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The current methods for detecting circulating tumor cells
(CTCs) suffer from several drawbacks. We report a novel
method that is based on a chimeric virus probe and can detect
CTCs with extremely high specificity and sensitivity. Moreover,
it exclusively detects live CTCs, and its detection efficacy is not
impacted by the variation of epithelial cell adhesion molecule
(EpCAM) expression. The chimeric virus probe is composed
of a capsid from human papillomavirus that provides the detec-
tion with high specificity and an SV40-based genome that can
amplify extensively inside CTCs and, hence, endows the detec-
tion with high sensitivity. Furthermore, different marker genes
can be incorporated into the probe to provide detection with
versatility. These unique capabilities will likely improve the val-
idity and utility of this CTC detection in several clinical appli-
cations, which is one of the drawbacks suffered by many of the
current CTC detection methods.

INTRODUCTION
Circulating tumor cells (CTCs) are rare malignant cells that have
managed to detach from local tumors and subsequently enter the
bloodstream. Although the primary importance of CTCs is their abil-
ity to seed metastatic tumors, their constant presence in the blood and
the easiness of access through liquid biopsy have made their detection
an attractive alternative to the traditional biopsy for clinical applica-
tions such as cancer screening, therapy evaluation, and disease prog-
nosis. However, their exceeding rareness, only a few CTCs among
millions of white blood cells (WBCs) and billions of red blood cells
per milliliter of blood, makes their detection extremely challenging
and demands that any detection method be highly sensitive. Addi-
tionally, CTCs, like the tumors they are originally detached from,
lack unique and well-defined universal biomarkers. These issues high-
light the challenges of detection specificity.

Current methods for CTC detection are primarily based on twomajor
principles. The first, and also the more common, principle is an im-
muno-based detection that relies on immunological recognition of a
series of biomarkers that are predominantly epithelial lineage-related
proteins such as epithelial cell adhesion molecule (EpCAM) and cy-
tokeratins. An example of this approach is CELLSEARCH, which is
the only CTC detection method to have received FDA approval.1

The first step of this method is to enrich CTCs from whole blood
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by binding the cells to the anti-EpCAM-antibody-conjugated iron
nanoparticles, followed by magnetic capture. The enriched CTCs
are further characterized by 40,6-diamidino-2-phenylindole (DAPI)
staining to identify nucleated cells and more antibody staining for
epithelial structural cytokeratins (CK8, CK18, and CK19). Finally,
anti-CD45 antibody staining is used to differentiate CTCs from circu-
lating WBCs. The whole process is relatively cumbersome, and,
because of the heterogeneous nature of tumor cell biomarkers it relies
on for detection, this method may only detect a fraction of the total
CTCs in the blood. For example, it is known that CTCs usually un-
dergo epithelial to mesenchymal transition (EMT), during which
epithelial markers such as EpCAM are frequently downregulated.2

The second detection principle exploits the biophysical properties of
the CTCs, such as their relatively large size, distinct density, deform-
ability, and electric charge relative to WBCs. Several methods based
on this principle have been reported, such as a filter-based membrane
with a specific pore size,3,4 microfluidic devices depending on both
size and the ability of the CTCs to deform in their enrichment strate-
gies,5 and devices combining density centrifugation with size-based
filtration.6 One of the main drawbacks of biophysical property-based
detection is that many blood cells such as monocytes/macrophages
have a similar or even larger size than CTCs. As such, they tend to
be inseparable from CTCs after the isolation procedure. Thus,
CTCs isolated from biophysical property-based methods typically
need to be further characterized by either immuno-staining or RT-
PCR analysis.

Current CTC detection methods, based on either immune-affinity or
biophysical property, are not designed to specifically detect live CTCs.
Methods such as CELLSEARCH require CTCs to be fixed for exam-
ination. Although CTCs obtained from some of the microfluid
captures are live cells, the need for further downstream characteriza-
tion/confirmation by antibody staining and/or other procedures will
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Figure 1. Probe design and construction

(A) Schematic diagram of the chimeric virus probe. The

outside capsid shell is derived from HPV (formed from the

L1 and L2 capsid proteins). The inside contains the modi-

fied SV genome with the insertion of one of the chosen

marker genes. (B) The SV40-based self-amplifying probe.

The wild-type (w.t.) SV40 genome is shown on the top.

Several key modifications were introduced to the pSV40

genome for the construction of the probe (pSV-GFP).

