retentate was then diluted to
60 mL in Dulbecco’s PBS (DPBS) and centrifuged as above until a
final volume of 1�2 mL was reached. The desalted and concentrated
retentates were then stored at �80�C. Vector stocks were titrated by
qPCR using genomic DNA from transduced U251 cells using wood-
chuck hepatitis virus post-transcriptional regulatory element
(WPRE)-specific primers.45 Since vector-bearing, unmodified
TPMV H glycoproteins cannot transduce cells, p24 levels were
measured for both TPMV HD32- and HD32-IL-13-bearing vectors
using Lenti-X GoStix Plus (Takara Bio USA, Mountain View, CA,
USA), and vector inputs were normalized to p24 values.

Blocking vector uptake

Vector blocking was performed using a polyclonal goat anti-human
IL-13Ra2 antibody (R&D Systems, Minneapolis, MN, USA) as
described before.12

Determination of IL-13Ra2 levels

IL-13Ra2 levels on NCI-H1299 cells were determined indirectly by
measuring the binding of anti-IL13-Ra2 antibody to the cell mem-
brane as previously described.12

Animals and orthotopic lung cancer model

4- to 5-week-old female NSGmice were purchased from Jackson Lab-
oratory (Bar Harbor, ME, USA). All animal procedures were per-
formed by following the guidelines of Public Health Service Policy
on Humane Care of Laboratory Animals and approved by the White
Oak Consolidated Animal Program (WOCAP) Animal Care and Use
Committee at CBER/FDA under protocol #2016-02. The WOC ani-
mal facilities are accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International. All experi-
ments were performed according to institutional guidelines. Animals
were anesthetized with 2%–4% isoflurane for all experimental
procedures.

After 1 week of acclimatization in theWOC animal facility, mice were
grouped into control and experimental groups. Each group consisted
of 3�6 animals. Animals were injected intrathoracically with NCI-
H1299 cells, NCI-H1299 GLuc cells, or NCI-H1299 GLuc cells trans-
duced ex vivo with the NL(CMV)TK2ALuc2/CMV/WPREDU3 LV
vector.

For intrathoracic cell implantation, 1.5 � 106 cells per animal were
injected as previously described.29

Evaluation of tumor formation using GLuc imaging

7 days after cell injection, engrafted animals were evaluated for tumor
growth weekly over a period 3 to 4 weeks using bioluminescence im-
aging. For bioluminescence imaging, animals were anesthetized using
2%–4% isoflurane in an induction chamber. Coelenterazine
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 677
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(Nanolight Technology, Pinetop, AZ, USA) (reconstituted in saline,
100 mg per animal) was injected i.v. via the tail vein of anesthetized
animals. Within 1 min of injection, animals were imaged using a
Caliper IVIS Lumina II bio-photometric imager (Caliper LifeSciences,
Hopkinton, MA, USA).

Evaluation of vector distribution using FLuc imaging

Tumor-bearing mice were grouped based on tumor size determined
by IVIS Lumina imaging to ensure relatively equal engraftment of
the tumor cells per group. To evaluate vector targeting to IL-
13Ra2-expressing tumor cells, mice were injected i.v. via the lateral
tail vein with NL(CMV)TK2ALuc2/CMV/WPREDU3 LV vectors
bearing HD32-IL-13 and F glycoproteins (1.25 � 106 TU per mouse)
or LV vectors bearing TPMV HD32 and F glycoproteins. 7 days post-
injection, vector targeting was assessed by bioluminescence imaging
of the animals following intraperitoneal (i.p.) injection of the FLuc
substrate, D-luciferin (Caliper Lifesciences; 2 mg/animal), using a
1-mL syringe with a 27G needle according to a method described pre-
viously.46 12 min post D-luciferin injection, animals were anesthe-
tized using 2%–4% isoflurane in an induction chamber. Anesthetized
animals were immediately transferred to a Caliper IVIS Lumina II
bio-photometric imager where images were acquired using IVIS Im-
age software.

