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Abstract
Purpose To image colon-expressed alternatively spliced D domain of tenascin C in preclinical colitis
models using near infrared (NIR) labeled targeted molecular imaging agents.

Methods Human IgG and scFv fusion proteins speci�c to the alternatively spliced D domain of tenascin C
were generated. Immunohistochemistry identi�ed disease-speci�c expression of this extracellular matrix
in mouse colitis models. Proteins were labeled with the NIR �uorophore IRDye 800CW via amine
chemistry and intravenously dosed to evaluate targeting speci�city in preclinical rodent and primate
colitis models.

Results The NIR labeled proteins successfully targeted colonic lesions in a murine model of colitis and
appeared as distinct punctate spots. Co-administration of a blocking dose reduced the whole colon
standardized uptake of the �uorescent dose >7-fold in mouse models. Estimates suggest local
expression at >100 nM in diseased mouse colon. Macroscopic targeting speci�city was not observed in
diseased primate colon. Cellular level speci�city was assessed via microscopy and
immunohistochemistry.

Conclusion Our imaging data suggest the alternatively spliced D domain of tenascin C is a promising
target for delivery-based applications in in�ammatory bowel diseases.

Introduction
In�ammatory bowel diseases (IBD) are progressive disorders of the gastrointestinal tract that hinder the
patient’s quality of life if left untreated. Common intervention therapies include anti-in�ammatory and
immunosuppressive agents such as 5-amino salicylates for mild cases and corticosteroids in more
severe cases [1, 2]. More recently, in light of the evidence for the crucial roles of cytokine production and
signaling in IBD pathogenesis, biologic therapeutics have emerged with the potential to induce remission
and heal the intestinal mucosa [2–4]. Unlike small molecule approaches, which can be formulated for
tailored release via oral administration [5], larger molecular weight biologics often rely on parenteral
dosing. These systemic treatments have yielded mixed results in mouse models and the clinic, where a
lack of selective targeting and delivery has yielded low drug concentrations in the colon while
accompanying unwanted increases in serum acute-phase proteins [6–8].

Extracellular matrix (ECM) proteins are upregulated in a variety of in�ammatory diseases due to
increased tissue remodeling and have served as attractive imaging and drug delivery targets [9–12].
Increased ECM expression is well-documented in IBD, where remodeling is a consistent feature implicated
in disease pathogenesis [13], and elevated serum levels of ECM proteins such as tenascin C are observed
in IBD patients [14]. Tenascin C is a glycoprotein with multiple functional isoforms within the ECM. While
some isoforms are expressed in healthy tissue, others such as isoforms containing domain D and A1
have been used in the clinic for delivery of radiolabeled antibodies due to their selective expression in
tumor tissue [15–17]. Additionally, single chain Fv (scFv) targeting tenascin C have been shown to
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speci�cally accumulate in tumors in several oncology models [18]. A related ECM target for delivery-
based strategies, �bronectin extra-domain A, has seen promising transition from oncology to IBD and is
well-reported [19]. However, tenascin C isoforms remain largely unexplored in IBD models, despite its
reported expression. For example, in a commonly used murine colitis model, the addition of dextran
sulfate sodium (DSS) to drinking water resulted in tenascin C upregulation in damaged mucosal areas
[20]. Additionally, Kawamura et al. demonstrated a marked increase of both colonic protein and gene
expression of tenascin C in a murine model of colitis associated cancer [21]. Perhaps most notable,
similar to the identi�cation of �bronectin extra-domain A, in vivo protein biotinylation followed by liquid
chromatography-tandem mass spectrometry also identi�ed the alternatively spliced D domain of
tenascin C (herein referred to as TNC D) in diseased mouse colon extracts [22–24]. Here, targeted
molecular imaging can answer key questions involving disease expression, target engagement, and
feasibility of locally delivered therapeutics [25–27].