These include (1) deletion of VP1–3 capsid genes and

insertion to the locus of one of the marker genes (GFP for

pSV-GFP probe, luciferase for pSV-Luc probe, and Tag-

MP for pSV-Tag-MP probe), (2) substitutions of 298C>T,

299C>T, and 304C>T, (3) addition of 4 extra copies of the

72-bp repeats to the downstream of the natural 21 repeats

(labeled as Rs), and (4) substitution of 335A>C. (C) Con-

struction of the control plasmid, pcDNA-GFP. (D) Con-

struction of the packaging plasmid, pHPVL1/2, which

contains both the L1 and L2 capsid genes of HPV that are

separated by a copy of the 2A peptide. CMVP, CMV pro-

moter; P-Ori-P, the SV40 early promoter-replication origin-

later promoter sequences; VP1–3, SV40 capsid proteins

VP 1, 2, 3; Early P, SV40 early promoter; Rs, the SV40

21-bp and 72-bp repeats; M-late P, modified SV40 late

promoter. The direction of the promoter for transcription is

indicated by the arrow.
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result in the killing of these cells. A method that can unambiguously
detect live CTCs is desirable to improve the relatively poor clinical
correlation of the current CTC detection methods,7 which will be
particularly beneficial for certain clinical applications such as evalu-
ating therapeutic responses in real time, monitoring tumor recur-
rence, and/or determining patient prognosis.

Here, we report a chimeric virus-based probe, called the CTC-Uni-
Pro, that can detect live CTCs with extremely high specificity and
sensitivity. Additionally, it offers both versatility and simplicity of
detection. The CTC-UniPro contains two key components. The first
component is a virus-like particle (VLP) formed from the L1 and L2
proteins of human papillomavirus 16 (HPV-16). The VLP enables the
probe to selectively enter CTCs via the HPV-mediated infection pro-
cess, which is strictly epithelial cell specific.8 This provides the probe
with extremely high specificity for detecting CTCs. The second
component is a modified SV40 virus genome that contains a marker
gene and is packaged into the VLP. This provides the probe with the
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ability to amplify the detection signal exten-
sively via both the SV40 genome amplification
and the marker gene expression. As a result,
the probe has a high sensitivity at detecting
CTCs. Most importantly, the detected signals
(the expressed marker gene products) are
strictly produced by live CTCs. The choice of
different marker genes, such as the green fluo-
rescent protein (GFP) for visual detection and
numeration, the luciferase gene for lumines-
cence detection and quantification, and a synthetic membrane pro-
tein for CTC capture, provides a high degree of versatility and
simplicity. Our data show that CTC-UniPro can indeed detect
CTCs with the anticipated specificity and sensitivity, and it represents
a unique and probably the only method for unambiguously detecting
live CTCs.

RESULTS
The design and construction of a chimeric virus as a probe for

detecting live CTCs

To our knowledge, HPV is probably the only human virus that can
selectively infect cells of human epithelial origin.9 This makes it an
ideal candidate to assemble a probe for CTC detection. As depicted
in Figure 1A, the chimeric virus probe is composed of two parts.
The outside capsid shell is from the L1 and L2 proteins of HPV-16,
which can self-assemble into VLPs that possess infectivity similar to
wild-type HPVs with a strong tropism for epithelial tissues. Addition-
ally, during the VLP assembly, plasmid-like circular DNA within a
nical Development Vol. 23 December 2021 79
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certain size limit can be packaged inside the VLPs. For this reason and
the fact that HPV genome replicates relatively slowly (once every
3 weeks),10 we decided to package a fast-replicating viral genome
into the VLP to generate a chimeric virus that can selectively enter
and rapidly replicate in CTCs. Therefore, the SV40 genome was cho-
sen for this purpose, in addition to the following reasons. First, SV40
is known to be able to replicate in many cell types, including epithelial
cells. Second, its genome replication is relatively fast, capable of pro-
ducing hundreds of copies within 24 h.11 Third, its genome size is
within the limits of HPV packaging capacity. Specifically, the genome
of SV40 (5.2 kb) is �3 kb shorter than that of HPV, which allows for
the insertion of a marker gene without compromising the packaging
efficiency. For a maximal amplification of the probe within CTCs, we
introduced a series of modifications to the SV40 genome. First, we re-
placed the genes encoding SV40 capsid proteins (VP 1–3) with one of
the chosen marker genes (GFP, luciferase, or a tagged membrane pro-
tein) for easy, convenient, and versatile CTC detection (Figure 1B).
Second, we introduced a series of modifications into the late promoter
region that have been reported in the literature to increase the
promoter strength.12–14 These include a series of substitutions
(298C>T, 299C>T, and 304C>T) and an addition of 4 extra copies
of the 72-bp repeat (Figure 1B). Third, we made an additional substi-
tution (335A>C) at the downstream region of the late promoter to
destroy the start codon in that location. This would allow the marker
gene to be efficiently expressed without interference from this endog-
enous start codon. The exemplary construct containing the GFP
marker gene is designated pSV-GFP.

