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ABSTRACT: Reliable and fast viral detection and quantification protocols are a requirement for the advance of basic
research and clinical approaches with wild type or recombinant viruses. However, available cell-based assays are either
time-consuming or require labeled viral particles, which may alter virus biology or pose safety issues in clinical
applications. As Adenoviruses constitute a major healthcare burden but also, when engineered, widely used vectors in
vaccination and gene and oncolytic therapies, herein we developed a genetically encoded switch-on fluorescent biosensor
consisting on a cyclized Green Fluorescent Protein - cVisensor — with an adenoviral protease cleavable site as a switch.
After initial sensor optimization (35% increase in performance), whole-cell biosensors were established - by stably
expressing cVisensor in mammalian cells - and used for live-cell monitoring of adenovirus infection as the intracellular
biosensor is specifically activated by the viral protease. A rapid flow cytometry-based bioassay using cVisensor cells was
established 48 hours post-infection, showing an estimated limit of detection of 105 infectious particles per mL, in-line with
previously reported flow cytometry assays requiring labeled virus, and significantly faster than standard plaque-forming
assays requiring up to 14 days. cVisensor was also successfully applied in the detection of HIV-1 protease activity,
validating its wider potential for the detection of other viruses. Overall, this work presents a fast and easy method for
detection and quantification of label-free infectious virus, allowing the establishment of new biosensing platforms for
basic research in virology and biotechnological applications of recombinant virus biopharmaceuticals.

Clinical applications making use of wild type virus or
recombinant virus require reliable and fast detection and
quantification assays. This is an important concern in
vaccine and antiviral drug development, where infectious
virus quantification is needed to evaluate viral replication
inhibition, as well as for gene therapy protocols, where
different dosages can lead to therapeutic benefits or
severe adverse effects.!

Adenoviruses are non-enveloped, linear double-
stranded DNA viruses with more than 50 distinct
serotypes identified (reviewed in San Martin?). They have
been object of intense study in virology - as a model for
eukaryotic cellular processes such as splicing and
apoptosis - and in clinical research - since are responsible
for a growing number of acute respiratory,
gastrointestinal and ocular infections.3 Adenoviruses have

been modified to be used as gene therapy vectors and
vaccines due to their attractive features such as the ability
to infect non-dividing cells and high packaging capacity
and transduction efficiency. As a result, adenoviral-based
vectors have become the most widely used vector in gene
therapy clinical trials (reviewed in Kotterman et al.#) and
the first human gene therapy product to enter into the
market.> Several titration methods for Adenoviruses and
adenoviral vectors have been developed, and can be
divided in two major categories: physical/non-functional
and biological/functional assays. The former quantify
total number of physical viral particles by optical
absorbance at 260 nm,° electron microscopy,’
nanoparticle tracking analysis® or more modern
approaches such as electrochemical impedance
spectroscopy?® or surface plasmon resonance imaging.
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However, most of the physical assays rely on highly
purified viral samples, expensive apparatus, and
overestimate functional vector titer. In contrast,
functional assays quantify infectious viral particles, being
plaque-forming assay* and tissue culture infectious dose-
50 (TCID50)* the “gold standard” methods. However, not
all viruses create clear plaques nor induce cytopathic
effects.5 Additionally, these assays are time-consuming
(lasting up to 14 days) and operator error-prone.
Alternative available methods include fluorescent focus
assays, quantitative PCR,’> immunostaining,'®7 or rely on
labeled virus expressing viral-genome coupled reporter
genes such as Green Fluorescent Protein (GFP).%®w9
Although such protocols might be relatively fast and easy
to perform, they demand pre-treatment of samples, use of
expensive antibodies, or require virus modification.
Moreover, vectors containing reporter genes are not
allowed in gene therapy protocols due to safety issues and
the new generation vaccines tends to be based on
genome-free virus-like particles. As so, there is an urgent
need of new systems for the detection and quantification
of label-free infectious virus. One strategy to achieve this
is through the detection of viral enzymatic activity in host
cells. As many other viruses (reviewed in Tong),
Adenoviruses encode a protease - adenoviral protease
(AVP), also known as Adenain*** - essential in viral
replication, catalyzing the processing of viral polyproteins
and maturation of precapsids. A number of viral protease-
dependent sensors have been developed, whether by
measurement of luciferase?+ or secreted alkaline
phosphatase,® or by relocalization®® or switch-on?72# of
fluorescent proteins. However, they require laborious
fluorescence image analysis, lack throughput, and/or are
limited to detection but not quantification of virus.