Near infrared (NIR) imaging is increasingly used to elucidate the tissue level distribution of various
clinically relevant antibodies [28–31]. Not only is reagent generation time- and cost-effective, the lack of
ionizing radiation and increased resolution make it an attractive modality for preclinical target
identi�cation. Despite these bene�ts, the overlap between NIR imaging and therapeutics development to
evaluate novel antigens for targeted drug delivery is less common in IBD research. Instead, common
colon therapeutic delivery methods include orally dosed nanoparticle formulations that rely on increased
intestinal permeability or pharmacologically inactive prodrugs that require enzymatic catalysis [5, 32].
Due to incompatible labeling chemistries and risks of altering bioavailability—owing to the
physicochemical properties of the detectable label—these delivery platforms often preclude molecular
imaging for target engagement. Several positron emission tomography (PET) probes such as [18F]FDG
for glucose metabolism and 89Zr-labeled cys-diabodies for CD4+ T cells have seen use in IBD research
[33–36]. However, these probes focus on in�ammation imaging and the target expression is often not
unique to colon. Thus, increasing the repertoire of antigens unique to diseased colon is fruitful and
molecular imaging can help identify and verify high expressing antigens. In this study, we generated
novel antibody-based reagents speci�c to TNC D. Using immunohistochemistry (IHC) expression in
clinical and preclinical colon samples as a guide, we evaluated TNC D as an in vivo target in preclinical
IBD models using NIR imaging.

Methods

Expression and puri�cation
ABBV-022 was transiently expressed in CHO 3E7 cells for 7 days following transfection. Anti-TNC D IgG
production is similar to previously described [10, 18]. The monoclonal antibody targeting TNC D and
ABBV-022 were puri�ed via protein A through mediated capture of the Fc and VH3 domains of the IgG
and scFv, respectively. For each TNC D targeting protein, the clari�ed supernatant was puri�ed on a
AKTAPure FPLC (Cytiva, Marlborough, MA) via ProteinA a�nity capture using a HiTrap MabSelect SuRe
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column (Cytiva, Marlborough, MA) and eluted at low pH. A second puri�cation was performed using a
Superdex 200 pg (Cytiva, Marlborough, MA) size exclusion column using tris buffered saline to yield
>95% protein purity as determined by analytical liquid chromatography (Agilent, Santa Clara, CA).
Endotoxin level were quanti�ed to be <1 EU/mg (Charles River Laboratories, Wilmington, MA).

Binding assays
Binding kinetics for 800CW labeled and unlabeled anti-TNC D IgG and ABBV-022 against recombinant
soluble TNC were measured via surface plasmon resonance on a BIAcore T200 instrument (GE
Healthcare, Uppsala, Sweden) at 25°C. Measurements for TNC D IgG were performed using Fc capture,
whereas ABBV-022 was directly immobilized on chip. Either 10000 RU of goat anti-human Fc polyclonal
antibody (Thermo Fisher Scienti�c Inc., #31170) or 2000 RU of ABBV-022 was diluted to 20 µg/mL or 2
µg/mL, respectively, in 10 mM sodium acetate (pH 4.5) and was immobilized on all four �ow cells across
CM5 chip via amine coupling followed by 1 M ethanolamine quench. Flow cell 1 was used as a reference.
Chip preparation and binding kinetic measurements were made in the assay buffer HBS-EP+ (10 mM
HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.05% Tween 20). For the IgG, assay cycles consisted of
capture of the anti-TNC D IgG molecule at 1 µg/mL and a �ow rate of 5 µL/min for 60 s followed by
analyte injection of either murine tenascin or buffer control over both reference and active surface for 300
s at 50 µL/min, after which the dissociation was monitored for 300 s at 50 µL/min. For ABBV-022, cycles
consisted of either murine tenascin or buffer control over both reference and active surface for 300 s at
50 µL/min, after which the dissociation was monitored for 300 s at 50 µL/min. Tenascin injections were
�owed at increasing concentrations from 1.8 nM to 1000 nM. Data were processed and �tted globally to
a 1:1 binding model using BIAcore T200 evaluation software to determine the binding constants.

