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Colitis ImmunoPET: Defining Target Cell Populations and
Optimizing Pharmacokinetics

Jason L. J. Dearling, PhD,*" Ala Daka, MS,** Nuphar Veiga, BS,** Dan Peer, PhD,**
and Alan B. Packard, PhD*"

Background: Positron emission tomography combined with a specific probe presents the ability to noninvasively assess inflammatory bowel disease.
We previously reported increased intestinal uptake of a ®*Cu-labeled anti-f; integrin antibody (clone FIB504.64) in colitic mice. Here, we evaluated an
anti-o,43; integrin antibody (clone DATK32), and the F(ab’), and Fab fragments of the anti-f; antibody, which should have faster blood clearance than
the intact antibody, as imaging probes for the detection of colitis in a mouse model.

Methods: The immunoproteins were labeled with ®*Cu, injected into mice with dextran sodium sulphate-induced colitis. Positron emission tomography
data were collected between 1 and 48 hours postinjection.

Results: Focal uptake of the anti-B, fragments was observed in the gut as early as 1 hour postinjection, and they cleared more rapidly from normal
tissues than the whole antibody. For example, the blood concentrations at 24 hours postinjection were 23.3 = 3.0% ID/g for *Cu-labeled DATK32,
12.9 = 2.1% ID/g for FIB504.64, 4.1 + 0.4% ID/g for FIB504.64-F(ab’),, and 0.62 = 0.2% ID/g for FIB504.64-Fab (P < 0.0001, analysis of variance).
The ratio of uptake of DATK32 between the colitis and control groups in the large intestine (1.38) was lower than for the FIB504.64 fragments (3.15 for
F(ab'),, 1.84 for Fab) or intact FIB504.64 (1.78).

Conclusions: The lower intestinal uptake ratio of the ®*Cu-labeled anti-o.4; antibody (DATK32) compared with the anti-; immunoproteins suggests
that targeting all ,-expressing lymphocytes, not just those expressing o4, is a more promising route to the development of an inflammatory bowel
disease imaging agent. The FIB504.64-F(ab’), fragment demonstrated the greatest differential between colitis and control groups, and is therefore the

most promising lead molecule for the development of an inflammatory bowel disease-specific imaging agent.

(Inflamm Bowel Dis 2016;22:529-538)
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lnﬂammatory bowel disease (IBD), including ulcerative colitis
and Crohn’s disease, is a chronic autoimmune condition caused
by the aberrant behavior of lymphocytes that affects approximately
1% of the population in Europe and North America.' Therapies
include anti-inflammatory and immunosuppresive drugs with sur-
gery appropriate in most cases. Assessment of the extent and
degree of disease in the large intestine is usually made by colono-
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scopy, which is nonquantitative, operator-dependent, and invasive,’
whereas disease of the small intestine requires entero—magnetic
resonance imaging or entero—computed tomography.

Currently, no radiopharmaceutical is available specifically for
positron emission tomography (PET) imaging of IBD. It is our
overall aim to develop a colitis-specific PET imaging agent to provide
real-time, quantitative, global information on the degree of disease,
aiding in the diagnosis and therapy monitoring of individual patients.

One possible approach to the development of an IBD-
specific imaging agent is to target the molecules involved in the
recruitment and retention of the lymphocytes that are recruited
and retained in the inflamed intestine. In IBD, lymphocytes are
activated to express the integrin monomer f3; by inductive sites
such as Peyer’s patches and mesenteric lymph nodes.> The B,
monomer pairs with either an a4 subunit to form o4, which
binds to the mucosal addressin cell adhesion molecule-1 for lym-
phocyte recruitment, or the og subunit to form a3, which binds
to E-cadherin for lymphocyte retention.* The aberrant behavior of
the lymphocytes expressing these integrins results in the inflam-
mation characteristic of IBD. Targeting the 3, integrin may, there-
fore, lead to an IBD-specific imaging agent. Such an agent will
present an advantage over other approaches in that it should allow
discrimination between active colitis and the quiescent population
of lymphocytes that populate the intestine.
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We previously reported increased uptake of the
¢4Cu-labeled anti-B; antibody FIB504.64 in the large intestines
of mice with colitis compared with controls.’ This was a very
encouraging initial result, but it suggested several possible refine-
ments including the possibility of better defining the target cell
population and increasing the clearance rate of the imaging agent
from the blood to decrease the time between injection of the agent
and image acquisition. With respect to better defining the target
cell population, the antibody DATK32 binds to the a4f3; integrin,
which is expressed by the subset of lymphocytes that are involved
in recruitment.® With respect to improving the clearance rate,
whereas the clearance rate of intact mAbs (molecular weight
150 kDa) is typically on the order of several days, the clearance
rate of the F(ab’), (110 kDa) and Fab (50 kDa) antibody frag-
ments is much shorter, typically only a few hours, which can
significantly decrease the time required for the tracer to achieve
acceptable target-to-background ratios. The drawback to using
antibody fragments is that the absolute uptake at the target site
is decreased.”