Herein, we report the development of a genetically
encoded switch-on fluorescent biosensor - cVisensor,
cyclized viral sensor. The proposed biosensor consists on
a structurally distorted GFP by means of protein
cyclization promoted by the efficient Nostoc punctiforme
DnaE intein (Npu DnaE).>9 Addition of an AVP cleavable
sequence into the biosensor allowed relief of the
distortion and subsequent fluorescence emission. HEK-
293 sensor cells - stably expressing cVisensor — were used
for live-cell monitoring of adenovirus infection and for
the establishment of a reproducible flow cytometry-based
bioassay for quantification of label-free infectious
adenovirus 2 days post-infection. This is considerably
faster than standard plaque-forming assays requiring up
to 14 days. Moreover, as a genetically encoded biosensor,
cVisensor can be expressed in other cell types and easily
adapted for detection of other viral proteases, as showed
herein for detection of HIV-1 proteolytic activity.

EXPERIMENTAL SECTION

Mammalian cell lines. HEK-293 (ATCC® CRL-1573™)
and HEK-293T (ATCC® CRL-11268™) were maintained in

Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco,
Paisley, U.K.), supplemented with 10% (v/v) of Fetal
Bovine Serum (FBS) (Gibco), at 37 °C in an incubator with
humidified atmosphere of 5% CO, in air.

Plasmids. The coding sequence of a cyclized circular
permuted superfolder-GFP (cGFP) was designed, using
Npu DnaE split-intein® and to contain the minimal
cleavable sequence LRGA*G* (asterisk representing
scissile bond) for the AVP - backbone ¢GFP.vi-LRGAG -
and synthesized by GenScript (Piscataway, NJ, U.S.A.).
Removal of the codon for a methionine amino acid -
cGFP.v2-LRGAG; addition of codons for glycine amino
acids surrounding the cleavable sequence - cGFP.v3-
LRGAG; removal of EcoRI and BamHI restriction sites —
cGFP.v4-LRGAG; as well as construction of cGFP.v2
backbone with alternative cleavable sequences for AVP -
IVGL*G, MGGR*G, IRGR*G, NTGW*G and EEGE*G
(reviewed in Mangel and San Martin3') or HIV-1 protease -
GIF*LET?* - were performed by site-directed PCR
mutation. The coding sequence of AVP in fusion with the
u-residue peptide from the C-terminus of precursor
protein VI (pVIc) with a MVGL*G cleavable sequence3
was synthesized (GenScript) and used as template for
construction of the inactive mutant C104G/C122G* -
mutAVP - by site-directed PCR mutation. All
constructions were inserted into a modified
PRRLSIN.cPPT.PGK-GFP.WPRE  plasmid (Addgene
plasmid #12252, kindly provided by Didier Trono through
the Addgene plasmid repository, Watertown, MA, U.S.A.).
Briefly, PGK-GFP was substituted by a CMV promoter
driving the expression of the developed constructions and
an EMCV IRES, amplified from pIRESGALEO* driving
the expression of Sh ble gene conferring resistance to
Zeocin™, amplified from pMONO-zeo-mcs (Invivogen,
San Diego, CA, U.S.A.). Details on the construction of
Venus- and mCherry-based cyclized biosensors are
provided in Supporting Information.