Histological assessment of tissue samples

Animals were sacrificed using CO2 48 h after imaging. Animals were
immediately surgically opened for macroscopic examination of the
injection site and organs. For histopathological examination, tissues
including tumor cells were harvested and fixed in 10% neu-
tral-buffered formalin for 48 h, embedded in paraffin, sectioned at
4�10 mm, and processed for routine H&E staining (HistoServ, Gai-
thersburg, MD, USA). Tissue slides were scanned at 10� and 20� us-
ing an Aperio AT2 digital slide scanner (Leica Biosystems, Buffalo
Grove, IL, USA) from which representative microscopic images
were captured.

For immunohistochemistry analysis, formalin-fixed tissues were
dissected, and tissue fragments were immersed in 20% sucrose in
PBS and kept overnight at 4�C for dehydration. After the 20% sucrose
treatment, tissues were kept for 20 min in optimum cutting temper-
ature (OCT) compound (Tissue Tek; Sakura Finetek USA, Torrance,
CA, USA). The tissues were then transferred to cryomolds filled with
OCT compound, held for 30 min in dry ice for freezing prior to stor-
age at �80�C in freezing bags. On the day of sectioning, the OCT
blocks were kept in the cryostat microtome for 20 to 30 min to adjust
the temperature to �15�C to �20�C. The frozen tissues were cut at a
thickness of 10 mm, and sections were mounted onto gelatin-coated
histological slides.

Staining of sections with 40,6-diamidino-2-phenylindole (DAPI;
Thermo Fisher Scientific) was carried out according to the manufac-
turer’s instructions. To prepare the tissue sections for immunofluo-
rescence, samples were incubated in anti-FLuc antibody (Thermo
Fisher Scientific) and anti-FASN antibody (Sino Biologicals, Wayne,
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PA, USA) followed by Alexa Fluor 488- and Alexa Fluor 594-labeled
secondary antibodies (Thermo Fisher Scientific, Grand Island, NY,
USA), respectively. The samples were rinsed with PBS twice before
the slides were mounted with coverslips using mounting media for
confocal microscopy. The slides were viewed using a Zeiss LSM 700
laser-scanning confocal microscope (Boston Microscopes, Wilming-
ton, MA, USA).

Evaluation of vector distribution by PCR and ddPCR

Genomic DNA was extracted from tumors, lungs, and other internal
organs such as liver and spleen using a DNeasy Blood & Tissue Kit
(QIAGEN, Germantown, MD, USA) according to the manufacturer’s
instructions.

For regular PCR, a PCR primer set specific for the HSV-1 TK
sequence was used. The primers included TRFYGfwd (50-AGCA-
GAGGCCACAACAGA-30) and TRFYGrev (50-CTCCCAGCAC-
GATGTTGGT-30). The hRNaseP gene sequence47 was used as an in-
ternal control.

For the PCR reaction, 300 ng of genomic DNA was used. PCR reac-
tions were carried out using Taq DNA polymerase (Invitrogen, Carls-
bad, CA, USA) with an initial denaturation step of 5 min at 95�C, fol-
lowed by 30 cycles of denaturation (30 s, 95�C), annealing (30 s,
60�C), and extension (90 s, 72�C), as well as a final extension step
of 10 min at 72�C.

Vector-specific TK gene sequences, human PTGER2 gene sequences,
and mouse Ptger2 gene sequences31 were quantified with ddPCR. The
primer/probe sequences and their associated concentrations are
shown in Table S2. ddPCR was performed with the Bio-Rad QX200
ddPCR system according to standard protocols. Briefly, each ddPCR
assay contained 2� BioRad ddPCR Mastermix, 900 nM of forward
and reverse primers, 250 nM fluorescent probes, and 1 mL of tumor
biopsy DNA product. Cycling conditions were 95�C for 10 min and
then 50 cycles of 95�C for 30 s, 56�C annealing, and extension for
2 min. Post-cycling, a final enzyme de-activation, was performed at
98�C for 10 min. Data are shown as copies of the target per 1 mL of
tumor biopsy DNA product.
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