In this study, we investigated both of these approaches to
the development of an IBD-specific imaging agent. First, we
compared the **Cu-labeled anti-o47 antibody DATK32, which is
specific for o4f; integrin-expressing leukocytes, to the %*Cu-
labeled anti-B, antibody FIB504.64, which binds to both o,f
and ogf; expressing leukocytes. Second, we compared the
biodistribution of the ®*Cu-labeled F(ab’), and Fab FIB504.64
fragments to the biodistribution of the whole *Cu-labeled
FIB504.64.

MATERIALS AND METHODS

General

Chemicals and reagents were obtained from Sigma—Aldrich
(St. Louis, MO) unless otherwise specified. The zero-length linker
1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydrochloride
(EDC) was purchased from Pierce (Rockford, IL). The bi-
functional chelators (BFCs) S-2-(4-aminobenzyl)-1,4,7,10-
tetraazacyclododocane tetraacetic acid (p-NH,-Bn-DOTA)
and  S-2-(4-isothiocyanatobenzyl)-1,4,7-triazacyclononane-
1,4,7-triacetic acid (p-NCS-Bn-NOTA) were purchased from
Macrocyclics (Dallas, TX). Metal-naive pipette tips were purchased
from Rainin (Oakland, CA). Glass and plasticware were washed
with 10% HNO; and rinsed thoroughly with ultrapure water (>15
M resistivity; Siemens, Lowell, MA) before use. Ultrapure water
was also used in buffer preparation. Sodium acetate buffer (0.1 M,
pH 5.0) was used for conjugation (EDC reaction) and radiolabeling.
Metal contaminants in the buffer were decreased by passing it
through a Chelex-100 resin column (Bio-Rad Laboratories, Hercu-
les, CA). Copper-64 was produced at the Washington University
School of Medicine (St. Louis, MO). Radioactivity was assayed
using a Packard Cobra II automated gamma counter (Meriden,
CT). Small animal PET data were obtained using a Siemens Focus
120 camera (Siemens Medical Solutions USA, Malvern, PA).
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Experimental Colitis Model

Dextran sodium sulphate (DSS; 36-50 kDa, MP Biomed-
icals, Solon, OH), which is known to induce inflammation
throughout the bowel principally affecting the large intestine,*'°
was included in the drinking water at 2.0% (wt/vol). Under this
regimen, colitis typically develops after approximately 9 days.
Tissue and cellular effects of DSS treatment were studied using
mouse endoscopy and fluorescent immunohistochemistry.

Mouse Endoscopy

After 9 days of DSS treatment, the severity of colitis was
assessed by colonoscopy as previously described.!' Mice (n = 6 in
each group) were anesthetized using ketamine-xylazine (80 mg/kg
ketamine and 15 mg/kg xylazine). A mouse endoscope was used to
view the severity of colitis, which was scored according to the
murine endoscopic index of colitis severity scoring system, which
includes 5 parameters — feces consistency, vascularity, transpar-
ency, granularity, and fibrin presence.!' Each parameter was scored
from 0 to 3, with a total score of 0 to 4 considered healthy and 8 to
11 indicating disease.

Fluorescent Immunohistochemistry

Colon tissue from control and DSS-treated mice was frozen
in isopentane, cooled in a slurry of isopropane and solid carbon
dioxide, and then stored at —80°C. Sections (10 wm) were taken
using a cryotome and mounted on polylysine-coated slides, air
dried, and then fixed in methanol. The sections were rehydrated
with phosphate-buffered saline (0.1 M, pH 7.4), blocked with don-
key serum, probed with anti-f; FIB504.64 antibody (80 wg/mL) or
anti-a43; DATK32 antibody (92.4 pg/mL), and incubated for 1
hour. The sections were washed and the secondary antibody (don-
key anti-rat) conjugated with Alexafluor A647 (Life Technologies,
Grand Island, NY) was applied (5 pwg/mL). The primary antibody
was not applied to the control sections. After one hour, the sections
were washed and mounted using Prolong Gold antifade mounting
media (Life Technologies, Grand Island, NY) for observation.

