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Detection and isolation of viable
cancer cells mediated by spytag
and spycatcher using conditionally
replicative adenovirus and
magnetic microbeads

Sadegh Goli**, Maryam Kadkhodazadeh®*, Mahshid Kharaziha?,
Shaghayegh Haghjooy Javanmard? & Kayhan Azadmanesh*™*

Circulating tumor cells (CTCs) are critical biomarkers for cancer diagnosis, prognosis, and therapy
monitoring, but their rarity and reliance on surface markers limit detection and isolation. While
conditionally replicative adenoviruses (crADs) enable tumor-selective targeting, their use has been
limited to fluorescence-based detection without robust isolation of viable cells. To overcome this,
we developed a crAD-based platform integrating SpyTag/SpyCatcher technology with SpyCatcher-
decorated magnetic microbeads for marker-independent CTC detection and isolation. The engineered
adenovirus (CR-Ad5-ST-GFP) selectively replicates in telomerase-positive tumor cells, expressing
green fluorescent protein (GFP) and SpyTag under independent promoters. By leveraging the
SpyTag/SpyCatcher interaction, our platform isolates CTCs without relying on surface markers,
addressing epithelial-to-mesenchymal transition (EMT) and phenotype variations. In proof-of-
concept experiments, A-549 and Ca Ski cells spiked into peripheral blood mononuclear cells (PBMCs)
at 1:10,000 were detected and isolated with over 80% efficiency. The isolated cells remained viable
and were successfully re-cultured, demonstrating their potential for downstream applications such
as molecular profiling and drug sensitivity testing. This method advances crAD-based approaches
by combining tumor-selective viral targeting with marker-independent, viable CTC isolation.

Its compatibility with microfluidic systems makes it a promising tool for tumor monitoring and
personalized cancer treatment.

Keywords Circulating tumor cells (CTCs), Conditionally replicative adenovirus, SpyTag-SpyCatcher system,
Detection and isolation, Cancer cells, Magnetic microbeads

Circulating tumor cells (CTCs) are malignant cells shed from primary or metastatic tumors into the bloodstream,
playing a critical role in the metastatic cascade. Their detection and analysis offer a promising approach to
non-invasive cancer diagnosis, prognosis, and therapeutic monitoring through liquid biopsy!. However, the
remarkable rarity of CTCs, often as few as one per billion blood cells, poses a substantial challenge for reliable
identification and isolation® Furthermore, the phenotypic heterogeneity of CTCs, particularly during epithelial-
mesenchymal transition (EMT), complicates their detection using conventional marker-based methods'.

CTCs exhibit distinct biological characteristics, such as undergoing EMT, which aids in their release from the
tumor and entry into circulation. Non-EMT CTCs retain epithelial markerslike EpCAM and cytokeratins, making
them detectable by conventional methods but less invasive. EMT CTCs lose these markers, gain mesenchymal
traits like vimentin expression, and exhibit greater mobility, invasiveness, and therapy resistance. Their altered
phenotype challenges traditional detection, highlighting the need for marker-independent methods. Detecting
both types is crucial, as EMT CTCs drive metastasis, while non-EMT CTCs may transition later at metastatic
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sites">*. Some CTCs travel as clusters, enhancing their metastatic potential, and display stem-like features that
promote secondary tumor formation. Although many CTCs are eliminated in the bloodstream, a small fraction
evade immune detection and successfully colonize distant organs'=.

Clinically relevant circulating tumor cells (CTCs) are identified based on several criteria, including
the expression of epithelial markers (EpCAM, cytokeratins) and absence of leukocyte markers (CD45).
Morphological traits like size and shape, along with genetic profiling for tumor-specific mutations (e.g., KRAS,
EGFR) or telomerase activity, confirm malignancy. While their detection offers valuable clinical insights, the
presence of CTCs alone does not always indicate active malignancy. Further clinical evaluation and monitoring
are necessary to determine the significance of CTCs in individual patients®®.

