Keynote Paper

Near-infrared oligonucleotide duplex sensors for imaging
rapidly activated transcription factors in vitro and in situ

Alexei A. Bogdanov Jr.23, Valeriy G. Metelev'?, Toloo Taghian?, llya Solovyev?3, Anand
T.N.Kumar4, Surong Zhang?, Alexander Savitsky??>

L University of Massachusetts Medical School, Radiology, Worcester, Massachusetts,
United States of America
2 M.V.Lomonosov Moscow State University, Department of Chemistry, Moscow, Russian
Federation
3 A.N.Bach Institute of Biochemistry, Federal Research Centre "Fundamentals of
Biotechnology”, Russian Academy of Sciences, Moscow, Russian Federation
4 A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital,
Charlestown MA

ABSTRACT

Pleiotropic and evolutionally conserved components of transcription nuclear factor - NF-xB play key roles in
progression of various diseases by regulating expression of antiapoptotic and cytokine responsive genes [1]
[2]. We previously demonstrated that rapidly activating transcription factors (TF) can be detected by
using sequence-specific self-quenched reporter probes (oligonucleotide-molecular sensors (ODN-MS),
which ideally remain “silent” in the absence of activated TF but emit photons upon specific binding to
them [3-5]. Recently we were investigating sensor-based optical imaging of early inflammation in
the endocrine pancreas using type 1 diabetes (T1D) model because NF-kxB activation is essential for
determining the fate of pancreatic p-cells and hence the progression of T1D. Using an immunocompetent
SKH1 mouse model of early stage T1D we showed that NF-kB activation was induced by low-dose
streptozotocin (LD-STZ). ODN-MS probes that carried near-infrared (NIR) fluorophores formed a complex
with NF-kB subunits in in vitro assays and in situ after LD-STZ treatment. Imaging studies of pancreas
(sections and isolated islets) were corroborated with electrophoresis mobility shift assays (EMSA). A higher
specific NIR fluorescence intensity in nuclei and cytoplasm of islets from LD-STZ treated groups compared
to non-treated control animals was observed. Our results demonstrate that: 1) the use of ODN-MS probes
in non-fixed islets and tissue sections may be used for distinguishing differences in inflammatory pathway
activation in animal models of early stage diabetes; 2) early, non-invasive detection of NF-xB in
pancreatic islets may serve as a potential strategy for imaging of early T1D-mediated sustained pro-
inflammatory changes in the endocrine pancreas.
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1. INTRODUCTION

1.1 The significance of transcription activation imaging

Molecular dissection gene expression patterns in various pathologies that are driven by inflammation (such
as cancer, atherosclerosis, diabetes etc.) has revealed hundreds of potential targets for therapy. Those
targets include the components of normal as well as abnormal transcription machinery. Proteins involved in
regulation of transcription of pro-inflammatory cytokines attain high priority due to the convergence of
multiple signal transduction pathways at the transcription level. Novel molecular therapies directed to target
gene transcripts, including RNA interference technology have potential advantages over traditional therapies
due to a precision of their interference with target gene expression. Consequently, small molecule inhibitors,
DNA-binding oligoamines, protein-binding oligonucleotide decoys as well as small hairpin RNAs and their
combinations are being currently developed for therapy. While rapid progress in molecular genetics and
medicinal chemistry delivers new «attenuators» of gene expression, there is a critical need in developing
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technologies that enable early and non-invasive assessment of response to these therapies. In particular,
enabling imaging technologies that report directly on gene transcription in living cells are critically important
for phenotyping and staging of disease, as well as for evaluating new therapies. For two decades near-
infrared (NIR) fluorescent probes were successfully used for optical imaging of elevated proteolytic activity in
situ and in vivo, including models of cancer and inflammation [10, 11]. To provide the insight into
upstream/general regulatory elements that cause sustained inflammation and control pro- and anti-
inflammatory signaling we focused on designing ODN-MS for sensing interactions with transcription factors
[12]. Rapidly activated, ubiquitous transcription factors (TF), e.g. members of the NF-xB family are intricately
involved in inflammatory signaling [3-5]. Our recent progress in developing STAT3 transcription factor
imaging probes [8, 13] anticipated the discovery of convergence between STAT3 and NF-xB pathways
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Figure 1. The major existing transcription factor functional analysis techniques : A) electrophoretic mobility shift
assay EMSA (ex vivo, cell lysate based); B) marker protein expression cassette method (including knock-in models
in vivo, cell line generation).

crosstalk, which is critically important for cell death and survival. We tested alternative technologies of TF
activation detection in living cells and describe the results of ODN-MS testing in the model of early T1D that
will be essential for further advancement of transcription activation imaging in vivo .