As a control, we constructed a similar plasmid but without the SV40-
mediated amplification mechanism. As shown in Figure 1C, pcDNA-
GFP contains the sameGFPgene (drivenby the strong cytomegalovirus
[CMV] immediate promoter) and the same SV40 replication origin
(Ori) and the late promoter region. Although this plasmid can undergo
amplification in 293FT cells as they constitutively express the large T
antigen (LT) of the SV40, it would not be able to self-replicate in
CTCs because of the lack of SV40 T antigens. Another plasmid,
pHPVL1/2, was constructed by cloning both the L1 and L2 genes of
theHPV16 into it (separated by a copy of the 2Apeptide). This plasmid
will provide the L1 andL2HPVcapsid proteins for virus particle assem-
bly and SV-GFP probe packaging. All the constructed plasmids have
been sequenced to confirm the correctness of the incorporated se-
quences. The gene expression from each of the plasmids was confirmed
by western blot analyses (data not shown).

Probe production and purification

For producing the chimeric virus probe, pHPVL1/2 and one of the
probes containing plasmids (pSV-GFP, pSV-Luc, or pSV-Tag-MP)
were co-transfected into 293TT cells. Cells were collected either 48
or 72 h later and lysed either with lyse buffer or through sonication
to release the packaged probe. The probe was collected by harvesting
the supernatant after spinning down the cell debris. The pcDNA-GFP
was prepared the same way. Since 293TT cells express high levels of
both large T and small T antigens of SV40,15 pcDNA-GFP gets ampli-
fied similarly as the other ones, as it also contains a copy of the SV40
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replication origin. Therefore, all the plasmids should have equivalent
packaging efficiency.

The collected supernatants containing the packaged probe-containing
plasmids or the control plasmid were purified by first passing through
the GE Capto Core 700 column to remove protein, DNA, and RNA
impurities. This was followed by passing through a PD-10 column
to remove the remaining chemicals. The titer of the produced chimeric
virus probes for pSV-GFP and the control pcDNA-GFPwas titrated by
incubating the serially diluted probes with 293TT cells for 2–3 days,
followed by flow cytometry analysis. The pSV-Tag-MP probe was
similarly titrated after staining the cells with an anti-Myc-tag immu-
noglobulin G (IgG). The titer of pSV-Luc was estimated by measuring
the luciferase activity after the incubation period. The yield of the
probes was usually >1 � 109 infection units (IUs) per 10-cm dish of
transfection.

The self-amplification property of the CTC-UniPro can increase

the marker gene signal by over 80-fold

The CTC-UniPro was designed such that the SV40-based genome can
replicate in CTCs after chimeric virus-mediated entry. To test how
much this self-amplification could contribute to the detection sensi-
tivity, we incubated two lung cancer cell lines with either pSV-GFP
probe or pcDNA-GFP control and constantly monitored the GFP
expression. Although the GFP intensity showed a steady increase in
the cells incubated with pSV-GFP, the GFP in the cells incubated
with pcDNA-GFP remained at the background level of the 24-h incu-
bation. Shown in Figure 2A is a typical field from cells incubated with
these two vectors for either 24-h or 72-h incubation. To quantitate the
GFP shown in Figure 2A, we lysed the cells and the released GFP was
measured with a fluorescent illuminator. The result is shown in Fig-
ure 2B. It indicates that the self-amplification property in pSV-GFP
contributes >80-fold signal amplification when tested in these two tu-
mor cells.