Biosensors initial characterization. For initial
evaluation of the different biosensors backbones and/or
cleavable sequences, transient transfections with the
genetically encoded biosensors were performed. HEK-
293T were seeded at 8 x 104 cells/cm? in 24-well plates.
Cells were co-transfected 24 hours later with 5 pg of total
DNA/10° cells, using linear 25 kDa polyethylenimine (PEI;
Polysciences Inc., Hirschberg, Germany), with each of the
biosensor-coding plasmids and either AVP-coding
plasmid, mutAVP-coding plasmid, HIV-1 protease-coding
plasmid (psPAX2, Addgene plasmid #12260) or a mock
plasmid (control). Forty-eight hours later cells were
either: a) observed by fluorescence microscopy
(DMI6000, Leica, Wetzlar, Germany); b) assessed by flow
cytometry (CyFlow Space, Sysmex Partec GmbH, Gérlitz,
Germany) (gates set using non-transfected HEK-293T as
negative control and the geometric mean GFP
fluorescence intensity was measured within the positive
gate); ¢) or analyzed by Western blotting.
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HEK-293 cell transduction, selection, and cloning.
Stable expression of cGFP biosensors in HEK-293 cells
was accomplished by lentiviral transduction. For
production of lentiviral stocks, HEK-293T cells were
seeded at 8 x 10* cells/cm? and transiently co-transfected
using PEI with the developed pRRLSIN plasmids coding
for the respective cGFP biosensors and pMDLg/pRRE
(Addgene plasmid #12251), pMD2.G (Addgene plasmid
#12259) and pRSV-Rev (Addgene plasmid #12253).35 For
the transduction, HEK-293 cells seeded at a density of 8 x
104 cells/cm> in 6-well plates the day before, were
transduced with the produced lentivirus stocks in
presence of 8 pg/mL of polybrene (Sigma-Aldrich, St.
Louis, MO, U.S.A.) for 48 hours, and selected in 200
pg/mL Zeocin™ (Invivogen) containing medium. Selected
populations were characterized as such and cloned by
limiting dilution assay.

Stocks of adenoviral vectors. Label-free human
recombinant Ei-deleted adenovirus serotype 5 (AdV;
provided by Dr. Geneviéve Libeau, CIRAD-EMVT,
Montpellier, France) were used. Viral stocks were
prepared by infecting HEK-293 cells and 42 hours later
cells were harvested. Crude lysate stocks were obtained
after three cycles of freeze-thawing of infected cells and
clarification by centrifugation for 10 minutes at 3000 x g.
Stocks were further purified by banding twice on CsCl
gradients, followed by dessalting. Aliquots of both stocks
(crude lysates and purified) were stored at -8o °C in a
cryopreservation solution containing 10 mM Tris-HCI
buffer (pH 8), 2 mM MgCl, and 0.5 M Trehalose.3* AdV
titration was performed by TCIDs0 in HEK-293 cells and
titer was calculated according to the method of Spearman
and Karber.3

Biosensors activation by adenovirus infection.
HEK-293 cells stably expressing cGFP biosensors -
populations or cell clones - were characterized by seeding
cells at 1 x 105 cells/cm? in 24-well plates. After 24 hours,
cells were infected with the indicated multiplicity of
infection (MOI) by removing the culture medium and
adding the AdV suspension prepared in 0.2 mL of non-
supplemented DMEM (Gibco). After 1 hour with mild
agitation, 0.3 mL of supplemented DMEM were added. At
each post-infection time point, cells were either: a)
observed by fluorescence microscopy; b) assessed by flow
cytometry for geometric mean GFP intensity in live cells
(excluding membrane-damaged cells by propidium iodide
staining); c) assessed for its permissiveness to AdV
infection and replication by titration of AdV productivity
in crude lysates; d) or analyzed by Western blotting.

Western blotting. Transiently transfected HEK-293T
cells or AdV-infected HEK-293 cVisensor cell clone were
lysed in M-PER Mammalian Protein Extraction Reagent
(Thermo Scientific, Rockford, IL, U.S.A.) supplemented
with cOmplete™ EDTA-free Protease Inhibitor Cocktail
(Roche Diagnostics GmbH, Mannheim, Germany). Equal
amounts of protein (30 pg) were resolved in 12% (w/v)
SDS-PAGE gels (Invitrogen, Carlsbad, CA, U.S.A.) and
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then transferred to polyvinylidene difluoride membranes.
Anti GFP (#2955, 1:11000) and anti Myc-tag (#2278, 1:1000)
obtained from Cell Signaling Technology (Danvers, MA,
U.S.A.), anti a-tubulin (T6199, 1:5000) (Sigma-Aldrich),
and anti B-actin (ab8226, 1:2000) (Abcam, Cambridge,
U.K.) were used as primary antibodies. Secondary
antibody incubation was performed with HRP-conjugated
sheep anti-mouse IgG (NA9g31V, 1:5000) or donkey anti-
rabbit (NA934V, 1:5000) from GE Healthcare (Little
Chalfont, U.K.).