1.2 Technologies of detecting transcription factor activation.

The need to dissect gene transcription pathways and to elucidate the roles of individual protein components
in transcription of any gene of interest necessitated developing TF analysis techniques. The armamentarium
of molecular biology includes commonly used in situ and in vitro methods of transcription factor analysis (Fig
1). In situ approach requires cell extraction and/or tissue sampling, isolation of cell nuclei followed by either
subsequent analysis of total protein of interest (electrophoretic separation and detection) or, alternatively the
analysis of functionally active factor — by electrophoretic mobility shift analysis in the presence of labeled
«target» DNA sequences (Fig. 1A). As a result, the observed shift is a consequence of large protein-DNA
complex's slower migration in electric field in the presence of the polyacrylamide gel meshwork. The latter
migration shift can be made more prominent by increasing the mass of the complex with antibodies that
specifically bind to transcription factor-DNA probe complex and retard the migration even further. Similar
approach can be adapted to ELISA-like format with TF-binding probes linked to the surface of the plate that
does not require electrophoretic separation for detecting TF-probe interaction. The need of non-destructive
methods of gene transcription detection in live cells prompted the introduction of reporter gene constructs
(DNA vectors, Fig. 1B). These vectors carry a copy of a reporter gene (luciferase, green fluorescent protein
etc.) positioned under the control of a minimal promoter and regulatory element consisting of one or more TF
binding elements, i.e. DNA sequences that specifically bind transcription factors initiating gene transcription.
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The resultant gene expression cassette reports on the synthesis of downstream gene products (MRNA or
protein) that can be easily detected either in cell extracts, whole live cells or even in live transgenic animals
carrying expression cassettes with multiple NF-kB response elements regulating a minimal promoter and
firefly luciferase cDNA. The reporter constructs can be used to image LPS and TNFa -triggered inflammation
in various cells and whole animals [14, 15]. The genetic imaging reporters provide reproducible results if the
same tissue types at similar anatomical locations are compared between animal groups. Some reporter
proteins are expressed at quantifiable levels by using whole body imaging modalities (e.g. PET) that have
few depth-related imaging limitations. Imaging of transcription regulation at the level of induction has been
previously accomplished in vivo by using Herpes virus thymidine kinase (HSV1-tk)or dopamine receptor
cDNAs positioned under the control of a tetracycline-inducible promoter. By using '8F-labeled substrates and
receptor ligands, correlative and doxycycline-inducible

eXprESSion of both markers has been shown in animals Molecular beacon Probe with ground state complex  Linear probe
harboring stably transfected C6 cells [16]. A p53-
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activation [18]. This has been achieved in a Jurkat
lymphoma cell model using transcription activation via
nuclear factor (NFAT)- dependent mechanism. Cells
were implanted in mice and showed a clear response to activation by intravenous administration of anti- T-
cell receptor antibody. The response was imaged using both fluorescence of GFP and PET imaging with
124|-labeled FIAU substrate [18]. Vector-encoded marker expression cassettes are essential for successful
engineering of “reporter cells” that could provide information about cytokine-mediated signaling. However,
the above strategy does not allow straightforward comparative analyses of transcription factor activity or
transcription factor concentration in various cells. Instead of imaging the event of active transcription factor
binding to the DNA target motif, marker gene expression generates a protein product which is derivative of
transcription/translation steps. This introduces the following variables: 1) marker gene mRNA stability in
various cells; 2) protein folding rate; 3) proteolysis of the marker gene product. For example, a recent study
concluded that there is a 3h time lag between NF-kB activation and NF-kB-activated marker gene
expression. In general, this suggests a significant spatial-temporal “disconnect” between TF activation and
the “imageable” signal production [19]. Another limitation of marker gene technology is the requirement of
reproducible cell transduction or transfection with a reporter construct, which is usually followed by selection
of stable cell lines carrying the expression/reporter cassette. Therefore, the limited choice of in vivo TF
detection strategies and the critical role of transcription regulators necessitates further research that would
lead to non-invasive detection technologies and better quantitative evaluation of activated transcription
factors of interest.