Current CTC detection techniques primarily rely on immunoaffinity- and biophysical property-based
approaches. Immunoaffinity-based methods, such as the FDA-approved CellSearch system, target epithelial
markers like EpCAM or cytokeratins for CTC enrichment and detection. However, these methods are limited in
detecting CTCs undergoing EMT, during which epithelial markers are downregulated, leading to false negatives
and underestimating metastatic potential®’. Similarly, biophysical methods exploit differences in size, density, or
deformability between CTCs and blood cells but suffer from low specificity, as some blood cells share overlapping
properties with CTCs®. Moreover, most current methods fail to preserve cell viability, restricting their utility for
downstream applications like molecular profiling and drug sensitivity testing’.

Recent advancements have explored alternative platforms, such as conditionally replicative adenoviruses
(crADs), to address these limitations. These viruses selectively replicate in tumor cells with high telomerase
activity, enabling the detection of viable CTCs independent of surface marker expression. This marker-
independent approach holds significant potential for targeting CTCs that have undergone EMT, which often lose
epithelial markers while maintaining telomerase activity, thus overcoming limitations of conventional detection
methods!?. For instance, OBP-401 (TelomeScan), an adenovirus engineered with an hTERT promoter-regulated
E1A gene, has shown promise in selectively detecting telomerase-positive CTCs!!'2. However, traditional crAD
platforms focus primarily on detection through fluorescence markers and do not integrate robust isolation
systems, limiting their broader clinical applicability.

To overcome the limitations of traditional crAD platforms, this study introduces a novel approach that
combines tumor-selective crADs with the SpyTag/SpyCatcher system and SpyCatcher-decorated agarose
magnetic microbeads. The engineered adenovirus (CR-Ad5-ST-GFP) selectively replicates in telomerase-
positive tumor cells, expressing green fluorescent protein (GFP) and SpyTag under independent promoters.
SpyTag, a small peptide that forms a covalent bond with SpyCatcher, enables the robust and marker-independent
isolation of CTCs, even in the absence of conventional epithelial markers. This design addresses key challenges
posed by EMT and phenotypic heterogeneity in CTCs.

The SpyTag/SpyCatcher system offers several advantages over traditional antibody-based isolation methods.
Unlike non-covalent interactions, which are prone to dissociation under harsh conditions, the SpyTag-
SpyCatcher interaction forms a stable covalent bond that withstands mechanical forces, detergents, and extreme
pH levels!>!4. This robust interaction ensures high efficiency in isolating viable CTCs while preserving their
integrity for downstream applications such as re-culturing and genetic analysis. Additionally, using magnetic
microbeads functionalized with SpyCatcher enables rapid and efficient cell separation from blood samples under
physiologically favorable conditions!®.

In this study, we developed and evaluated the CR-Ad5-ST-GFP platform for detecting and isolating CTCs
from blood samples. Our approach leverages tumor-selective replication and marker-independent isolation,
overcoming limitations associated with conventional methods that rely on epithelial markers or size-dependent
separation. By utilizing a telomerase-dependent adenoviral system integrated with the SpyTag/SpyCatcher
mechanism, our approach enables efficient and specific CTC capture while maintaining cell viability. This
preserves viable candidate cells for potential downstream applications, including molecular profiling and drug
sensitivity testing, highlighting its promise as a valuable tool for tumor monitoring and personalized oncology

(Fig. 1).

Materials and methods

Cell lines

Three cancer cell lines—A-549 (non-small cell lung cancer, RRID: CVCL_0023), MCEF-7 (breast cancer, RRID:
CVCL_0031), and Ca Ski (cervical carcinoma)—along with 293AD cells (human embryonic kidney-derived,
RRID: CVCL_KAG63), were obtained from the National Cell Bank of the Pasteur Institute of Iran. The A-549 and
MCE-7 cells were cultured in DMEM (Biosera, Philippines) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin (Biosera, Philippines), while Ca Ski cells were maintained in RPMI 1640 under
similar conditions. All cells were incubated at 37 °C with 5% CO2 in a humidified atmosphere.