Antibody Production

The anti-f, antibody FIB504.64 and the anti-0,43; antibody
DATK32 were produced from their hybridomas and purified
using a HiTrap Protein G column (GE Healthcare, Piscataway,
NJ). Antibody fragments F(ab’), and Fab (Fig. 1) were produced
using standard molecular biology techniques, purified, and con-
firmed using Western blot analysis.

Antibody-chelator Conjugation
DATK32 Conjugation with p-NH,-Bn-DOTA

The antibody was buffer exchanged into sodium acetate
(0.1 M, pH 5.0) and concentrated to approximately 10 mg/mL
using spin column filters (Centricon; Millipore, Bedford, MA;
MWCO 30 kDa). The BFC p-NH,-Bn-DOTA was conjugated
to the antibody using established methods. Briefly, to p-NH,-Bn-
DOTA in Me,SO (100 mg/mL) was added 3 volume equivalents of
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FIGURE 1. Structures of the proteins and bifunctional chelators used in
this study. Top row: Whole antibody (A), F(ab'), (B), and Fab (C). Bot-
tom row: p-NH,-Bn-DOTA (D) and p-SCN-Bn-NOTA (E).

0.1 M sodium acetate buffer (pH 5.0) to give a final BFC concen-
tration of 25 mg/mL, and the pH was brought to 5.0 by addition of
1 N NaOH. The chelator was added to the antibody at a molar
ratio of 250:1, and then 500 molar equivalents of EDC, which was
made up immediately before use in ultrapure water at a concentra-
tion of 50 mg/mL, was added. The final antibody concentration
after addition of all reagents was 5 mg/mL. The reaction was gently
mixed by pipetting, centrifuged to remove air bubbles, the pH was
confirmed to be 5.0, and then the reaction mixture was placed in
a 37°C water bath. The final concentration of Me,SO was always
<5% (typically <1%). After 30 minutes at 37°C, the reaction was
removed from the water bath and unbound chelator was separated
from the immunoconjugate by size exclusion high performance
liquid chromatography (HPLC) (BioSep SECS3000 column; Phe-
nomenex, Torrance, CA) with an aqueous phase of 0.1 M sodium
acetate, pH 5.0. The retention time of the immunoconjugate was
typically 8.1 minutes, with the unbound chelator eluting at approx-
imately 11.0 minutes. The purified immunoconjugate fractions
were pooled, concentrated using spin column filters (30 kDa
MWCO), and stored in aliquots at —80°C.

FIB504.64-F(ab'), and FIB504.64-Fab Conjugation
with p-NCS-Bn-NOTA

The conjugation of p-NCS-Bn-NOTA to the FIB504.64 frag-
ments was performed as described by Vosjan et al.'> Briefly, the
protein was buffer exchanged into sodium carbonate buffer (0.1 M,

pH 9.0), and the BFC was added at a molar ratio of 3:1 in 3 aliquots
separated by 5 minutes (i.e., final molar ratio of protein to BFC =
1:3). The reaction mixture was mixed by gentle pipetting after each
addition and then placed in a water bath at 37°C for 1 hour. Unbound
chelator was removed by HPLC as before, the immunoconjugate
was concentrated using spin column filters (30 kDa MWCO) and
stored in aliquots at —80°C.

DOTA was used as the BFC to label DATK32 with ®*Cu,
despite its well-known limitations,'* so that the results of this study
could be directly compared with those from our previous study with
64Cu-DOTA-FIB504.64.°> NOTA was used as the BFC for labeling
the antibody fragments because it has recently emerged as a more
kinetically stable BFC for labeling proteins with %*Cu.

Immunoreactivity Assay

The immunoreactivity of the BFC-conjugated antibody was
assayed by flow cytometry.'* Briefly, 10 TK-1 cells (mouse
T cells lymphoma) expressing a4f3; integrin were stained with
10 pg/mL purified antibody or with its corresponding immuno-
conjugate for 30 minutes at 4°C. The cells were then washed twice
with FACS buffer (phosphate-buffered saline including 2% fetal
calf serum) and counterstained with a second, Alexa-488-labeled,
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FIGURE 2. Evaluation of DSS-induced colitis model. Example images of
the colons of control mice (A and B) and those of mice in the DSS-
treated group (C and D) are shown. These were scored according to
the murine endoscopic index of colitis severity scale, and the scores
for the 2 groups (bar graph) were significantly different (P < 0.001).
The effect of the model on body weight (line graph) is shown in the
line graph comparing control (solid line) and DSS-treated groups
(dashed line).
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mADb against rat 1gG2a at 4°C for 30 minutes and subjected to
flow cytometry (FACScan; BD Biosciences, San Jose, CA).