Figure 2. Structure of oligonucleotide beacons [6]

1.3. Oligonucleotide (ODN)-based probes and beacons.

Most of the imaging probes designed for detection of specific binding to TF were derived from short
fragments of nucleic acids and fluorophores suitable for optical imaging. Optical imaging approach provides
unparalleled flexibility of signal detection but has limitations due to the difficulty of signal quantitation in vivo.
The direct detection of eukaryotic TF is a complex task since these proteins are recognizing double-helix
elements and TF-DNA interaction does not result in strand separation that would simplify imaging signal
encoding. Nevertheless, protein-duplex DNA interaction can be identified with optical methods, e.g. the effect
of SYBR dye-labeled ODN duplex protection by bound proteins against degradation by exonucleases [20].
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These SYBR ODN probes
show high fluorescence only
in the intact state (i.e.
protected from the
degradation by DNA-bound
proteins). The detection of
protected DNA is suitable
mostly for in vitro analysis
since SYBR can rapidly
exchange with cellular DNA.
The range of use of
oligonucleotide-based probes
(molecular beacons (MB)
[21]) spans from in vitro
detection of small molecules

[22] to cell-based assays of Figure 3. MOE-puiIt model Qf ODN.-MS vvjth the N.F-KB specificity carrying two NIR
fluorophores, which form an interacting pair if positioned across the major groove of
complementary mRNAs [23_]' DNA. The pair has low fluorescence emission [7]. Upon binding with NF-«xB there is
Beacon  technology IS 5 gissociation of the pair with resultant favorable orientation of transition dipole
versatile, adaptable to a yectors (shown with arrows). Only those amino acids of NF-xB p50/p65 heterodimer
variety of analytical tasks due interacting with ODN-MS (a fragment) and fluorophores were isolated and displayed.
to variety of synthetic and MOE molecular dynamics simulations were performed by using PDBI1LE5
half-synthetic approaches for coordinates [9].
modification of primary and
secondary structure of oligonucleotide probes- from unique nucleotide substitutions with synthetic analogs
[24] to aptamer evolution via molecular Selex technology [25]. The unique advantages of MB are: a) due to
the presence of strong hydrogen-bond (Watson-Crick) interactions between nucleotide base pairs MB can
store quenched (e.g. fluorescent or paramagnetic) molecular signals within a very small molecular frame; b)
stability of above framework can be modified with single substitution of a single base pair; c) low molecular
weight of MB and compact structure may facilitate easier intracellular uptake; d) various backbone
modifications (e.g. phosphorothioate bonds, 2’-OMe, fluorination) enable to combat premature hydrolysis in
living cells. The combination of these properties results in MB that are capable of high-specificity interaction
with multiple analytes (mRNA, proteins and small molecules) which is followed by a detectable imaging
signal due to destabilization (or stabilization) of MB structure, depending on the individual beacon design.
Tagging oligonucleotides with imaging probes enables tracking these molecules in living cells and in vivo.
For example, labeling of oligonucleotides with radioactive isotopes has been used for non-invasive
biodistribution imaging. This approach potentially allows to localize the sites of target gene expression [26,
27]. Conjugation of oligonucleotides with NIR fluorophores and their quenchers could result in highly useful
molecules with reporting capabilities. The latter is due to the effect of fluorescence quenching between the
labeled proximal 3’-and 5’ termini. The quenching effect is abrogated by de-quenching of fluorescence upon
the interaction with in vitro targets in structurally constrained stem-loop beacons as well as stemless beacons
(reviewed in [6, 28]. In general, MBs were designed for the purpose of detecting complementary strands of
MRNA (target sequence, Fig.2A): a stem-loop conformation initially pulls together 3'- and 5'- termini of a
single DNA for positioning a fluorophore (F) and a quencher (Q) in a close proximity to each other (Fig. 2A)
[29]. The stem structure coexists with a relatively large single-strand loop which encodes_complementarity to
the target sequence. A short stem of this type of MB is required for the beacon to open seamlessly allowing
the complementary sequence of MB to hybridize with the target mRNA (Fig. 2). The number of nucleotide
bases in the loop should be properly «balanced» by the number of complementary base pairs in the stem
due to the tendency of large loop-small stem beacons to lose poorly stabilized secondary structure.
However, if F and Q strongly interact with each other, the stem element of MB could be prevented from
dissociating. In the latter case there is a chance of stemless beacon-linear probe (Fig. 2B and C) equilibrium
shift towards the stabilization of stemless beacon structure. The chemical structure differences between
various pairs of F and Q molecules in their ability to interact with each other allow fine tuning of quenching
effects essential for molecular target identification. If fluorescence of F spectrally overlaps with Q