Data and statistical analysis. Signal to Noise Ratio
(SNR) was used to evaluate biosensor performance.
Herein, SNR is given by the ratio between the geometric
mean fluorescence intensity (measured by flow
cytometry) upon biosensor activation in response to
proteolysis (Signal), and the geometric mean fluorescence
intensity of mock or non-infected controls (Noise). Data
are given as mean = standard deviation (SD). For
statistical comparison on the optimization of sensor
backbones and cleavable sequences performance, one-
way analysis of variance followed by Tukey’s post-hoc test
was performed. P values < o0.05 were considered
statistically significant.

RESULTS AND DISCUSSION

Design of switch-on fluorescent biosensors
activated by viruses through proteolytic activity. A
genetically encoded switch-on fluorescent biosensor with
a viral protease cleavable site as a switch was designed
and developed for detection of label-free infectious virus,
as depicted in Figure 1. The strategy was based on
structural distortion of GFP by means of protein
cyclization. Truncated N- and C-termini of GFP were
linked with a cleavable sequence recognized by a viral
protease. Additionally, new N- and C-termini at GFP
residues Ai54 and Dis5 were generated and joined with
DnaEc and DnaEn fragments, respectively, of the Npu
DnaE split-intein. Intein-mediated splicing at the natural
exteins (residues CFN and AEY) led to cyclization of GFP
- hereafter referred as cGFP, cyclized Green Fluorescent
Protein - and inhibition of fluorescence emission.
Fluorescence is reconstituted once proteolytic cleavage
takes place at the cleavable sequence and cGFP is
converted to a linear form, able to complete its final
maturation and emit fluorescence.

DnaEc CEN GFre [ Grpn
1Npu DnaE-mediated splicing

@P+

IAEY. DnaEn myc

Circular permuted GFP, 44 kDa

13 kDa
— Cleavage by viral protease
@, Sy
% &
Cyclized GFP (inactive),
<27 kDa Linear GFP (active), 27 kDa
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Figure 1. Design of the switch-on fluorescent biosensor. A
circular permuted superfolder-GFP (GFP), containing a
proteolytic cleavable sequence (red box, arrow representing
scissile bond), is cyclized by Nostoc punctiforme DnaE split-
intein  (Npu DnaE). Structural distortion inhibits
fluorescence emission until viral proteolytic cleavage takes
place at the cleavable sequence. Theoretical protein
molecular weights (in kDa) are indicated. DnaEc, C-fragment
of Npu DnaE; CEN, residues of C-extein; GFPc, C-terminal
fragment of GFP; GFPn, N-terminal fragment of GFP; AEY,
residues of N-extein; DnaEn, N-fragment of Npu DnaE; myc,
epitope tag derived from c-Myc protein.

Optimization of cyclized biosensors. To assess the
feasibility of the proposed strategy, an AVP activation-
dependent cGFP biosensor containing LRGA*G residues
as cleavable sequence - ¢cGFP.vi-LRGAG - was tested. Co-
transfection of HEK-2093T cells with plasmids coding
c¢GFP.vi-LRGAG and AVP showed an increase in mean
GFP intensity over the negative control (SNR 1.5 + 0.04,
Figure 2A), suggesting sensor activation upon proteolysis.
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Figure 2. Impact of backbones and cleavable sequences on
biosensor performance. GFP signal to noise ratios (SNR) of
(A) different ¢cGFP backbones and (B) different cleavable
sequences in the optimal cGFP.v2 backbone were assessed by
flow cytometry 48 hours after transient co-transfection with
a plasmid coding for AVP or a mock plasmid. Data shown as
mean * SD of at least three independent experiments. *P <
0.05, **P < o0.01, ***P < 0.001, ****P < 0.0001. Fluorescence
microscopy of (C) cGFP.v2-LRGAG and (D) ¢GFP.v2-GIFLET
48 hours after co-transfection with plasmids coding the viral

proteases (AVP or HIV-1 protease, respectively) or a mock
plasmid. Scale bar = 100 pm.