Immunohistochemistry
Colons from C57BL/6 mice on 3% DSS in the drinking water for 7 days were either embedded in OCT or
�xed in 4% paraformaldehyde (PFA) and sucrose-protected. OCT-embedded sections were acetone-�xed
same day as sectioning and air-dried overnight. Both acetone-�xed and PFA/sucrose-protected 5 µm
frozen sections were brought to room temperature prior to IHC. Tissue sections were blocked with both
dual endogenous block and protein block (both Agilent) prior to a 30 min incubation with either anti-TNC
D or isotype IgG at 0.03 µg/ml. The primary human antibodies were detected sequentially with rabbit anti-
human IgG (Southern Biotech, Birmingham, AL), HRP polymer, and visualized with DAB with a
hematoxylin counterstain (Leica Bond Polymer Re�ne Detection kit). Following immunolabeling and
detection, the glass slides were imaged using a Pannoramic 250 whole slide scanner at 20x
magni�cation (3D Histech, Budapest, Hungary). To visualize the NIR signal at a microscopic scale, 10 µm
sections colon samples were counterstained with Hoechst 33342 (Invitrogen, Waltham, MA) and imaged
using a Pannoramic 250 slide scanner at 20x magni�cation.

Clinical IBD and diseased cynomolgus macaque colon were evaluated using a biotinylated anti-TNC D
antibody. Frozen human tissue was obtained from CHTN (National Cancer Institute, Bethesda, MD), Folio
Biosciences (Columbus, OH), and UMASS Memorial Gastroenterology (Worcester, MA). Frozen human



Page 6/20

sections were post-�xed with acetone on the day of sectioning and air-dried overnight. Frozen
cynomolgus tissue was �xed in 4% PFA and sucrose-protected. Both acetone-�xed and PFA/sucrose-
protected 5 µm frozen sections were brought to room temperature prior to IHC. Tissue sections were
blocked with dual endogenous block, a streptavidin/biotin blocking kit (Vector Labs, Burlingame, CA), and
a protein block, followed by a 15 min incubation with human anti-TNC D IgG at 0.7 µg/ml. The biotin-
labeled, anti-TNC D IgG was detected using Vectastain Elite ABC-HRP reagent (Vector Labs, Burlingame,
CA) and visualized with DAB with a hematoxylin counterstain (Leica Bond Polymer Re�ne Detection kit).
Slides were scanned on a Pannoramic 250 slide scanner.

IRDye 800CW conjugation
Solutions of ABBV-022, anti-TNC D IgG, or isotype IgG were buffered exchanged to PBS using 7 kDa
MWCO ZEBA desalting columns. To these protein solutions (50 nmol in 1 mL), 100 µL of 7.5% sodium
bicarbonate was added. The mixture was mixed by inverting before addition of IRDye 800CW NHS ester
(40 nmol in DMSO). The solution was mixed again by gently inverting and reacted at room temperature
for 2 h. Unreacted and hydrolyzed 800CW dye was removed using two Zeba desalting columns (7 kDa
MWCO). Fluorophore degree of label was determined using a NanoDrop 2000c spectrophotometer
(ThermoFisher Scienti�c, Waltham, MA). Monomer purity was determined via SEC-HPLC with 280 nm and
770 nm detection.