Radiolabeling

For imaging studies, the immunoconjugates were radio-
labeled with ®*Cu as previously described.’ For example, to 2 mCi
64Cuin 5 to 10 wL HCI (0.04 N) was added 3 volume equivalents
of acetate buffer (pH 5, 0.1 M). To this was added the antibody
(e.g., 250 pg, 75 pL), also in acetate buffer. After 30 minutes of
incubation at 25°C, 1 pL of the reaction was added to 9 pL
phosphate buffer (PB; 0.1 M, pH 8) containing 100 mM
ethylenediamine-tetraacetic acid (EDTA). After 5 minutes, 1 pL
of the solution was spotted onto an ITLC plate (ITLC SG; Biodex,
Shirley, NY), which was allowed to air-dry and then developed
using PB/100 mM EDTA as the mobile phase. The plate was cut
into 4 sections and radioactivity in the sections was assayed using
a gamma counter. Using these conditions, labeled antibody remains
at the baseline of the plate with free copper moving with the solvent
front. If the radiochemical purity was less than 95%, the labeled Ab
was purified using Centricon spin filters. Once the radiochemical

FIB504.64
Untreated control

FIB504.64
DSS-treated

DATK32
Untreated control

DATK32
DSS-treated

DAPI

purity of the labeled Ab was 95% or greater, it was diluted to
a protein concentration of 500 pg/mL and sterile filtered (0.2
pm) before injection.

Biodistribution Studies

After colitis was established in the mice, the ®*Cu-labeled
antibody was injected into the tail vein (50 pg protein, 2.0-6.8
MBq [54-183 pCi], in 0.1 mL saline). Small animal PET data
were collected for 30 minutes at 1, 24, and 48 hours postinjection
(p.1.) for the DATK32 studies, and at 1, 4, and 24 hours p.i. for the
FIB504.64-F(ab’), and FIB504.64-Fab studies. Different data col-
lection schedules were used because of the large differences in
clearance half-lives between the whole antibodies and the much
smaller fragments. After the final imaging study, the mice were
killed by CO, inhalation and an ex vivo biodistribution study was
performed. Selected tissues were collected, weighed, and radioac-
tivity was measured. Small animal PET images were analyzed using
AMIDE software."® Data from volumes of interest (VOIs) within
tissues of interest (liver, kidney, lung, muscle, brain, and gut) were
used to calculate biodistribution throughout the imaging study.

DAPI 1°om

FIGURE 3. Images of frozen sections of mouse colon stained for imflammation targets using fluorescent immunohistochemistry. These images
show the larger population of target B, integrin monomer positive cells and o4, positive cells in DSS-treated colon compared with controls.
Control or DSS-treated tissue was stained for f3; integrin monomer using antibody FIB504.64 (A-H), or a3, integrin using antibody DATK32 (I-P).
Antibody binding was detected using a donkey anti-rat IgG2a secondary antibody. The tissue was counter-stained with DAPI to show cell nuclei
(B-N), and these 2 images were overlaid for comparison (C-O). Panels D-P show the low level of staining obtained when the primary antibody was

omitted. Scale bar is 100 um (D).
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Statistical Analysis

Statistical analyses were performed using GraphPad Prism
(Version 5.04) for Windows (GraphPad Software, La Jolla, CA). Ex
vivo biodistribution data for control and DSS treated groups were
compared using a 2-tailed, unpaired Student’s ¢ test. Differences
were considered statistically significant at the 5% level (P <
0.05). Unless otherwise stated, data are reported as the mean (= SD).

ETHICAL CONSIDERATIONS
All animal procedures were performed under a protocol
approved by the Boston Children’s Hospital Institutional Animal
Care and Use Committee or the Tel-Aviv University Institutional
Animal Care and Use Committee.

RESULTS

Experimental Colitis Model

Example images of inflamed colon and the murine
endoscopic index of colitis severity inflammation scores are
presented in Figure 2. The score for control mice (1.7 * 0.8)
was significantly different from that for DSS-treated mice
(8.0 = 0.9, P < 0.001). Colitis caused by DSS resulted in the
characteristic increase and then decrease in body weight (Fig. 2)
as reported previously.’