To increase performance of the proposed strategy, the
biosensor backbone (amino acid residues supporting the
cleavable sequence) was sequentially mutated and
evaluated. To avoid a second potential open reading
frame leading to expression of non-cyclized GFP, with
concomitant increase in background fluorescence, a
methionine residue at the beginning of the new N-
terminal end of GFP was removed - cGFP.v2-LRGAG.
Glycine spacers on each side of LRGA*G were added to
evaluate a potential increase in the conformational
flexibility and exposure of the cleavable sequence to AVP
- cGFP.v3-LRGAG. Additionally, and to evaluate a
potential increase in the structural distortion of the
biosensor, extra amino acids (resulting from
endonuclease restriction sites) (Table S1) were removed.
The performed mutations significantly influenced both
sensor fluorescence emission (Figure Si1) and sensor
performance. Indeed, cGFP.v2-LRGAG showed a 35%
increase in sensor performance (SNR 2.0 + 0.2) when
compared to the original version (cGFP.vi-LRGAG)
(Figure 2A). c¢GFP.v3-LRGAG (SNR 1.8 + 0.1) did not
significantly differ from other backbones. Finally,
cLRGAG.v4-LRGAG led to increased fluorescence
emission at the expense of a lower sensor performance
(SNR 1.7 + o0.2). In parallel, a similar sequential
optimization approach was followed wusing Venus
fluorescent protein, successfully reporteds® in a strategy
for caspase-3 activity detection. However, low sensor
performance and fluorescence emission for detection of
AVP activity were obtained (Figure S2). Similar results
were found when using mCherry as fluorescent protein
(SNR 1.2 + 0.2, n = 3; Figure S3). Taken together, cGFP.v2
was chosen as the best backbone for our fluorescent
biosensor.

Different cleavable sequences may lead to different
recognition efficiencies by the AVP22238 as well as induce
different  structural distortions. = Therefore, and
alternatively to LRGA*G, the use of cleavable sequences
naturally occurring in the adenoviral polyproteins -
IVGL*G, MGGR*G, IRGR*G, NTGW*G and EEGE*G -
were assessed in the optimal cGFP.v2 backbone. As shown
in Figure 2B and Figure S4, different cleavable sequences
influenced not only biosensor fluorescence emission but
also its performance, with cGFP.v2-IVGLG presenting the
lowest fluorescence emission and performance (SNR 1.3 +
0.05). We hypothesize that prevalence of predominantly
hydrophobic amino acids in IVGL*G cleavable sequence
had a negative impact in sensor folding and/or cleavable
sequence exposure to AVP. On the other hand, EEGE*G
has in its composition predominantly hydrophilic amino
acids, whereby sensor folding might be less affected by
distortion, leading to the observed increase in
fluorescence emission. The observed GFP fluorescence
emission before sensor’s proteolytic activation (Figures S1
and S4) might arise from insufficient structural distortion
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of the sensors. As highlighted by the usage of alternative
cleavable sequences, a fine balance between structural
distortion levels and sensor’s fluorescence (before or after
activation) may exist, requiring careful optimization and
validation. Taken together, these results showed that
cGFP.v2-LRGAG - hereafter referred as cVisensor,
cyclized viral sensor, for simplicity - was the optimal
switch-on fluorescent biosensor for detection of AVP
activity (Figure 2C and Table S2).