Plasmid construction and recombinant virus packaging

The adenoviral genome was engineered to include the E1A gene regulated by the hTERT promoter, ensuring
selective replication in telomerase-positive cells. Two additional sequences—CMV-EGFP and CMV-SpyTag-
Fc—were inserted into the E3 region of the genome. Detailed cloning procedures, including homologous
recombination steps, are provided in the Supplementary Materials (Sections S1). Verification of the viral genome
and successful packaging into CR-Ad5-ST-GFP was confirmed via PCR and titration analysis.

Replication potency and infectivity of CR-Ad5-ST-GFP
To evaluate viral replication, A-549 cells were seeded and infected with CR-Ad5-ST-GFP at an MOI of 10. After
24 and 48 h, GFP expression was monitored using fluorescence microscopy, and viral titers were quantified via
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Fig. 1. Schematic Diagram of clinical vision for detection, isolation, and re-culture of tumor cells by CR-Ad5-
ST-GFP and SpyCatcher decorated magnetic beads. *In this study, spiked cancer cell lines (A549, MCF7 and
Ca Ski) were used as a model for the CTCs.

qPCR. Cytopathic effects and comet-like GFP colonies indicated successful replication in telomerase-positive
cells.

Cell-based ELISA for spytag detection on the surface of infected cells

The expression of SpyTag on infected cells was confirmed via ELISA (BioTek, ELx800, USA). A-549 cells infected
with CR-Ad5-ST-GFP were fixed and treated with 10 uM SpyCatcher protein derived from a previous study'®,
followed by anti-SpyCatcher serum'® and an HRP-conjugated secondary antibody (Abcam Cat# ab34961, RRID:
AB_732996). The absorbance was measured at 450 nm to quantify SpyTag presentation. Statistical analyses were
performed using GraphPad Prism by the ordinary one-way ANOVA test.

Detection of CTCs by CR-Ad5-ST-GFP

Peripheral blood mononuclear cells (PBMCs) were isolated from 10 mL of blood collected from a healthy donor
using Ficoll (Sigma-Aldrich, USA) density gradient centrifugation. Tumor cells (A-549, MCF-7, and Ca Ski)
were spiked into PBMCs at various ratios (1:10, 1:100, 1:1000, and 1:10,000 and infected with CR-Ad5-ST-GFP
(MOTI of 10). After incubation for 24-48 h, GFP-expressing tumor cells were detected using flow cytometry
(CyFlow, Partec, Germany) and fluorescence microscopy. To ensure accurate quantification, dead cells and
debris were excluded by gating based on forward scatter (FSC) and side scatter (SSC) characteristics. Only intact
single cells were selected for further analysis, and GFP-positive cells were quantified. The detailed gating strategy,
including FSC-SSC gating for intact cell selection and GFP-positive gating, is provided in Supplementary Section
S5 (Supplementary Figure S8 and S9). All recovery rates were reported after subtracting the standard deviation
of the negative control (Cntrl(-)) and PBMC background signal. The experimental protocol was reviewed
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and approved by the Ethics Committee at Iran Institute of Pasteur (Approval ID: IPPILREC.1399.011). All
experiments were conducted in accordance with relevant institutional guidelines and regulations.

Preparation and characterization of SpyCatcher-decorated agarose magnetic beads
SpyCatcher protein was expressed and purified as described in our previous study'®. Agarose magnetic
microbeads were then decorated with a SpyCatcher to facilitate CTC isolation. Finally, SpyCatcher was incubated
with microbeads for 3 h, and SpyCatcher decoration on agarose magnetic beads was investigated using ELISA,
dynamic light scattering (DLS), and field emission scanning electron microscopy (FE-SEM). The complete
preparation and characterization (FTIR and H-NMR) of agarose magnetic beads are detailed in Supplementary
Materials (Section S2). Statistical analyses on ELISA absorbance at 450 nm were performed using GraphPad
Prism. An unpaired two-tailed t-test was used to compare SpyCatcher binding between modified and unmodified
beads. Data are presented as mean+ SD.