Proc. of SPIE Vol. 10877 1087702-4



absorbance a quenching of F may occur due to non-emissive energy transfer mechanism. In the case when
both strands of MB stem are of the same length and are mostly complementary to each other (i.e. when
Watson-Crick base pairing dominates) closely positioned Q and F can form a complex with static quenching
properties, i.e. when light absorbance of two molecules no longer resemble a sum of two individual
molecules but is comprised of entirely different heterodimer with unique spectral properties due to coupling of
excited state energy levels. In general, quenchers and fluorophores form either H- (blue-shifted) or J-(red-
shifted) aggregates [6, 29]. Low or near-absent fluorescence in a ground-state of blue-shifted aggregates
results in an extremely low background signal of the intact labeled MB. For the purpose of measuring in the
range of the low intrinsic (background) absorbance various NIR dyes were explored as fluorochromes for MB

labeling. The efficacy of quenching
of these fluorophores may reach
~97%. The relative fluorescence
increase upon dequenching is
critical for MB efficacy as diagnostic
imaging probes. More recent data
suggests that alternative Selex
technology-derived aptamers are
also capable of specific binding to
TF and they were adapted for
imaging with delivery to cells
faciltated by superparamagnetic
nanoparticles [30].

1.4. Oligonucleotide duplexes as
transcription factor-directed
drugs.

Hairpin  oligonucleotide duplexes
(decoys) were initially designed to
block the transcription of a target
gene by competing with genomic
DNA for relevant transcription
factors [31]. In the past, TF decoys
bearing a NF-xB recognition
sequence which binds to dimers
formed by p50 and p65 TF
subunits, were modified  with
reactive nucleotide analogs that
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Figure 4. A- projection views of ODN-MS model at two angles of rotation.
The sensor carries two interacting fluorophores [7] (in the major groove,
rendered interacting surfaces are shown), and two short perfluorinated (PF)
ODN end-modification tails [8]. B - the measurements of FL of a near-infrared
fluorophore in the near-infrared range determined from mono-exponential
decay curves can be easily separated from the short FL values of excitation
pulse diffusely propagating through the tissue; C- pseudo-color FL maps of
donor/acceptor pair linked to ODN-MS obtained in FRET mode (Aex 650
nm/Aem 800 nm) showing the change of FL of the acceptor fluorophore after
ODN-MS binding to TF. The maps were obtained by scanning solutions of
ODN-MS probes bearing two interacting fluorophores (donor- Cy5.5 and
acceptor — 800CW or Cy7, shown in A) in the presence or in the absence of a
mixture of purified NF-xB subunits.
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decoy and resulted in apoptosis of rapidly proliferating cells [32-34]. Oligonucleotide decoys were found
efficient in inducing apoptosis in cancer cells [35] as well as in inhibiting neointima formation after balloon
catheter induced arterial injury [36-38]. More recently TF ODN decoys with mono- and dual specificities were
suggested for treating conditions caused by sustained inflammation [39, 40]. To assess the efficacy of
intracellular penetration and to track their intracellular fate, decoys are labeled with molecular probes to
make them detectable by imaging techniques, either microscopic, or macroscopic for in vivo imaging [41-44].
The major advantages of decoys as attenuators of gene expression are: 1) most of ODN decoys are double-
stranded, compact and encode a protein-binding site without a need of unstable single-stranded loop; 2) in
the case of rapidly activated TF decoys do not need to permeate into the nucleus as they «neutralize» TF in
the cytoplasm either after translation and folding or immediately after the activation and dissociation from a
complex with regulatory subunits (activity inhibitors). However, the major obstacle to a wide-scale use of
decoys is the delivery across plasma membrane and tissue barriers to the sites of intended action [41]. The
increased cellular tropism of oligonucleotide duplexes [45] and hairpins suggests that structure design and
optimization of decoys can potentially greatly increase their biological activity.
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2. RESULTS AND DISCUSSION