Animals
Mice studies were conducted at AbbVie to the standards of the Association for the Assessment and
Accreditation of Laboratory Animal Care (AAALAC) standards. All studies with mice were performed
according to approved protocols by AbbVie’s Institutional Animal Care and Use Committee (IACUC).
Brie�y, seven-day acute murine colitis was induced in wild-type C57BL/6 mice with 3% DSS (MP
Biomedicals, Santa Ana, CA) in the drinking water. On day 7, animals were intravenously dosed with NIR-
labeled reagents for imaging. Mice body weights were monitored, and animals were euthanized if > 20%
of the initial weight was lost. All nonhuman primates were female Chinese cynomolgus macaques,
between 3-5 years old, and were acquired from Charles River Laboratories. All primates tested negative
for viral and enteric pathogens and tuberculosis prior to initiation of the study. Primates were house at
AbbVie Inc, in Lake County, IL, in compliance with AAALAC standards, and all procedures were reviewed
and approved by the AbbVie Inc, IACUC (Protocol ID: 1705C00021). Primate experimental chemical colitis
was established with trinitrobenzene sulfonic acid (TNBS). TNBS (Sigma-Aldrich, St. Louis, MO) was
administered in 1 mL volume of 50% (v/v) ethanol. Day 0 application of TNBS was at 100 mg (10% w/v
solution) with subsequent applications on day 7 and day 14 at 50 mg (5% w/v solution). Applications
were administered intrarectally (IR) with endoscopic guidance to distances of 15-18 cm in the colon, and
primates incubated in dorsal recumbency with their posterior elevated for 10 min. The primates were
euthanized with Fatal-Plus (Vortech Pharmaceuticals, Dearborn, MI) 48 h post imaging agent dose.

Plasma clearance
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To determine the blood clearance rates for the ABBV-022-800CW, anti-TNC D IgG-800CW, and isotype IgG-
800CW conjugates, C57BL/6 mice were intravenously dosed with 0.7 nmol of NIR labeled protein via the
tail vein on day 7 of DSS. At predetermined timepoints, 20 µL of whole blood was collected via a tail nick
and mixed with 80 µL of 10 mM EDTA in PBS. The blood samples were mixed, and frozen at -80°C. The
samples were later thawed and 800CW �uorescence was measured using an Odyssey CLx (Li-Cor,
Lincoln, NE). For the primates, ABBV-022-800CW was administered intravenously at 2 mg/kg, three days
after the �nal dose of TNBS (day 17), and whole blood was collected from conscious, chaired
cynomolgus macaques at 10 min, 30 min, 1 h, 3 h, 6 h, 24 h, and 48 h post dose. Fluorescence was
converted to whole blood concentration using a standard curve to quantify the absolute concentration of
�uorescent protein in the blood similar to previously published methods [37]. The clearance was �t to a
biexponential decay. Fitted initial concentration were compared with theoretical values based on dose
and total blood volume.

Ex vivo biodistribution
Following the last blood draw, mice were euthanized and organs were resected and imaged on a Pearl
Imager (Li-Cor, Lincoln, NE). To quantify %ID/g, a previously published protocol was adopted [38]. Brie�y,
organs were weighed, and incubated at 37°C in a mixture of RIPA buffer in PBS supplemented with 6
mg/ml collagenase type IV for 30 min. An equal volume of 0.25% trypsin/EDTA was added and the
solution was incubated for another 30 min before being homogenized using a FB-120 Sonic
Dismembrator. Known amounts of digested NIR conjugates were used to generate a calibration curve and
bulk signal from organ digests was converted to absolute concentrations to quantify the %ID/g. For
primates, 48 h after dose, the animals were euthanized and distal colons were resected. Diseased and
healthy segments of the distal colon from each animal were identi�ed by eye and imaged with a Pearl
Imager.

Near infrared �uorescent molecular endoscopy
Female C57Bl/6 mice were provided DSS in drinking water as previously described for disease induction.
On day 8, animals were intravenously dosed with 0.7 nmol of ABBV-022-800CW. One day later, animals
were placed under anesthesia with iso�urane. The colon was �ushed with PBS by gently inserting a
�exible gavage needle 3 cm into the anus to remove feces. Animals were removed from anesthesia and
allowed to ambulate in order to pass any fecal pellets that remained. The animals were again placed
back under anesthesia and a Karl Storz sheath was used to insert a SurgVision Explorer endoscope
(Munich, Germany) in the anus. Images of the colon were captured from 3 cm to 0.5 cm from the anal
verge; single frame images were extracted from the time lapse using SurgVision software.