Isolation of infected cancer cells with CR-Ad5-ST-GFP via spysystem

To assess the ability of SpyTag-SpyCatcher chemistry to isolate tumor cells, two approaches were used. In the first
method, a 96-well plate was coated with modified agarose containing nickel ions bound to SpyCatcher, and null
agarose was used as a control. They were incubated with infected A-549 cells, leading to the formation of agarose
linked to SpyCatcher. Following a 2 h incubation, the wells were washed with PBS, and the washed waste from
each well was examined by flow cytometry to determine the number of cells bound to SpyCatcher-decorated
agarose. The samples were examined using fluorescence microscopy.

In the second method, modified magnetic microbeads were employed to isolate serially diluted infected
A-549 cells from a population of one million PBMCs (1:10,000, 3:10,000, 5:10,000, and 10:10,000) to simulate the
CTC isolation mechanism from the patient’s blood in comparison to magnetic microbeads without SpyCatcher.
The ability of SpyCatcher-decorated magnetic microbeads to capture tumor cells was subsequently evaluated
using flow cytometry and fluorescence microscopy. Flow cytometry analysis of isolated cells was conducted;
however, FSC-SSC gating was not applicable due to changes in particle size and granularity following cell binding
to magnetic beads. The FL1-positive gating strategy described in “Detection of CTCs by CR-Ad5-ST-GFP”
was applied to the magnetic microbeads, which were magnetically isolated and washed three times to remove
unattached cells and debris. Detailed gating steps are provided in Supplementary Section S5 (Supplementary
Fig. S10).

Re-culture of isolated tumor cells

To expand the isolated cancer cell line, 10* A-549 cells were spiked with 10° PBMCs and infected with CR-
Ad5-ST-GFP at an MOI of 10. Cancer cells isolated using magnetic beads were released using 1 mM EDTA
(Biosera, France), which chelates Ni?* ions without harming the cells. The recovered cells were re-seeded into
culture plates with DMEM containing 10% FBS and incubated for 10 days. Microscopy confirmed cell viability,
adherence, and proliferation. Colonies expressing GFP were observed within 48 h and monitored for expansion
over time.

Results

CR-Ad5-ST-GFP development

To target adenovirus replication to cancer cells, the hTERT promoter was utilized to drive E1A gene expression,
exploiting its strong activity in cells with high telomerase levels (Fig. 2A). This enabled selective viral replication
in cancer cells'’. For detecting and isolating circulating tumor cells (CTCs), the EGFP gene served as a reporter,
while the SpyTag-Fc-TM sequence facilitated binding to SpyCatcher-decorated magnetic beads. Both the EGFP
and SpyTag-Fc-TM genes were inserted into the E3 region of pAdEasy-1 under separate CMV promoters
(Fig. 2B), ensuring robust and efficient expression of both genes.

Following virus rescue, the replication specificity of CR-Ad5-ST-GFP was tested in A-549 cells. Unlike
non-replicative adenoviruses, which cannot multiply in normal cells except for 293AD (a cell line with E1
complement genes), CR-Ad5-ST-GFP, containing the hTERT-E1A construct, replicated exclusively in cancer
cells'®. Introducing the virus into A-549 cells at an MOI of 10 resulted in comet-like cytopathic effects (CPEs)
with GFP expression after 48 h, indicative of active viral replication. Over time, these colonies expanded due to
continued viral proliferation (Fig. 2C). Quantitative PCR further confirmed this, showing a 100-fold and 500-
fold increase in viral titers at 48 and 96 h, respectively. This demonstrated the virus’s replication capability and
cancer-cell specificity.