To assess applicability of the developed strategy in the
detection of HIV-1 protease activity, cGFP.v2 backbone
with GIF*LET as cleavable sequence showed an increase
of almost 2-fold in mean GFP intensity (SNR 1.9 + 0.2, n =
3; Figure 2D). This result validates the potential to expand
the herein developed cVisensor strategy for detection of
other protease-containing viruses.

cVisensor validation as an adenoviral protease
dependent biosensor. To validate that the increase in
GFP intensity results from AVP specific proteolysis,
protein extracts from HEK-293T cells transiently co-
transfected with cVisensor and either a mock, AVP, or a
non-functional AVP (mutAVP) coding-plasmids were
analyzed by Western blotting (Figure 3 and Figure Ss).

cVisensor - + + +
mock - + - -
AVP - - % -
mutAVP - - - +
49kDa_ | “ ey /| Bimol. cVisensor
38 kDa
28kDa | Cleaved cVisensor
SO /oo cVisensor
14 kDa
) DnaEn,myc
49 kDa ;
T " " S— | - TUDUlIN

Figure 3. cVisensor validation as an adenoviral protease
dependent biosensor. HEK-293T cells were transiently co-
transfected with the indicated plasmids. Forty-eight hours
later, cell extracts were generated, resolved in 12% (w/v)
SDS-PAGE gels, and analyzed by Western blotting. Cleavage
of cVisensor was detected (with anti GFP primary antibody)
only in the presence of active AVP. Full cyclization was
detected (with anti Myc-tag primary antibody) by release of
DnaEn-myc (myc-tagged N-fragment of Nostoc punctiforme
DnaE intein). Molecular weights indicated in the figure
correspond to proteins of SeeBlue® Plus2 Pre-Stained Protein
Standard (Invitrogen).

Full cyclization by means of Npu DnaE was observed by
release of the myc-tagged DnaE-fragment (DnaEn-myc, 13
kDa), assembly of the cyclized biosensor (< 27 kDa), and
absence of myc-tagged linear biosensor (44 kDa). These

ACS Sensors

results are in accordance with the high rate and efficiency
of splicing reaction promoted by Npu DnaE.> Cleavage of
cVisensor was only observed in the presence of active
AVP, but not mutAVP, as shown by the appearance of the
27 kDa cleaved cVisensor migrating slower in the gel than
its cyclized counterpart. The low ratio of cleaved to
cyclized cVisensor may result from partially activated
AVP by the presence of pVlIc, but not fully activated due
to absence of viral DNA. Indeed, AVP is expressed in an
almost inactive form, making use of two cofactors for
maximal activity: the cleaved ui-residue peptide from the
C-terminus of precursor protein VI; and viral DNA.»
Nevertheless, AVP is also known to be active in the
cytoplasm and to cleave both cytokeratin#® and actin.# A
protein with < 54 kDa only detected with anti GFP
antibody was also observed. This protein may correspond
to a cyclized bimolecular biosensor, due to Npu DnaE
splicing reaction between two cVisensor molecules, which
could also work as a biosensor. Taken together, these
results show that cVisensor cleavage and activation are
specifically dependent on AVP activity.

Biosensor characterization in response to infection
by adenoviral vectors. To confirm the results obtained
in transient conditions, HEK-293 populations stably
expressing the genetically encoded biosensors were
established and viral proteolytic cleavage upon AdV
infection was evaluated. For the three backbones tested,
small differences in terms of biosensor performance in
response to AdV infection were observed (Figure 4A).
Consistently, cVisensor was the backbone with highest
performance. When analyzing the effect of alternative
cleavable sequences (Figure 4B), cVisensor showed again
to be the best-optimized version of the biosensor for AdV
detection, with an SNR of 2.1 + 0.04 at 48 hours post-
infection.

A 25903 vi B 2,513 IVGLG
M 2 (cVisensor BB LRGAG (cVisensor)

£ — @( ) £ E3 MGGRG

2 2 £33 IRGRG

g_20 £ _ 20163 NTGWG

= S |e EEGEG
EZ ol s
0= 6= v
e 15 = 1.59 ‘
3 3 4
= = 7
1.0 1.0H1e0d ’

24 48 24 48

Hours post-infection

Hours post-infection

C r— HEK-293 cVisensor —

non infected AdV infected

Figure 4. Biosensor characterization in response to
adenoviral vector infection. HEK-293 cells stably expressing
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biosensors with the (A) indicated cGFP backbones and (B)
cGFP.v2 backbone with different cleavable sequences were
infected with a stock of crude lysates of adenoviral vectors
(AdV) at a multiplicity of infection (MOI) of 5. Biosensor
performance, as given by GFP signal to noise ratio (SNR), was
measured by flow cytometry. Data shown as mean + SD of
technical triplicates. (C) Fluorescence microscopy of HEK-
293 cVisensor cell clone 48 hours post-infection (MOI of 5).
Scale bar =100 pm.