2.1 Oligonucleotide duplex probes for imaging binding to transcription factors.

ODN-MS were initially designed and synthesized for detecting rapidly activated transcription factors (TF,
such as NFxB [4, 5, 46] and STAT3 [8]). The detection of these TF is feasible because ODN-MS does not
have to penetrate into the cell nucleus to reach active transcription factors. Upon activation, the subunits of
rapidly activated TF undergo release from inactive complexes with protein inhibitors (NF-xB family).
Alternatively, they are activated by phosphorylation in the cytoplasm prior to transport through the nuclear
membrane (STAT family). Activation in the cytoplasm provides a high concentration of binding centers for
ODN-MS. Upon binding, the fluorophores linked to ODN-MS disengage from the non-fluorescent (H-
aggregates) they form within the major groove of the ODN duplex [7], then associate with interacting amino
acid residues (e.g. arginine) within the TF binding site in
such a way as to generate fluorescence. This fluorescence
signal may be generated by the donor, the acceptor
fluorophore, or change in FRET. The locations of
fluorophore/amino acid interactions can be mapped using
the available protein data base (PDB) data (Fig. 3).
According to the results of simulations the close interaction
between the donor and acceptor (or a quencher) with high
likelihood is supposed to be strongly perturbed by DNA-
protein interactions (Fig. 3). The ODN-MS transcription
factor sensing, and detection mechanisms also provide an
opportunity to use fluorescence lifetime (FL) changes for
imaging rather than fluorescence intensity changes. FL has
important advantages over the constant wavelength
excitation because FL readout signal does not depend on
local dye concentration, and the measured FL signal is
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independent of fluorescence excitation light intensity. FL
measurements are also very sensitive to ODN-MS
interactions with TF targets because the FL change reflects
differences in fluorophore microenvironment before and
after the binding event, e.g. time-domain imaging (FL-TD)
resolves lifetimes corresponding to free and bound forms of
ODN-MS [46]. As has been shown by performing
fluorescence lifetime microscopy and by performing FL of
isolated organs, changes in microenvironment are
ultimately quantifiable since FL decay curves can be
subjected to multiexponential analysis to discriminate
between transcription factor-bound vs. free components.
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Figure 5. Red fluorescent Cy3-ODN-MS shows low
levels of permeation into INS-1 cells (A), the
permeation into INS-1 improves 3-times over ODN-
MS levels by linking a single PF residue (B); (C)-
guantitative analyses of cell fluorescence intensity).
D - PF-ODN-MS labeled with 800CW shows binding
to fluorinated carrier polymer F-PGC (three lanes on
the left) with improved specificity to STAT3 binding
(shown in green, arrowhead) if compared to
commercially available NIR STAT3 probe (red).