Identification of spytag on the surface of infected A-549 cells

The SpyTag peptide was engineered for surface expression by incorporating the CMV-SpyTag-Fc-TM construct
into the E3 region of the CR-Ad5-ST-GFP genome to enable CTC isolation. Binding assays, ELISA absorbance
at 450 nm, demonstrated significantly stronger interactions between infected A-549 cells and SpyCatcher/anti-
SpyCatcher serum compared to controls, confirming successful SpyTag surface expression (n=3, P<0.0001).
This facilitated the effective targeting and binding of CTCs (Supplementary Fig. S6). Additional experimental
details can be found in the Supplementary Materials (Supplementary Sect. S3).

Detection of cancer cell lines via CR-Ad5-ST-GFP

To evaluate the effectiveness of CR-Ad5-ST-GFP in detecting individual cancer cells within a large PBMC
population, various tumor cell types (A-549, MCF-7, and Ca Ski) were spiked into 1 million PBMCs and
subsequently infected with the virus. Detection efficiency varied by tumor cell type and spiking ratio, with A-549,
MCEF-7, and Ca Ski cells showing different levels of alignment between the expected and observed recovery
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Fig. 2. (A) The genomic structure of CR-Ad5-ST-GFP, which contains the E1A gene but lacks E1B under the
control of the hTERT promoter. (B) CR-Ad5-ST-GFP expresses SpyTag-Fc and GFP in the E3 region. (C) CR-
Ad5-ST-GFP replicates in A-549 cells, as evidenced by the formation of GFP-expressing comet-like CPE and
increased colony size over time.

Spiked cells (ratio % per 1 million
PBMCs) 100,000 (10%) | 10,000 (1%) 1000 (0.1%) | 100 (0.01%) | SD of Cntrl (-)
A549 85,600 (85.2%) | 10,400 (100%) 1,500 (=100%) | 500 (= 100%)
MCE-7 | 29,800 (29.4%) | 4,600 (42%) 1,700 (= 100%) | 400 (0%) 200
Detected cells (recovery rate %)
CaSki | 85,600 (85.2%) | 11,800 (=100%) | 1,500 (=100%) | 900 (>100%)
PBMC 200

Table 1. The proportions of detected tumor cells (A-549, Ca ski, and MCF-7) after infection with CR-Ad5-ST-
GFP at MOI of 10 after 24 h, following their introduction to PBMCs at different ratios.

rates. Flow cytometry results (Table 1; Fig. 3A) revealed a general trend of reduced detection efficiency as the
number of spiked tumor cells decreased. A-549 and Ca Ski cells demonstrated a strong correlation between
the spiked and recovered cell numbers across 100,000, 10,000, and 1000 spiking levels. In contrast, MCF-7
cells exhibited consistently lower recovery rates at these levels. At the 100-cell spiking concentration, A-549
cells exhibited a detection rate consistent with the expected recovery. However, Ca Ski cells showed a recovery
rate higher than anticipated. MCF-7 cells, however, showed no detectable cells after adjusting for the standard
deviation of the negative control (Cntrl (-)) and accounting for false-positive signals from PBMCs. Despite the
variations in recovery rates, CR-Ad5-ST-GFP successfully detected tumor cells across all spiking levels, with
notable differences between cell types. Furthermore, PBMCs infected with CR-Ad5-ST-GFP showed negligible
infection, further confirming the virus’s specificity for cancer cells (Fig. 3B). Fluorescence microscopy further
validated the sensitivity of the detection method, demonstrating that even 100 spiked tumor cells could be
reliably detected within a population of 1 million PBMCs (Fig. 3C).