To assess applicability of cVisensor in the establishment
of a cellular platform for detection and quantification of
AdV, HEK-293 cVisensor cell clones were obtained by
limiting dilution. Although different levels of fluorescence
emission between cell clones were observed (Figure S6),
possibly due to different levels of protein expression,
similar SNR performances in response to AdV infection
were obtained (data not shown). Therefore, and to
achieve higher sensitivity and signal resolution, the cell
clone with highest fluorescence intensity was chosen
(Figure 4C and Figure S7) to proceed to a detailed
characterization.

cVisensor for live-cell monitoring of infection by
adenoviral vectors. HEK-293 cVisensor cell clone was
further characterized for live-cell monitoring of AdV
infection. Permissiveness to AdV infection was evaluated
to assess if the presence of additional molecules
containing cleavable sequences recognized by AVP had
any impact on virus replication. For that, HEK-293
cVisensor cells were infected with AdV. At different time
points post-infection, crude lysates were collected to
assess infectious AdV production (Figure 5A).

A 1019 -@- HEK-293 B 3.57 - MOI25
-= HEK-293 cVisensor > = MOI5
- s 3.09-» MOI1
O H] MOI 0.5
E_ £ 7 2.51 MOI 0.25
Q. 10104 oz
= & £ 2.0-
& &
L 4
2 15
10° T T J 1.0 (=< e ey
0 24 48 72 0 12 24 36 48 60 72
Hours post-infection Hours post-infection
C 0 24 48 72h.p.i
28 kDa w |Cleaved cVisensor

m- Cyclized cVisensor

14 kDa

[ @ %8 @I | DnaEn-myc

49 kDa

M (s’ s/ | c-Tubulin

Figure 5. Live-cell monitoring of adenoviral vectors
infection. (A) HEK-293 and HEK-293 cVisensor cell clone
were infected with a stock of purified adenoviral vectors
(AdV) at a multiplicity of infection (MOI) of 5. At the given
post-infection time points, permissiveness to viral replication
was assessed by quantifying amplified infectious adenovirus
particles (I.P.). (B) Kinetic of GFP signal to noise ratio (SNR)

increase throughout culture time over increasing MOIs, as
assessed by flow cytometry. Data shown as mean + SD of
technical triplicates. (C) Extracts of HEK-293 cVisensor cell
clone infected with a stock of purified AdV (MOI of 5) were
harvested at o, 24, 48, and 72 hours post-infection (h.p.i.),
resolved in 12% (w/v) SDS-PAGE gels, and analyzed by
Western blotting. Cleavage of cVisensor was detected with
anti GFP primary antibody. Full cyclization was detected
(with anti Myc-tag primary antibody) by release of DnaEn-
myc (myc-tagged N-fragment of Nostoc punctiforme DnaE
intein). Molecular weights indicated in the figure correspond
to proteins of SeeBlue® Plusz2 Pre-Stained Protein Standard
(Invitrogen).

As shown, cVisensor sensor cells supported efficient
and similar virus amplification when compared to
parental HEK-293 cells. Next, cVisensor cells were
infected with increasing MOIs of AdV and subjected to
flow cytometry analysis throughout culture time (Figure
5B). At 12 hours post-infection, no SNR increase in
infected cells was yet observed. This suggests that the 50-
70 molecules of AVP per virus (reviewed in Mangel and
San Martin3') are not enough to activate the biosensor
upon cell entry, thus limiting its applicability to
replicative virus. After 12 hours post-infection, an increase
in mean GFP intensity of infected cells was seen when
compared to non-infected cells. In addition, SNR raised as
viral load increased, indicating a good correlation
between the two parameters. Western blotting analysis
(Figure 5C and Figure S8) confirmed sensor activation as
seen by the increase along time of cleaved cVisensor.
These results are in agreement with AVP expression and
activity kinetics. Indeed, AVP maximal activity in infected
cells was reported at 20 hours post-infection® with
detection by Western blotting in the cytoplasm at 24
hours post-infection.# Increase in mean GFP intensity
(and SNR) as soon as 24 hours-post infection, despite no
cleaved cVisensor being observed by Western blotting,
might be explained by the higher sensitivity of our
bioassay. The observed low ratio of cleaved to cyclized
cVisensor may result from compartmentalization of fully
activated AVP (in the nucleus, in presence of pVIc and
DNA) and cVisensor (in cytoplasm). As such, we envision
that detection of other (cytoplasmatic) viral proteases
could lead to higher sensor activation and SNR
performance. Collectively, these results validate the
applicability of the genetically encoded cVisensor
biosensor in the establishment of a live-cell monitoring
platform of AdV infection.