Results
Surface representations for anti-TNC D IgG and ABBV-022 are shown (Fig. 1A). ABBV-022 consists of full
length human IL-22 protein fused to the N-terminus of TNC D targeting scFv via a 15 amino acid linker.
The VH and VL domains of scFv are linked by a short �exible 5 amino acid linker (GGSGG) to prevent
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intrachain folding and drive stability. Thus, the resulting diabody is formed as a noncovalent dimer of two
IL-22-scFv molecules coming together in solution stabilized by interchain VH/VL interactions. Sequence
alignment of TNC D from human, rat, cynomolgus monkey, and mice show conservation across human
and model organisms (Fig. 1B). No signi�cant differences were observed in either on-rate or off-rate
kinetics between labeled and unlabeled proteins (Table 1). Near 2.5-fold difference was observed in the
on-rate between the IgG and ABBV-022 (1.4 x 105 vs 5.5 x 104 M−1s−1). TNC D is expressed in the lamina
propria of patients with Crohn’s disease and ulcerative colitis (Fig. 2). In the preclinical mouse colitis
model, staining is observed at the site of lesions throughout the lamina propria down to the muscularis
mucosae. This staining pattern is not observed in healthy samples, where TNC D can be found in the
super�cial lamina propria, in proximity to mucosal epithelial cells.

Anti-TNC D IgG, ABBV-022, and isotype IgG were labeled with the NIR �uorophore IRDye 800CW to
evaluate in vivo tenascin targeting in a murine DSS colitis model. Systemic clearance of the NIR labeled
proteins following a 0.7 nmol bolus intravenous dose indicated faster clearance phase kinetics for the
ABBV-022-800CW compared to the �uorescent IgG groups (t1/2,b = 19 ± 3 h, 20 ± 1 h, and 5.2 ± 0.3 h, for
the anti-TNC D IgG, isotype IgG, and scFv fusion, respectively), consistent with a lack of FcRn recycling
(Fig. 3A). Biexponential �t parameters suggest a more rapid distribution phase for ABBV-022-800CW
(t1/2,a = 0.5 ± 0.2 h), in agreement with its lower molecular weight (Table 2). Co-dosing 20 nmol of
unlabeled anti-TNC D IgG minimally impacted the pharmacokinetics of the anti-TNC D IgG-800CW (t1/2,b =
21 ± 3 h, 19 ± 3 h for with and without blocking doses, respectively, P = 0.5). Curiously, the isotype IgG-
800CW also exhibited rapid distribution phase kinetics; however, at the time of imaging, systemic
concentrations for the isotype matched that of anti-TNC D groups. Animals were euthanized 24 h and 48
h following dosing for ABBV-022-800CW and IgG groups, respectively. Colons were resected, �ushed, and
imaged (Fig. 3B). Macroscopic images revealed punctate lesions spanning the distal and proximal colon
in animals dosed with anti-TNC D IgG-800CW. Fluorescent intensity was reduced in the ABBV-022-800CW
dosed group, likely due to a combination of faster clearance and reduced binding a�nity compared to the
IgG. Co-dosing 20 nmol of unlabeled anti-TNC D IgG with 0.7 nmol anti-TNC D IgG-800CW reduced the
lesional �uorescence to isotype IgG-800CW levels. Co-dosing 20 nmol of unlabeled anti-TNC D IgG with
0.7 nmol ABBV-022-800CW similarly reduced macroscopic punctate signal (Fig. S5).