Engineering SpyCatcher-decorated agarose magnetic beads

To isolate SpyTag-expressing cancer cells, SpyCatcher proteins were conjugated to nickel-chelated magnetic
agarose beads. The chemical activation and functionalization of the beads were confirmed through FT-IR and
H-NMR analyses, which verified the successful incorporation of iminodiacetic acid (IDA) onto the agarose
matrix. Chelation with nickel ions was visually validated by a distinct blue shift in the bead solution’s hue. These
functionalized beads were used to isolate cells expressing SpyTag on their surfaces (Fig. 4A). The functionality of
SpyCatcher-decorated beads was examined using FE-SEM, DLS, and ELISA. FE-SEM images (Fig. 4B) showed
that the spherical structure of the magnetic microbeads was maintained after SpyCatcher conjugation, with
only a slight increase in surface roughness. DLS analysis revealed an increase in bead size from 1124+ 61 nm to
2211+ 105 nm following SpyCatcher conjugation (Fig. 4C). The optimal size range of 1-5 um for CTC isolation
was achieved, minimizing contamination from smaller blood cells while preserving CTC viability. Additionally,
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Fig. 3. Evaluation of detection potency via flow cytometry and fluorescence microscopy. (A) SSC-FL1 graphs
of A-549, MCF-7, and Ca Ski cells infected with CR-Ad5-ST-GFP. The ratio of detected cells per 1 million
PBMC:s is reported as percentages at each spiking ratio. (B) Flow cytometry analysis of PBMCs infected with
CR-Ad5-ST-GFP. (C) Bright-field and fluorescent microscopy images of CR-Ad5-ST-GFP-infected tumor
cells (A549, MCF-7 and Ca Ski) in PBMCs (0.01% spiking ratio and x20 magnification). Bright-field images
showing the morphology of the cells. Corresponding fluorescent images demonstrating GFP expression in
infected cells.

the polydispersity index (PDI) of the beads increased from 0.7 to 1 after SpyCatcher decoration, indicating
slight variability in particle size. ELISA results (Fig. 4D) further confirmed SpyCatcher binding to the bead
surface, as anti-His HRP-conjugated antibodies demonstrated strong interactions with SpyCatcher-coated beads
(1.85+0.1) compared to unmodified beads (0.68 £0.07). This confirmed the successful functionalization of the
magnetic beads for efficient CTC isolation (n=3, p<0.0001).

Capture of tumor cells through the SpyTag-SpyCatcher interaction
To assess the efficiency of the agarose-IDA-Ni+-SpyCatcher system in isolating tumor cells expressing SpyTag,
A-549 cells infected with CR-Ad5-ST-GFP were introduced to wells containing SpyCatcher-decorated agarose
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Fig. 4. Characterization of SpyCatcher-decorated magnetic microbeads. (A) Microscopy images. (B) FE-SEM
images of intact agarose magnetic microbeads (left) and SpyCatcher-decorated magnetic microbeads (right).
(C) Particle size analysis. (D) ELISA results. Agarose magnetic microbeads were added to each well of a 96-well
plate. The microbeads were fixed, blocked, and then incubated with an anti-His HRP-conjugated antibody.
After washing, TMB was added, followed by the addition of a stop solution. The absorbance was measured at
450 nm. Error bars represent standard deviation (n=3), p<0.0001 unpaired t-test.

and uncoated null agarose as controls (Fig. 5A,B). The same number of infected A-549 cells bound to the
SpyCatcher-decorated agarose (Fig. 5A,B), though a small number of GFP-expressing A-549 cells were detected
in the wash from the SpyCatcher-decorated agarose (Fig. 5C). Fluorescence microscopy images (Fig. 5D,E)
showed that untreated agarose did not capture infected A-549 cells after washing with PBS. The wash from the
null agarose contained nearly the same number of infected cells as were initially added (Fig. 5F), confirming the
specificity of the SpyCatcher-functionalized beads for capturing infected cells.

Secondly, A-549 cells were spiked with PBMCs at various ratios (100:1 million, 300:1 million, 500:1 million,
and 1,000:1 million) and infected with CR-Ad5-ST-GFP. The mixture was then combined with SpyCatcher-
decorated agarose magnetic beads. As shown in Fig. 6A, more than 50% of A-549 cells were detected at a
1000:1 million spiking ratio, and recovery rate increased to 80% as the number of A-549 cells decreased relative to
the constant number of PBMCs. The Limit of Detection (LOD) for this assay was calculated to be approximately
35 cells per 10° PBMCs (Supplementary Sect. S4), indicating the sensitivity of the method in detecting low
numbers of A-549 cells. Fluorescence microscopy images (Fig. 6B) confirmed that A-549 cells were successfully
captured on the microbeads, consistent with the flow cytometry results.