The pSV-GFP probe shows extremely high specificity and

sensitivity at detecting tumor cells versus normal blood cells

For any diagnostic method, both specificity and sensitivity are vital for
detection accuracy. For determining the detection specificity of CTC-
UniPro, we incubated either normal peripheral blood mononuclear
cells (PBMCs) or two lung cancer cell lines (H1944 and H358) with
pSV-GFP at the dose of 2 IU per cell. Cells with medium only served
as a negative control. Again, GFP expression was monitored continu-
ously. At 72 h during incubation, when usually GFP expression from
the probe reaches its peak, not a single GFP-positive cell could be de-
tected in thewellwith PBMCs,whereas therewere extensive and strong
GFP-expressing cells in the wells where lung cancer cells were seeded
(Figure 3A). Next, we incubated PBMCs with increasing dosages of
pSV-GFP, from 1 IU/cell up to 50 IU/cell. No single GFP-positive
cell was detected even at the highest IU of the probe at 72-h incubation
time (Figure 3B). It has been reported that certain oncolytic viruses,
such as the one based on herpes simplex virus (HSV), because of their
selective replication in tumor cells, might be used for CTC detection.16

We therefore tested two of the oncolytic HSVs constructed in our own
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Figure 2. The ability of CTC-UniPro to self-amplify contributes to the

increased detection sensitivity

(A) A549 and 5838 cells (human lung cancer cell lines) were incubated with either

pcDNA-GFP or pSV-GFP at 2 IU per cell, and GFP expression was monitored

regularly. Shown are typical micrographic fields taken at the indicated time during

the incubation. Original magnification: 20�. (B) The ratio of GFP quantification at

72 h over 24 h. Hp < 0.05 compared to pcDNA-GFP.
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lab, Baco-1 (derived fromHSV-1) and FusOn-H2 (derived fromHSV-
2), both of which carry the GFP gene. PBMCs were incubated with
these two viruses at 1 plaque-forming unit (PFU) per cell. Even at
24 h after infection, a significant number of GFP-positive cells could
be detected in PBMCs incubated with both Baco-1 and FusOn-H2,
indicating that they did not possess the same high specificity for
CTCs as the pSV-GFP probe.

To determine the detection sensitivity of CTC-UniPro, we spiked 5
million human PBMCs with different numbers of tumor cells, starting
from 10 to up to 1,000.We then incubated the cell mixtures with 2 IU/
cell of pSV-GFP. GFP-positive cells were counted at 72 h of incuba-
tion time. We were able to readily detect the limited number of the
spiked tumor cells (10) from 5 million PBMCs by visualization in
the case of pSV-GFP, as shown in Figure 4A. This detection sensitivity
is similar to other CTC detection methods such as CELLSEARCH
that can detect one CTC per 1 mL of a blood sample (equivalent to
�1 CTC in �7 million PBMCs),17,18 Herringbone Chip (detecting
up to 12 CTCs/mL of blood),19 and nanotube-CTC-chip (capable
of capturing a single cell when it was spiked to 10 mL of mouse
blood).20
Molecular Th
Next, we did the same tumor cell spiking as in Figure 4A. The
cell mixtures were then incubated with pSV-Luc at 2 IU/cell. The
supernatants were collected 72 h later, and the luciferase activity
was determined via luminescence reading by a luminometer. The
luciferase activity was converted to a per cell basis by dividing the total
with the number of cells spiked. The result in Figure 4B showed that
the luciferase activity per cell was well over the background, indi-
cating that CTC-UniPro has the detection sensitivity to detect a single
CTC from 5 million PBMCs.

We then moved on to test pSV-GFP on tumor cells of different tissue
origins, including prostate cancer, colon cancer, ovarian cancer, head
and neck cancer, skin cancer, kidney cancer, bladder cancer, and cer-
vical cancer. The tests showed that the result presented in Figure 4A
was reproducible in all the tumor cells that had been tested. Together,
the data demonstrate that CTC-UniPro is a highly sensitive and spe-
cific detection method that can be used for the detection of CTCs of
many different carcinomas.

The detection efficiency of CTC-UniPro is not impacted by the

level of EpCAM expression on tumor cells

Many of the currentmethods rely on EpCAMexpression on CTCs as a
key biomarker for detection. It is known that the level of EpCAM
expression on CTCs varies widely, and it is believed that EMT plays a
major role in this fluctuation.21–23 As such, it has been reported that
CTCs can escape EpCAM-baseddetection because of EMT.2,23 To eval-
uate the impact of EpCAM expression on the detection efficiency of
pSV-GFP, we initially treatedA549 cells with transforming growth fac-
tor b (TGF-b), which is a well-known factor that can efficiently induce
EMTwhen added to cell culture.24 The results in Figure 5A showed that
EpCAMwas readily detectable in the untreated A549 cells, and TGF-b
treatment led to a significant reduction of its expression. However, the
EpCAM reduction induced by TGF-b had little impact on the probe
signal (the intensity of GFP expression) of the pSV-GFP. Rather, the
signal was slightly stronger in the TGF-b-treated cells. Part of the
reason for the increased GFP signal is probably a higher copy number
of theprobe in the cells undergoingTGF-b-inducedEMT, as it has been
reported that SV40 can replicate profoundly in many mesenchymal
cells.25 Regardless, these results suggest that, unlike those methods
that heavily rely on the level of EpCAM detection on the surface of
CTCs, CTC-UniPro is independent of this epithelial adhesion mole-
cule. Thus, its detection is less likely to be influenced by the fluctuation
of EpCAM expression on CTCs.