For the ex vivo biodistribution, organs were weighed, homogenized, and imaged with digest standards to
quantify normalized uptake (Fig. 4A). In agreement with the imaging results, blocking with 20 nmol of
unlabeled anti-TNC D IgG reduced total colon uptake for the targeting constructs (1.5 ± 0.2 vs 0.20 ± 0.04
%ID/g for unblocked and blocked for IgG, respectively, P = 0.001; 0.60 ± 0.04 vs 0.2 ± 0.1 %ID/g for
unblocked and blocked ABBV-022-800, respectively, P = 0.03 ). Higher ABBV-022-800CW homogenate
signal was also observed in liver compared to the IgG format. To explore if these differences were due to
the fate of the �uorescent label, rather than in vivo targeting, 125I-substitution was performed with the
scFv and organ uptake was compared to the NIR data (Fig. S6). While small differences in colon uptake
were observed between ABBV-022-800CW and [125I]ABBV-022, there was a marked reduction in liver
uptake for the iodinated compound (Fig. S7). This is expected as iodine-125 can be tra�cked out of cells
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via diffusion or amino acid transporters once the parental protein is degraded. On the other hand, IRDye
800CW is a residualizing label that slowly diffuses out of cells once internalized [39]. Thus, the measured
NIR signal is more re�ective of protein metabolism in the liver, rather than liver targeting. A blocking dose
of anti-TNC D IgG also did not reduce NIR signal in the liver, suggesting a lack of speci�c TNC D binding
(5.5 ± 1.1 vs 5.3 ± 4.7 %ID/g for unblocked and blocked for IgG, respectively, P = 0.9).No signi�cant
differences in uptake were observed in spleen, lung, and muscle among all dosed groups (Fig. 4A). With
clinical relevance in mind, video data were recorded using a similar and previously reported �uorescent
molecular endoscope equipped with a NIR excitation source [40, 41]. Here, punctate �uorescent regions
consistent with lesion-associated TNC D expression were observed and agreed well with ex vivo images
(Fig. 4B). Due to similarities between this platform and the clinically adopted instrument, the preclinical
data highlight possible avenues for imaging such as tracking drug distribution or diagnostics. Lastly, we
sought to con�rm cellular level speci�city and in vivo stability for the TNC D targeting proteins. Strong
NIR �uorescence is observed in regions of focal erosion in the lamina propria as con�rmed through
sequential histology sections (Fig. 4C). A magni�ed image shows agreement with tenascin IHC (Fig. 2).
Consistent distribution between the NIR signal and IHC using an anti-human IgG suggests minimal
metabolism and tra�cking of the NIR label in diseased colon (Fig. S8).

ABBV-022-800CW was intravenously dosed in a cynomolgus macaque model of TNBS colitis. Segments
of disease and healthy colon from the same animal were resected and imaged, and the NIR mean
�uorescence intensity (MFI) for these colon segments were plotted (Fig. 5A). Colon segment images
showed a diffuse pattern compared to mouse and a greater than 2-fold increase in NIR MFI was observed
in diseased colon segments compared to healthy colon segments (0.34 ± 0.05 vs 0.12 ± 0.08 for
diseased vs healthy, respectively, P = 0.03). Similar to ABBV-022-800CW, a 2-fold increase in NIR MFI was
observed diseased vs healthy colon segments with a non-targeting scFv control. Disease site punch
biopsies identi�ed by eye were also collected and homogenized to estimate the local protein
concentration (Fig. 5B). The fold changes in concentration between ABBV-022-800CW and the non-
targeting scFv in healthy and disease biopsies agreed with the macroscopic imaging data. Systemic
clearance for ABBV-022-800CW and the non-targeting scFv was found to be similar (Fig. S11).
Expectedly, the systemic clearance for both scFv fusion proteins was slower in primates than in mice. As
a response to focal wound injury from TNBS, normal epithelia is replaced by in�ammatory cell in�ltrate
as shown in the H&E stained tissue section (Fig. 5C, left). In these focal regions, TNC D IHC (Fig. 5C,
middle) agreed well with ABBV-022 localization via NIR �uorescence microscopy (Fig. 5C, right).

Discussion
Increased expression of various ECM components such as �bronectin and tenascin-C in cancer and
autoimmune diseases are well-documented [24,42,43]. While in vivo targeting of �bronectin extra-domain
A is well-characterized for molecular imaging and drug delivery in various autoimmune diseases [19], the
previously identi�ed D domain of tenascin C is largely unexplored for IBD. In addition to sequence
alignment showing strong species conservation for TNC D across models, our IHC pointed to unique
expression in the lamina propria in clinical IBD colon biopsies and in colonic lesions of the commonly
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used DSS mouse colitis model. Thus, two constructs—an IL-22 immunocytokine fusion (ABBV-022)
currently being evaluated in clinical phase I trials and a targeting-only IgG—were evaluated. 