Re-culture of isolated cancer cells

To evaluate the viability of isolated cells for in vitro cultivation, 10* A-549 infected cells were co-incubated with
10° PBMCs and isolated using SpyCatcher-decorated magnetic microbeads. The cells were separated from the
beads using EDTA and replanted for 10 days. As shown in Fig. 7, cells adhered to the surface within 24 h, as seen
in 40x microscopy images. Higher-magnification images (Fig. 7A) revealed a morphological transition from a
spherical to a star-like shape after 48 h, confirming the feasibility of re-culturing the isolated cells. Despite viral
infection and replication, A-549 cells retained normal attachment to the wells. At 48-h intervals, the cells were
examined for proliferation, and after five days, some cells began to proliferate and expand. Over time, A-549 cells
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Fig. 5. Infected cells attached to SpyCatcher-decorated agarose versus control agarose. The cells were added
to SpyCatcher-depleted and control wells (A,D). The cells were observed after the wells were washed with PBS
(B,E). The cells were collected by washing with PBS as the flow-through from the other wells (C,F).

formed small colonies expressing GFP, indicating viral replication. While viral replication slowed cell growth
and division, infected cells still proliferated (Fig. 7B).

Discussion

Detecting CTCs presents considerable challenges, particularly due to their rarity and phenotypic heterogeneity*°.
Traditional CTC detection approaches often rely on antibody-based techniques targeting epithelial markers such
as EpCAM. However, these methods have notable limitations, especially during EMT, where epithelial markers
are downregulated, resulting in false negatives’. Furthermore, many existing platforms fail to preserve the viability
of isolated cells, restricting their downstream utility for molecular analysis and drug sensitivity testing'®!°. Our
study sought to address these challenges by developing a novel system combining a conditionally replicative
adenovirus (CR-Ad5-ST-GFP) with the SpyTag/SpyCatcher system to enhance the detection, isolation, and
recovery of viable CTCs.

The CR-Ad5-ST-GFP virus utilized selectively replicates in telomerase-positive tumor cells, driven by
the hTERT promoter, ensuring minimal activity in normal blood cells!”. This selective replication not only
minimizes background interference from white blood cells (WBCs) but also enables the identification of viable
CTCs through GFP expression, which is inherently linked to viral replication. Unlike surface marker-based
methods, our system circumvents the issue of EMT-induced marker loss, allowing for more comprehensive
detection of CTC subpopulations!>?°. Additionally, GFP expression facilitates the quantification of CTCs via
flow cytometry and fluorescence microscopy, providing a sensitive and robust detection modality?!.

To isolate CTCs, we engineered the CR-Ad5-ST-GFP virus to express SpyTag on the surface of infected cells.
SpyTag forms a stable covalent bond with SpyCatcher, enabling robust and efficient isolation of infected cells.
The use of SpyCatcher-functionalized magnetic agarose beads further enhanced this system’s efficacy. Detailed
characterization of these beads, including SEM, DLS, and ELISA analyses, confirmed the successful conjugation
of SpyCatcher and demonstrated their suitability for capturing SpyTag-expressing cells'*!>. Importantly, our
system achieved an isolation efficiency (recovery rate) exceeding 80% when detecting A-549 or Ca Ski cells
spiked into peripheral blood mononuclear cells (PBMCs). Even at low spiking ratios, such as one CTC per
10,000 PBMCs, our method has potential to be high sensitive and specific.