The imaging setup previously developed by us is currently

used for performing multiexponential-analysis for deconvoluting discrete fluorescence lifetimes [47].
Multiexponential analysis along with the use of a prototype of time domain diffuse fluorescence tomography
system [48] potentially allows robust recovery of the lifetime components present within the imaging volume
in the case of for whole body imaging in small animals. To perform optimization of ODN-MS structure that
would improve both detection of TF targets and intracellular delivery we applied in silico modeling together
with synthetic approaches using a novel combination of internucleoside- and ODN end-linkers. Since
successful delivery of ODN-MS probes will likely require protecting short oligonucleotide duplexes from rapid
removal and degradation we considered various probe/carrier molecule interacting environments. We
implemented two chemical strategies for improving ODN-MS performance: a) addition of a fluorophore pair
to reporting on NF-kB (p50/p65) binding to ODN-MS using donor and acceptor FL; b) linking of short
perfluorinated moieties to the termini of ODN-MS. We used molecular dynamics simulations of ODN-MS
probes bearing two fluorophores (Fig. 4). These simulations were performed in molecular operating
environment (MOE) to study potential formation of dye pairs within ODN-MS in which each ODN strand had
a linked (donor or acceptor) NIR cyanine fluorophore. The results obtained by MOE modeling were in
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agreement with the actual spectroscopy
performed on duplexes differing in the reciprocal
orientation of the dye linking along the ODNs [7].
Two discrete cases were identified: 1) a
Cy5.5/800CW dye pair located across the major
groove interacting closely with strong overlap
and suggested the formation of an H-dimer as
implied by the absorbance spectrum; and 2)
Cy5.5/800CW dye pair across the minor groove
of dsDNA favoring emissive FRET. Since the
orientations of transition dipole moments of
cyanines are known, MOE simulations provided
reasonable prediction of emitting or non-
emissive FRET and suggested that fluorophores
positioned along the minor grove did not support
the formation of a non-fluorescent dimers. The
affinity of NF-kB for to the binding site defined
by the sequence: 5-GGGACTTTCC-3' (lgG
kappa light chain promoter region) with a Kd in
the range of single pM [49] suggesting high
probability of TF/ODN-MS sensor complex
formation even in the presence of fluorophore
dimer close to the binding site. According to
simulation results (Fig. 3), the non-emitting
dimers formed across the major groove of the
double helix may undergo dissociation. The
measurements of FL of donor NIR fluorophore
and acceptor in suggest that in both cases FL
values increase in the presence of NF-kB
heterodimers (p50/p65). We also applied ODN
conjugation chemistry to test the modification of
sensor's termini with short perfluorocarbons
(PF). The increased uptake of the resultant PF-
ODN-MS was anticipated due to membrane
defects caused by hydrophobic/ lipophobic
multifluorine- groups. Indeed, we observed a
markedly improved uptake of PF-modified ODN-
MS in B-cell like INS-1 cells (Fig. 5). For imaging
intracellular distribution, we used covalent
internucleoside labeling of ODN-MS with Cy3
dye , which is resistant to bleaching. Images
were obtained at a constant z-thickness and
excitation so as to be directly comparable to the
uptake of ODN-MS probes in 30-40 cells within
4-5 random fields of the FOV. Image intensity
was quantified within ROIls selected using cell
perimeter delineation via fluorescent marker
visualization of plasma membrane. ODN-MS
carrying a single PF residue showed 3-times
higher accumulation than control ODN-MS as
determined by quantitative fluorescence
microscopy of confocal optical sections in B-cell-
like INS-1 (Fig. 5) suggesting a significantly

Cy5.5-ODN-MS fluorescence
intensity

100 P<0.01
80
60
40

20

LD-STZ

Control

F NIR fluorecence intensity of the NIR fluorecence intensity of

islets 15- islet cell compartments
18 3 Control P<0.001
P<0.01 M LD-STZ :
10 101 P<0.01
5 ] l | i ﬁ
0 0
Control LD-STZ Nuclear Cytoplasmic

Figure 6. Microscopy and semi-quantitative assessment of
Cy5.5-ODN-MS binding to NF-xB activation in pancreatic
islets after low-dose streptozotocin (LD-STZ) treatment. A-
Cy5.5-ODN-MS with NF-xB consensus sequence shows low
levels of binding to the nuclei of cells in control islet sections
(NF-xB (red); anti-insulin Ab (green), nuclei, (DAPI, blue); B-
after LD-STZ treatment both nuclear and cytoplasmic
fluorescence of Cy5.5-ODN-MS was present in cells. Nuclear
translocation of NF-xB is visible (magenta) after merging
pseudo color red and blue channels. (250nM Cy5.5-ODN-MS
in the presence of Mg?*, DTT, EDTA and tRNA following
blocking with fragmented DNA in Denhardt’s solution. 40x
magnification; C- significantly higher (p<0.01) cumulative
fluorescence intensity of LD-STZ sections of pancreatic islets
(closed bars) compared to control islets (open bars). D, E-
Confocal microscopic imaging of islets isolated from control
(D) and LD-STZ treated (E) pancreas. Live islets were
incubated with ODN-MS (300 nM), fixed and labeled with anti-
insulin antibody. Scale bar 20 ym). LD-STZ treated islets
contain insulin-positive cells with lower insulin content and a
higher number of NIR positive cells compared to the control.
Arrows point to islet cells (various insulin content) that were
binding ODN-MS. F- quantification of ODN-MS fluorescence
of live islets calculated using two confocal planes positioned 5
uym apart. LD-STZ treated islets show a higher signal
compared to control islets. Fluorescence signal was higher
(P<0.01) in the nuclei and cytoplasm of the LD-STZ treated
islets compared to control islets.
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higher cellular uptake in the case of PF-ODN-MS (p<0.001). Higher Cy3 fluorescence intensity appeared to
be associated with the nuclei of INS-1 cells both in the case of PF-modified or control ODN-MS. Our results
demonstrate the feasibility of developing non-toxic modified ODN-MS probes for the purpose of delivering of
imaging sensors into the cells. Conjugation of a single perfluorinated tail to ODN-MS was also resulting in
improving the specificity of STAT3 recognition (as shown in Fig 5D) which is likely a consequence of a
decrease in the levels of non-specific binding to other nuclear proteins.