Near infrared targeted molecular imaging has played an increasingly important role in preclinical
research, ranging from pharmacokinetics to elucidating tissue and cellular level distribution of proteins
and low molecular weight molecules [44,45]. In this work, the proteins were non-speci�cally labeled via
amine chemistry with IRDye 800CW to characterize systemic clearance and verify colon speci�city in
mouse and primate colitis models. In murine colitis, organ level NIR images revealed punctate lesions
ranging from the distal to proximal end of the colon. The in vivo saturable binding was con�rmed using a
high molar blocking dose and this speci�city for TNC D was further corroborated by IHC and NIR
microscopy. The saturating dose was not identi�ed. As the purpose of this study was to evaluate
targeting speci�city, a single dose of pharmacologically active, NIR labeled fusion protein was
administered 24 h prior to imaging to minimize potential treatment effects on target expression. Similar
to the anti-TNC D IgG-800CW imaging results, a molar excess dose of unlabeled anti-TNC D IgG blocked
the NIR signal from ABBV-022-800CW (Fig. S5), suggesting minimal imaging signal contribution from the
pharmacologically active IL-22 arm of the fusion protein. Measurements for absolute tenascin expression
in preclinical colitis models are rare, though estimates in human ulcerative colitis quanti�ed via Western
blotting have been reported [46]   and suggest that the �uorescent doses in this study are sub-saturating.
With this in mind, we observed higher in vivo signal at the organ and tissue level with the IgG format vs
the scFv format. We hypothesize this is due to a combination of faster systemic clearance and reduced
ABBV-022 binding a�nity for TNC D.

The more clinically relevant ABBV-022-800CW was evaluated in a primate colitis model despite
moderately lower colon uptake in mouse DSS. While a blocking dose was feasible in murine models, this
strategy to assess macroscopic organ speci�city was not pursued in the primate colitis model due to
challenges in formulation. In the primate ex vivo images, although the MFI for diseased tissues was 2-
fold higher than healthy tissue, we were concerned about non-speci�c imaging signal due to
in�ammation [25]. To best estimate this, analogous imaging data were collected for a non-targeting IL-22
scFv fusion protein with similar pharmacokinetic properties and molecular weight. In combination with
cellular level microscopy, the data suggested high non-speci�c NIR signal in the macroscopic colon NIR
scans accompanying a more modest targeting pro�le for ABBV-022-800CW con�rmed through
microscopy and IHC. These data highlight the important interplay between imaging agent binding a�nity
and in vivo target expression. In the preclinical rodent models, we hypothesize the estimated TNC D
expression in colonic lesions was high enough to mitigate the impacts of the reduced a�nity for the scFv
fusion protein.

Empirically, extracellular receptors have some of the highest contrast values for imaging agents, and
delivery pathways of therapeutic proteins—such as ADCs—share similarities with imaging agent delivery.
However, a distinction for IBD is immunological targets are often soluble or surface expressed in subsets
of motile cells [47,48]. Therefore, targeted IBD therapeutics of local cytokine delivery should avoid
internalization pathways for the targeting ligand. This makes ECM targets attractive, where a high local
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ECM concentration drives preferential accumulation in disease shortly following dosing, accompanied by
a gradual dissociation post-washout to drive e�cacy. Unlike cell surface expressed receptors, where
probe design steps can be taken to improve internalization and residualization of the targeting ligand to
mitigate poor in vivo expression, imaging ECM targets largely relies on engineering stronger a�nity to the
target and faster blood clearance for e�cient delivery and rapid washout. However, screening for high
a�nity binders risk non-speci�c binding, and altering blood clearance may prove challenging without
signi�cant changes in protein format. Thus, a practical alternative is to identify ECM targets with high
absolute local expression unique to disease tissue. The murine blocking experiments estimate absolute
expression of TNC D at the site of lesions is likely higher than 100 nM with a conservative estimate of
lesion volume fraction in the colon through whole organ digest (Fig. S4). This estimate is similar to cell
surface molecular imaging targets present in autoimmune diseases such as type 1 diabetes and various
cancers with high reported imaging target to background ratio (TBR) [49–51], although further
measurements are recommended.