The calibration curve demonstrates a strong correlation (R?=0.9993) between the number of spiked cancer
cells and detected cells, indicating the reliability of the assay (Supplementary Table S2 and Supplementary Fig.
S7). The calculated LOD of ~ 35 cells per 10° PBMCs supports the method’s sensitivity. While this result shows
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Fig. 6. Isolation of infected cells via SpyCatcher-decorated magnetic microbeads. (A) Flow cytometry results
of A-549-spiked cells (100, 300, 500, and 1000 cells) in 1 million PBMCs. (B) Six fields of microscopic images
that show the cells bonded to the microbeads through the SpyCatcher-SpyTag system.

promising, further refinement and clinical validation are required to achieve the detection of a single CTC per
105 WBCs.

One of the critical advantages of our approach is the ability to recover viable CTCs. In our system, we overcame
this by using 1 mM EDTA, which known as a chelating agent efficiently detaches cancer cells conjugated to
SptCatcher from the Ni?* covered agarose beads without compromising their viability, allowing for subsequent
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Fig. 7. Re-culturing of isolated cells: (A) Fluorescence microscopy images of cells at 48 h. (B) Fluorescence
microscopy images of cell colonies over time.

culturing and analysis*’. Although viral replication slowed cell growth and division, re-culturing experiments
showed that isolated A-549 cells adhered to culture plates, maintained normal morphology, and formed colonies
expressing GFP. This is because our virus is less lytic as the E1 gene is regulated by the hTERT promoter. This
is particularly important for investigating the genetics and epigenetics of CTCs, which could provide valuable
insights for personalized cancer therapies*>**.
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While our system demonstrated robust performance, some limitations should be noted. The discrepancies
observed in the detection efficiency of MCF-7 cells highlight the need for further optimization, particularly
for tumor cell lines with lower adenovirus susceptibility. Additionally, the lack of patient-derived samples in
this study limits the immediate clinical applicability of our findings. Future studies should incorporate clinical
samples to validate the performance of our platform under more realistic conditions?®. Furthermore, the
constant number of magnetic beads used across varying cell concentrations suggests that optimization of bead-
to-cell ratios could enhance isolation efficiency.

The compatibility of our system with advanced technologies, such as microfluidics, presents exciting
opportunities for high-throughput CTC detection and isolation. By integrating our approach into automated
microfluidic platforms, it may be possible to achieve real-time CTC monitoring in clinical settings, enabling
personalized cancer therapy and early detection of metastasis!?°.

In summary, this study introduces an innovative platform that combines tumor-selective adenoviral
replication with the SpyTag/SpyCatcher system to detect, isolate, and recover viable CTCs. This method
addresses key limitations of existing approaches, offering a robust solution for comprehensive CTC analysis.
Future work should focus on clinical validation and optimizing system parameters to fully realize the potential
of this technology in cancer diagnostics and treatment.

Conclusion

We developed an innovative technique that combined crAD with the SpyTag/SpyCatcher system to effectively
identify and retrieve viable CTCs. This proof-of-concept study revealed that this method can be used in
the future to monitor tumor progression, predict patient prognosis, and evaluate the therapeutic efficacy of
individualized treatments. This is the first study to demonstrate that a tumor-selective replicating adenovirus
expressing GFP and SpyTag combined with an immobilized SpyCatcher agarose magnetic bead can efficiently
identify and isolate living CTCs, allowing them to be re-cultured for further analyses or experiments. The ability
of our approach to re-culture living CTCs is remarkable because it allows for the expansion and investigation of
these rare cells, thereby revealing important new information on cancer development, drug efficacy, and patient
prognosis. Additionally, this study not only advances the utility of crAD-based platforms but also demonstrates
the feasibility of integrating novel molecular interaction systems like SpyTag/SpyCatcher with adenoviral vectors.
The platform’s compatibility with emerging technologies such as microfluidics further enhances its potential for
high-throughput, automated detection and isolation of CTCs in clinical settings.

Data availability

The data supporting the findings of this study are available from the Pasteur Institute of Iran (Virology Depart-
ment) upon request. Additional data supporting the findings of this study are available from the corresponding
author upon reasonable request.
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