pSV-Tag-MP probe allows live CTCs to be readily retrieved for

further analysis

We constructed a pSV-Tag-MP probe, with high efficiency and spec-
ificity, for the purpose of capturing live CTCs from whole blood for
further analyses such as continuous culture for drug sensitivity
testing, etc. The key component of this probe is a chimeric artificial
membrane protein (Tag-MP) that is composed of, in sequential order,
a signal peptide (SP), a HA tag (HA), GFP, and the transmembrane
domain (TMD) (Figure 6A). When the probe has entered CTCs,
the Tag-MP will be expressed on the cell surface with the HA tag
erapy: Methods & Clinical Development Vol. 23 December 2021 81
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Figure 3. CTC-UniPro shows high detection

specificity

(A) PBMCs isolated from healthy donors or human lung

cancer cells (H1944 and H358) were incubated either with

medium only or in the presence of pSV-GFP at 2 IU/cell.

Shown is a typical micrograph from eachwell taken at 72 h

incubation time. (B) PBMCs were incubated with

increasing doses of pSV-GFP up to 50 IU/cell. The mi-

crographs were taken at 72 h incubation time. (C) PBMCs

were incubated with 1 PFU/cell of Baco-1 or FusOn-H2.

The micrographs were taken at 24 h incubation time.
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extruding out of the membrane, allowing easy and specific harvest
with anti-HA IgG-conjugated magnetic particles (Figure 6B). Indeed,
when tumor cells were incubated with the pSV-Tag-MP probe, the
expressed GFP showed predominantly as the membrane form, which
was in contrast to the unmodified GFP that showed an even distribu-
tion across the nucleus and the cytoplasm (Figure 6C). These cells
could be efficiently captured with the anti-HA IgG-conjugated mag-
netic particles, whereas none of the same tumor cells incubated with
pSV-GFP could be pulled down with the same procedure (Figure 6D).
These results show that pSV-Tag-MP represents another versatile
format of CTC-UniPro that can be used in applications such as har-
vesting CTCs with high efficiency and specificity.

DISCUSSION
Because of its non-invasive, easy access and real-time monitoring
functionalities, liquid biopsy can potentially become an attractive
82 Molecular Therapy: Methods & Clinical Development Vol. 23 December 2021
alternative to the traditional tissue biopsy in
many clinical applications in cancer manage-
ment. Liquid biopsy mainly detects either
CTCs or circulating tumor-derived factors
such as cell-free tumor DNA (ctDNA). Despite
its many potential advantages, liquid biopsy
has not yet become a standard clinical diag-
nostic method. There are several factors likely
contributing to this. First, although many im-
provements on liquid biopsy techniques have
been reported in recent years, the current
methods still suffer from imperfect detection
sensitivity and specificity and variability. Sec-
ond, there is a lack of sufficient clinical validity
and utility. In particular, a solid demonstration
of its clinical correlation has not yet been unam-
biguously established.

The current CTC detection methods are mainly
based on two principles, either immuno-based
detection or biophysical property-based separa-
tion. Despite the recently reported improve-
ments, there is still a need to further improve
their detection specificity and sensitivity because
of the scarcity of CTCs in the blood. However,
two additional drawbacks of the current methods likely deserve
more attention. First, none of the current methods has the capability
to detect live CTCs exclusively and unambiguously. Possessing such
a capability may be required for certain clinical applications of CTC
detection, such as real-time monitoring of therapeutic efficacy during
cancer treatment. Second, the immuno-based CTC detectionmethods
are prone to the heterogeneous nature of EpCAMexpression onCTCs.
As such, a particular concern is that these methods may not be able to
accurately detect the CTCs that have undergone EMT, which
frequently results in downregulation of EpCAM expression. This
intrinsic defect may compromise another important clinical applica-
tion of CTC monitoring—prognosis (e.g., cancer metastasis and dis-
ease relapse)—both of which are intimately linked to EMT.26–28

The design of CTC-UniPro is unique compared to other reported
CTC detection methods. It is based on a chimeric virus that



Figure 4. CTC-UniPro showed a high detection

sensitivity, reaching a single-cell level

(A) 5 � 106 PBMCs were either seeded alone or mixed

with 10 tumor cells (A549 and H1944, lung cancer; MDA-

MB-231, breast cancer; Mpanc-96, pancreatic cancer) in

the presence of 2 IU/cell of pSV-GFP. The micrographs

were taken at 72 incubation time. The spiked tumor cells

were readily detectable, as indicated by one of the typical

fields where a tumor was identified. (B) 5 � 106 PBMCs

were either seeded alone or mixed with 10 tumor cells.