cVisensor for quantification of label-free
adenoviral vectors. AdV quantification potential was
assessed by infecting HEK-293 cVisensor cells with
diluted AdV samples and SNR readouts were analyzed by
flow cytometry at 48 hours post-infection (Figure 6).
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Figure 6. Calibration plot of GFP signal to noise ratio (SNR)
as a function of the multiplicity of adenoviral vector
infection. HEK-293 cVisensor cell clone was infected with
dilutions of a stock of purified adenoviral vectors. Forty-eight
hours post-infection, cells were analyzed for SNR by flow
cytometry. Linear regression shown by the solid line; 95%
confidence intervals shown by the dotted lines. Data shown
as mean * SD of three independent experiments with
technical triplicates.

As shown by the calibration plot, for MOIs lower than
2, a linear correlation (1? = 0.99) between AdV MOI and
SNR readout and a linear regression equation of SNR =
0.50 x MOI + 0.98 were obtained. By measuring SNR, this
calibration plot can be used to interpolate unknown
MOIs and estimate viral titer using the formula Titer (L.P.
mL") = (MOI x number of cells at infection x dilution
factor)/(volume of infection). Limit of Detection (LOD)+
was estimated from the linear regression equation to be
as low as MOI 0.16, corresponding to 105 [.P. mL" in our
experimental conditions. This LOD is in-line with
previously developed flow cytometry-based protocols that
make use of labeled AdV.79 Since viral titer estimation is
influenced by culture working volume, duration of the
assay, size of target cells, and diffusion coefficient of
AdV,s for different experimental conditions it is necessary
to perform a calibration curve. LOD might be further
reduced by analyzing fluorescence of infected cVisensor
sensor cells at later infection time-points. In each case,
the large number of cells analyzed by flow cytometry
confers robustness to the method, with a maximum intra-
assay Coefficient of Variability (CV) of 2% and an inter-
assay CV of 9%. As such, cellular platforms providing fast,
simple, and reliable live-cell ~monitoring and
quantification of label-free infectious adenovirus can be
established with the herein presented cVisensor strategy.

CONCLUSIONS

In summary, we have developed, characterized and
validated cVisensor, a switch-on cell-based fluorescent
biosensor specifically activated by viral proteolytic
activity. Herein, cVisensor enabled the establishment of
whole-cell biosensors for live-cell monitoring of AdV
infection and reliable quantification of label-free
infectious AdV as fast as 2 days post-infection. Although
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standard plaque-forming assay displays lower LOD, it
requires up to 14 days. In contrast, our flow cytometry-
based bioassay is significantly faster, which in the context
of vector manufacturing enables to reduce timelines and
costs for AdV preparation, titration, and characterization.
Moreover, cVisensor could be used for antiviral
compound screening targeting AVP, tackling the current
lack of commercially available specific therapies for
adenoviral infections. And as showed for HIV-1 protease,
the biosensor here designed can be rapidly modified for
detection of other viruses by changing the cleavable
sequence specifically recognized by the viral protease.
Differences in structure of the active site between
proteases and constrains of cleavable sequence length for
biosensor performance may nevertheless require
optimization and validation for each application. The
versatility of the genetically encoded cVisensor can
ultimately contribute for the establishment of new
biosensing platforms for basic research in virology as well
as for manufacturing applications.
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