2.2 Imaging of TF activation in type 1 diabetes model

Insulin-producing beta cells in the pancreas undergo continuous and extensive elimination months to years
prior to the clinical onset of type 1 diabetes (T1D) due to autoimmune response. The detection of
inflammation markers in pancreatic islets is essential for providing early diagnosis [50]. Early detection may
enable therapeutic interventions that slow the progression of disease. Transcription factor NF-xB is at the
center of regulating beta cell function while influencing the expression levels of multiple pro-inflammatory
genes that affect the development of diabetes. Non-invasive imaging of NF-kB levels holds great promise for
capturing the earliest inflammatory events in $-cells. Optical imaging technigques have a sensitivity advantage
over alternative techniques that have a higher spatial resolution. For optical imaging in vivo and in situ, 20-50
times less imaging probe (in mass equivalents) is usually required compared to MR imaging. By employing
sensing techniques with “smart/caged” fluorophore delivery capable of target protein sensing one could
potentially reduce the required mass of imaging agent and improve target-to-background ratio due to the low
imaging signal arising from non-target tissue compartments. The analysis of recent literature lends strong
support to the theory that a balance between NF-xB and STAT TFs signaling is a key factor regulating 3-cell
death and survival and that any out of balance NF-kB/STAT activation in endocrine pancreas would point to
a cell undergoing stress and diabetes progression. Thus, the ability to quantitatively assess the normal
equilibrium concentration of both transcription factors represents a key metric in predicting the likelihood of
disease development, and the ability to do so noninvasively without a biopsy would mark a major milestone
in the early detection of diabetes. Therefore, we performed testing of previously designed and characterized
ODN-MS in animal model of diabetes. We explored the use of sub-diabetogenic, low dose streptozotocin
(LD-STZ) treatment that induces T1D through the activation of pro-inflammatory NF-xB signaling. LD-STZ
treated SKH1 mice remained normoglycemic and microscopic imaging analysis showed that a significantly
higher level of phosphorylated NF-kB-p65 expression (P<0.01) was present in the nuclei of islet cells
compared to control animals. By using electrophoresis mobility shift assay (EMSA) we determined that the
results of functional NF-xB detection were in agreement with the IF results: we observed a markedly higher
specific FI of the NIR duplex probes in the islets of LD-STZ treated pancreas. Thus, we proved differential
expression of NF-kB functional activity in LD-STZ treated tissues allowing distinguishing them from controls
by a higher NIR intensity and a shift to longer lifetimes of NIR fluorophores. Optical sectioning of cells using
confocal microscopy confirmed intracellular localization of NIR duplex in freshly isolated islets. Significantly
higher NIR signal (P<0.01) of nuclei and cytoplasm of LD-STZ treated islet cells was in line with EMSA
results and correlated with LD-STZ-induced activation of NF-«B.

3. CONCLUSIONS
1) near-infrared (NIR) fluorescent probes consisting of a complementary pair of 21-base long
oligonucleotides were synthesized by using previously designed transcription factor decoy molecules. These
probes (ODN-MS) carried either a single NIR fluorophore (Cy 5.5) or a donor-acceptor NIR pair linked to
ODN via internucleoside bonds; 2) MOE simulations and spectral measurements both suggest that if NIR
fluorophores are linked across the major groove of a ODN duplex they form a low emitting, quenched dimer;
3) ODN-MS carrying such dimers and encoding as sequence specific for functional NF-xB heterodimer
showed statistically significant increase of mean fluorescence lifetimes for both donor and acceptor (in FRET
mode) after NF-kB heterodimer binding; 4) the experiments in T1D model using LD-STZ treatment schedule
showed that ODN-MS has sufficient sensitivity to functional NF-kB in non-fixed islets and tissues; 5) ODN-
MS carrying donor NIR fluorophore only (i.e. Cy5.5) distinguishes between NF-xB expression in pre-diabetic
vs. control pancreas by using Fl and FLT techniques. These results are relevant for potential future in vivo
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translation NIR imaging of NF-xB activation in the pancreas and other organs affected by pro-inflammatory
cytokine signaling due to local or systemic sustained inflammation.
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