The cells were cultured either with medium only or in the

presence of 2 IU/cell of pSV-Luc. The supernatants were

collected at 72 h incubation time and were used for

luciferase assay. Shown are either the total luciferase unit

(PBMC with medium, PBMC with pSV-Luc) or the lucif-

erase unit per cell by dividing the total reading with the

number of cells spiked.
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incorporates the high selectivity of HPV infection for epithelial cells
and efficient amplification of the SV40 plasmid genome inside
CTCs. This combination results in CTC detection with high speci-
ficity and sensitivity. Most importantly, CTC-UniPro is designed
for detecting live CTCs only, as the marker genes (GFP, luciferase,
or the artificially assembled Tag-MP) can only be produced in a
live CTC. We believe that the ability of CTC-UniPro to detect live
CTCs exclusively may be particularly useful for real-time monitoring
of the therapeutic effect of many cancer treatments, as the viability of
CTCs is vital for accurately predicting the therapy effectiveness. This
would allow oncologists to detect resistance to the chosen therapy at
an early stage, so that more effective treatment could be offered before
the tumor burden becomes excessive and incurable. Additionally, the
patients would not need to suffer additional unwanted side effects
caused by the ineffective therapy. In a recent clinical study, one of
the current CTC detection methods, the FDA-approved CELL-
SEARCH, was found to be unable to demonstrate a clinical utility,
as it failed to accurately predict late-line chemotherapy for metastatic
breast cancer.29 We believe that the inability of CELLSEARCH to
rigorously detect live CTCs might have contributed to this failure.
We are planning to conduct a clinical trial in the near future to test
CTC-UniPro for its ability to accurately predict the effectiveness of
the chosen treatments for some common cancer types such as lung
and breast cancer.

Our data also showed that, unlike the immuno-based detection
methods, the detection sensitivity of CTC-UniPro is not affected by
the reduced EpCAM expression derived from EMT. This property
probably will provide CTC-UniPro with an additional advantage
over other methods in clinical applications such as predicting prog-
Molecular Therapy: Methods & Cli
nosis and disease relapse. Mechanism-wise,
although HPV is known for its strong tropism
for epithelial cells, its entry does not depend
on a single epithelial marker. Rather, it likely
involves a combination of several epithelial re-
ceptors.30 This probably provides a unique
advantage for this chimeric virus-based probe, allowing it to enter
CTCs (in the context of blood cells) with strong specificity without be-
ing impacted by the downregulation of a single signature epithelial
marker.

MATERIALS AND METHODS
Cell lines and viruses

Lung cancer cell lines A549, H1944, 5838, and H358; ovarian cancer
cell line Hey; and African green monkey kidney (Vero) cells were ob-
tained from American Type Culture Collection (Rockville, MD,
USA). The 293TT cell line was obtained from the National Cancer
Institute. Cells were cultured in DMEM containing 10% fetal bovine
serum (FBS). 293TT cells were cultured in DMEM (GE Healthcare
Life Sciences HyClone Laboratories, South Logan, UT, USA) supple-
mented with 10% FBS (Mediatech, Manassas, VA, USA), 100 units/
mL penicillin and 100 mg/mL streptomycin, 1% nonessential amino
acids, and 1% GlutaMAX (Thermo Fisher Scientific, Waltham, MA,
USA). All cells were incubated at 37�C in a humidified atmosphere
with 5% CO2. Type I HSV (HSV-1)-based oncolytic virus Baco-1
and HSV-2 based FusOn-H2 were originally constructed in our
own laboratory.31,32 Both viruses contain the GFP gene, and thus their
infection could be readily identifiable by the appearance of green fluo-
rescent cells or plaques. They were grown and titrated on Vero cells as
described previously.31,32