The cellular effects of DSS treatment were investigated
using fluorescent immunohistochemistry. Images of the distribu-
tion of B,- and a4f3;-positive cells are shown in Figure 3. There
are fewer f3,-positive cells in control mouse colon (3A) than in the
abluminal regions of the DSS-treated colon (3E). Similarly, there
are fewer o4 5-positive cells in untreated mouse colon (31) than in
DSS-treated colon (3M). The population of o, fs-positive cells in
DSS-treated colon (3M) is smaller than the total B;-positive pop-
ulation (3E).

Comparing the blood clearance of the proteins, for the 2
intact antibodies the radioactivity in the blood for DATK32, the
anti-o4f37 antibody, at 24 hours p.i. was 23.3 = 3.0% ID/g com-
pared with 12.9 = 2.1% ID/g for FIB504.64, the whole anti-f7
antibody (Fig. 4).> As anticipated, at 24 hours p.i. the concentra-
tion of the antibody fragments in the blood was much lower than
that of the intact antibodies (FIB504.64-F(ab’),: 4.09 = 0.4% ID/
g; FIB504.64-Fab: 0.62 = 0.2% ID/g).

Antibody Radiolabeling

The BFC-conjugated antibodies retained antigen binding as
evidenced by flow cytometry (data not shown). They were radio-
labeled with ®*Cu to specific activities of 74 to 146 MBg/mg (2-4
mCi/mg). Radiochemical purity was always >95% before injection.

In vivo Distribution of Anti-o4p3; and Anti-3,
Immunoproteins

Small animal PET data were collected from 1 to 48 hours
p.i. (Fig. 5). Values from organ VOIs were converted to %ID/g
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FIGURE 4. Blood pharmacokinetics of the radiolabeled antibodies in
mice. The whole anti-a,,f3; antibody (DATK32, diamonds) cleared less
rapidly than the anti-B, antibody fragments FIB504.64-F(ab’),
(squares) and FIB504.64-Fab (triangles).

and are presented as bar graphs in Figure 6. For the anti-o,f;
whole antibody, uptake in the gut region was lower than for
anti-B; whole antibody, but higher than for the smaller molecules.
Uptake of DATK32 in the large intestine was 3.8 = 0.5% ID/g
(4.6 = 0.5% ID/g in the control group), whereas intestinal uptake
of FIB504.64 was 5.7 = 2.0% ID/g (4.4 = 1.2% ID/g in healthy
controls). Overall, its tissue distribution is typical for a whole
antibody, with higher uptake in liver, kidney, and lung, reflecting
antibody excretion pathways and tissues containing large amounts
of blood.

Uptake of FIB504.64-F(ab’), in the gut of DSS-treated
mice was higher than in the controls at 4 hours p.i. (DSS-treated,
7.7 £ 2.0% ID/g; controls, 4.8 = 0.4% ID/g, P = 0.053) and had
cleared by 24 hours for the control group (2.2 * 0.5% ID/g) but
remained stable for the DSS-treated mice (4.8 * 2.3% ID/g). The
tissue with the highest uptake was the kidney, which reached
a peak at 4 hours (DSS-treated, 37.7 = 7.8% ID/g; controls,
33.4 = 6.5% ID/g). Uptake in the liver was very low for
a %*Cu-labeled protein (DSS-treated, 10.1 * 2.0% ID/g; controls,
6.4 = 1.4% ID/g), particularly in comparison with the intact
DATK32 Ab, which was labeled with ¢*Cu using DOTA rather
than NOTA as the BFC (**Cu-DOTA-DATK32 liver uptake was
11.2 = 1.2% ID/g in the control group and 10.1 = 1.4% ID/g in the
DSS-treated group).

Gut uptake of the FIB504.64-Fab molecule was higher in
the colitis group than the control group at 4 hours (DSS-treated,
5.9 = 0.9% ID/g; controls, 3.3 = 1.5% ID/g; P = 0.017), and then
cleared rapidly by 24 hours p.i. (DSS-treated, 2.2 * 1.1% ID/g;
controls, 1.4 % 0.3% ID/g). Kidney uptake was high at 4 hours
p.i. (DSS-treated, 34.6 = 11.3% ID/g; controls, 22.4 = 10.2%
ID/g) and decreased by the 24 hours time point (DSS-treated,
17.2 £ 4.5% ID/g; controls, 9.1 £ 1.3% ID/g).