While beyond the scope of this work, several possible challenges exist for delivery-based applications
targeting TNC D. First, as a diagnostic target, NIR imaging faces depth limitations and a radiolabeled
probe will be necessary for clinical translation. Depending on the size and distribution of human lesions,
accurate in vivo quanti�cation can prove challenging. Accurately quantifying tracer uptake in smaller
lesions may face similar challenges as other autoimmune targets (i.e., beta cell mass quanti�cation for
type 1 diabetes). Second, ideal imaging agent properties and ideal drug delivery ligand properties differ.
For uniquely imaging applications, TBR can be improved by engineering a�nity to slow dissociation
relative to washout. While this may increase total protein concentration in diseased tissue for a drug-
delivery application, ECM dissociation may be necessary to drive pharmacology in scenarios where the
immunological target might be soluble or expressed in nearby tissue. The quantitative impacts of these
mechanisms are di�cult to estimate through experiments alone; here, a mechanistic and predictive
framework can aid successful drug design. In conclusion, our data showcase protein imaging agents
with strong speci�city for a highly expressed colon ECM unique to disease.
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Figures

Figure 1
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(A) Surface representation of TNC D IgG (wheat) with variable heavy (dark blue) and variable light (light
blue) domains. Variable heavy and variable light domains from the IgG were translated into an scFv
using a short, �exible glycine-serine linker (black). IL-22 shown in green (PDB ID: 3DLQ) connected to the
scFv via a �exible (G4S)3 linker. (B) Sequence alignment for TNC D domains from mouse, rat,
cynomolgus monkey, and human. Domain annotations derived from available tenascin C FNIII structure
(PDB ID: 1TEN).

Figure 2

Immunohistochemistry panel for TNC D in colon. Target validation in sections of human and animal
colon tissue with antibodies speci�c to the alternatively spliced D domain of tenascin C. Scale bars, 200
µm.
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Figure 3

(A) Blood clearance is faster for ABBV-022-800CW compared to IgG formats. Addition of an anti-TNC D
IgG blocking dose does not signi�cantly impact the near infrared dose. Isotype IgG-800CW exhibits a
similar systemic clearance pro�le compared to the anti-TNC D IgG-800CW. (B) From top to bottom: anti-
TNC D IgG-800CW, ABBV-022-800CW, anti-TNC D-800CW + blocking; isotype IgG-800CW. Macroscopic
organ images show punctate spots at the site of lesions for anti-TNC D IgG-800CW and ABBV-022-
800CW groups. Reduced lesion-associated signal observed in the blocking and isotype IgG groups. Scale
bars, 5 mm.
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Figure 4

(A) Ex vivo biodistribution data show a reduction in disease colon signal with the addition of TNC D
blocking dose. No differences in uptake are observed in non-target organs. Higher non-speci�c uptake is
observed in the liver. (B) Near infrared molecular endoscopy frame capture for dosed (left) and un-dosed
(right) animals in mouse DSS colitis. A colonic lesion is visible for the animal dosed with ABBV-022-
800CW. (C) Cellular level distribution for anti-TNC D IgG-800CW. Cell nuclei are stained with Hoechst
33342 (blue); NIR channel (red).
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Figure 5

(A) Colon segment mean �uorescent intensity plots for cynomolgus monkeys dosed with either ABBV-
022-800CW or a non-targeting scFv. Segments of diseased and healthy colon were identi�ed by eye from
the same animal for each group. Increased signal observed in disease vs healthy tissue for both proteins
(B) Biopsy homogenates show a higher concentration of dosed NIR �uorescent protein in diseased vs
healthy tissue for both proteins. (C) From left to right: diseased cynomolgus colon H&E showing immune
cell in�ltrate, TNC D IHC in diseased colon, serial section NIR image in agreement with IHC. Scale bars,
100 µm.
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