Preparation and purification of CTC-UniPro and the control

vector

The details of the construction strategy for CTC-UniPro are illustrated
in Figure 1. CTC-UniPro contains two key components: the inner
probe-containing component (pSV-GFP, pSV-Luc, or pSV-Tag-MP)
nical Development Vol. 23 December 2021 83
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Figure 5. The detection efficiency of CTC-UniPro is

not affected by the EMT-induced downregulation of

EpCAM

A549 cells were cultured in medium only (No treatment) or

with TGF-b1 at 5 ng/mL for 4 days to induce EMT. (A) Flow

cytometry detection of EpCAM expression of A549 cells

with or without TGF-b1 treatment. (B) Comparison of GFP

probe detection efficiency of A549 cells with or without

TGF-b1 treatment.
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and an outside component (pHPV1/2, for packaging the inner compo-
nent). The inner component was designed and based on the wild-type
(WT) SV40 genomewith several modifications. Initially, the entire VP
1-3 capsid genes fromnucleotides (nt) 371 to 2532 of the SV40 genome
were deleted and replacedwith amarker gene (GFP, luciferase, or Tag-
MP). To maximize the marker gene expression, we introduced the
following modifications to the SV 40 later promoter region to increase
the promoter strength.12–14 These include a series of substitutions
(298C>T, 299C>T, and 304C>T) and the addition of 4 extra copies
of the 72-bp repeat (Figure 1B). We also made an additional substitu-
tion (335A>C) at the downstream region of the late promoter to
destroy the start codon in that location. This would allow the marker
gene to be efficiently expressed without interference from this endog-
enous start codon.

The packaging construct, pHPVL1/2, was constructed by cloning
both the L1 and L2 genes from HPV-16 by separating them with a
2A sequence (T2A). The above-mentioned modifications were done
through DNA synthesis with codon optimization for human expres-
sion, and the synthesis was done by GenScript (Piscataway, NJ, USA).
The control vector was derived from pcDNA-GFP. It contains a copy
of the SV40 Ori-P sequence as well as a GFP cassette in which the
marker gene was driven by the CMV promoter.

For the production of CTC-UniPro and the control vector, 293TT
cells were plated in a 10- or 15-cm dish 16 h prior to transfection.
Plasmid pHPVL1/2 was mixed with one of the probes (pSV-GFP,
pSV-Luc, and pSV-Tag-MP) or the pcDNA-GFP control plasmid,
and the mixtures were then co-transfected into the 293TT cells
with Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA,
USA). From these co-transfections, the L1 and L2 expressed from
pHPV1/2 would form VLPs, which could then package the probe
plasmid or the control plasmid (pcDNA-GFP). The transfected cells
were harvested at 48 or 72 h after transfection. This prolonged time is
needed for the probe to amplify to enough copies so that the GFP
signal can be readily detectable. Cell pellets were washed once with
phosphate-buffered saline (PBS) before they were suspended and
lysed with the lysis buffer: PBS supplemented with 9.5 mM MgCl2
(Sigma, St. Louis, MO, USA), 0.5% Triton 100 (Thermo Fisher Scien-
tific, Waltham, MA, USA), 0.1% Benzonase (Sigma), and 25 mM
(NH4)2SO4 (pH 9). The lysates were incubated for 24 h at 37�C to
84 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
allow the VLPs to mature. The lysates were briefly chilled on ice
before they were centrifuged at 5,000� g for 5 min at 4�C. The super-
natant was transferred to a fresh siliconized tube. The pellet was re-
extracted with two volumes of DPBS and centrifuged for 5 min at
5,000� g. These clarified probes were then combined, passed through
a 5-mm filter, and further purified with GE Capto Core 700 and DP-10
columns (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA) accord-
ing to the manufacturer’s protocols. The purified probes were quan-
titated by both flow cytometry (BD Biosciences, San Jose, CA, USA)
for GFP expression (for pSV-GFP and pSV-Tag-MP) and quantita-
tive real-time polymerase chain reaction.

Human PBMC preparation

Human PBMCs were prepared from buffy coats obtained from Gulf
Coast Regional Blood Center (Houston, TX, USA). The buffy coats
were mixed with an equal amount of PBS before they were loaded
on Lymphoprep (STEMCELL Technologies, Vancouver, BC, Canada)
for centrifugation for 30min at 800� gwith the brake off at room tem-
perature. PBMCswere collected from the layer at the plasma/Lympho-
prep interface andwerewashed twicewith 2%FBS-PBS. The cell pellets
were treated with red blood cell lysing buffer (Sigma) to remove red
blood cells and were washed again twice with 2% FBS-PBS. The puri-
fied PBMCs were used directly for the experiments.

Tumor cell detection by pSV-GFP probe

For testing the ability of pSV-GFP to amplify in tumor cells, 1–2� 105

tumor cells of different tissue origins were plated in 12- or 24-well
plates overnight. Cells were then incubated with either pSV-GFP or
the control vector at 2 IU per cell for 24–96 h. Cells were then
analyzed with the Nikon Ti-U Inverted Fluorescence Microscope.

To mimic the situation of clinical diagnosis, 10 or 100 cancer cells
were mixed with 5 � 106 PBMCs in RPMI 1640 plus 10% FBS at
12-well plates. The mixed cells or PBMCs alone were incubated
with 2� 105 IU of CTC-UniPro at 37�C for 72 h. For testing the abil-
ity of oncolytic HSV to infect PBMCs, cells were infected with either
Baco-1 or FusOn-H2 at 1 PFU for 72 h.

To quantitatively measure the probe (GFP) intensity in cancer cells,
the indicated cells were incubated with either pSV-GFP or the control
vector at 2 IU. Cells were harvested 72 h later. The quantitative
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Figure 6. pSV-Gap-MP probe allows convenient harvest of CTCs with the

same high efficiency and specificity

(A) The design of pSV-Gap-MP. The key to this probe is the modified membrane

form of GFP that is tagged with the HA tag (HA), which allows the CTCs to be easily

pulled down by anti-HA IgG-conjugated magnetic nanoparticles. (B) Schematic

illustration of pSV-Tag-MP-enabled pull-down of CTCs, by expressing the artificial

chimeric protein (Tag-MP) on the surface of CTCs. (C) Differential distribution

pattern of regular GFP and Tag-MP after expression in the human ovarian cancer

cells (Hey). The top images show amicrographic field, and the bottom images show

a magnified cell image from each of them. The regular GFP showed even or slightly

higher nuclear distribution. In contrast, Tag-MP localizes predominantly on the cell

membrane. (D) Pull-down of the spiked tumor cells incubated with pSV-Tag-MP but

not pSV-GFP. The pulled-down tumor cells are indicated by the red arrows on the

images at the top. The bottom image shows one of the pull-down cells 24 h later in

higher magnification.
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measurement of GFP was performed with the GFP Quantification Kit
(BioVision, Milpitas, CA, USA). Briefly, the harvested cells were lysed
with assay buffer for 10 min. The supernatants were cleared by centri-
fugation before they were transferred to a 96-well plate. The samples
were quantitated on a fluorescence microplate reader (Victor X4,
PerkinElmer, Akron, OH, USA).

Tumor cell detection by pSV-Luc probe

The initial incubation step for detection with the pSV-Luc probe was
the same as for pSV-GFP. After 24- to 96-h incubation, the medium
was removed. 100 mL of Bright-Glo Assay Reagent (Promega, Madi-
son, WI, USA) was added to each well and incubated for 5 min at
room temperature to lyse the cells. Afterward, luciferase activity
was measured with the SpectraMax 5 plate reader (Molecular Devices,
San Jose, CA, USA).

Tumor cell pull-down using the pSV-Tag-MP probe

For checking the expression and location of pSV-Tag-MP in tumor
cells, 2 � 105 Hey cells were transfected with either pSV-GFP or
Molecular Th
pSV-Tag-MP in 12-well plates. The cells were imaged 48 h after trans-
fection under the Nikon Ti-U Inverted Fluorescence Microscope.

For the cell pull-down experiment, 5 � 106 PBMCs were spiked with
100 Hey cells that had been incubated with 2 IU of either pSV-GFP or
pSV-Tag-MP for 72 h. Cells were incubated in 2-mL tubes with 50 mL
of Pierce Anti-HA Magnetic Beads (Thermo Fisher Scientific, Wal-
tham, MA, USA) in 1 mL of 0.1% BSA-PBS by rotation for 30 min
at 4�C. Afterward, the tubes were loaded to the EasySep Magnet
(STEMCELL Technologies, Cambridge, MA, USA) for 1 min to allow
the tagged tumor cells to attach to the magnetic side of the tube. PBS
with the unbound cells was discarded. After two washes with 1 mL of
0.1% BSA-PBS, the beads with bound cells were suspended in 100 mL
of DMEM containing 10% FBS and seeded in a 96-well plate. The
pull-down cells were analyzed under a Nikon Ti-U Inverted Fluores-
cence Microscope.

Materials availability

All unique/stable reagents generated in this study are available from
the Lead Contact with a completed Materials Transfer Agreement.

Data and code availability

The data and code that support the findings of this study are con-
tained in the supplementary files or available from the authors
upon request.
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