The gut uptake concentration data are the mean of a VOI
drawn in the abdomen of the mice, which includes both the uptake
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FIGURE 5. Small animal PET images. Example coronal (top) and transaxial (bottom) images are presented showing the distributions of the radio-
labeled proteins (scale bar top right). The distribution of the DATK32 antibody was typical for an antibody, with radionuclide in the blood and liver,
and slightly higher uptake in the gut of DSS-treated mice at 48 hours p.i. Uptake of the FIB504.64-Fab in the gut was highest at 4 hours p.i. Gut uptake
of the FIB504.64-F(ab’), was evident at 1 hour, high at 4 hours (control at 4 h presented for comparison), and persisted out to 24 hours p.i.

in the gut itself and background. These data do not, therefore,
adequately represent the foci of high uptake evident in the images
of the DSS-treated mice. To better represent these foci of activity
in the gut VOIs, the %ID/g for each voxel was calculated for one
mouse from each of the six groups (DATK32, Fab and F(ab’);
treated and control) at each imaging time point. These data are

534 | www.ibdjournal.org

presented in Figure 7 as count-frequency graphs where the %ID/g
in each voxel is plotted against the frequency with which each %
ID/g value occurs. Thus, background uptake is represented by
a large number of voxels with low %ID/g to the left of the graph,
whereas focal uptake results in peaks to the right of the graph with
higher %ID/g values.
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FIGURE 6. Bar graphs of imaging-based biodistribution of gut uptake of the radiolabeled antibodies at 1, 4 and 24 hours post injection (black,
gray, and white bars, respectively). The distribution of the whole antibody DATK32 was typical for a whole antibody, with slow clearance from
normal tissues (mean %ID/g, error bars SD). In contrast, the radiolabeled antibody fragments show higher uptake in the kidney compared with the

whole antibodies. Note differences in y-axes.

The data for the anti-o,4f3; antibody DSS-treated group are
consistent throughout the study, with all 3 data sets approximating
a symmetric distribution centered on 2% ID/g. In contrast, whereas
the control group data starts with a large peak at approximately 2%
ID/g at 1 hour p.i., the maximum value shifts to 6% ID/g at 24
hours p.i. and then decreases to 4% ID/g at 48 hours p.i.

The count frequency graphs for the anti-B; antibody frag-
ments FIB504.64-F(ab’), and FIB504.64-Fab look quite different
from those observed for the anti-o,3; whole antibody. For the
DSS-treated animals, the data for antibody fragments reveal a more
heterogeneous distribution with a large number of voxels with high
uptake values at 1 and 4 hours with a peak at 12% to 14% ID/g for
FIB504.64-F(ab’), and a peak at approximately 5% ID/g for
FIB504.64-Fab. For FIB504.64-F(ab’),, the 24 hour p.i. data re-
solves toward a more normal distribution centered at approximately
7% ID/g, 3 to 4 times higher than in the control animals. For

FIB504.64-Fab, the 24 hour data are very similar to that for the
control animals suggesting for rapid clearance for FIB504.64-Fab
than for divalent (and slower clearing) FIB504.64-F(ab’),.

Ex vivo Distribution of Anti-o4p3; and Anti-f3,
Immunoproteins

Biodistribution data for the 3 proteins in the control and
DSS-treated mice and the results from statistical analysis of these
data are shown in Table 1.

For all 3 proteins, uptake in the stomach, small intestine,
and large intestine tended to be higher in the mice with colitis than
in the control group. This difference is statistically significant
(P < 0.05) for the anti-o4f3; antibody in large intestine (3.61
versus 2.61% ID/g), as it is for the anti-B3; antibody (6.49 versus
3.64% ID/g) and for its fragment FIB504.64-F(ab’), in stomach
(1.67 versus 0.95% ID/g) and large intestine (5.46 versus 1.74%
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FIGURE 7. Count-frequency line graphs of gut uptake of the radiolabeled antibodies reflecting the heterogeneity of radiolabeled antibody dis-
tribution at 1, 4 and 24 hours post injection (solid, dashed, and dotted line, respectively). The data for the control animal approximates a normal
distribution whereas that for the test animal represents the focal high uptake in regions of inflammation. Note differences in y-axes.

ID/g), but the differences were not statistically significant for
FIB504.64-Fab. The observation that larger differences between
DSS-treated and control animals are observed in the large intestine
than in other regions of the gut is consistent with the fact that DSS
is known to have a greater effect on the large intestine than on the
rest of the digestive tract.® The distribution of the **Cu-labeled anti-
o4f3; antibody in nontarget tissue is typical for an antibody with
some uptake in the liver and spleen and low uptake in muscle,
bone, and brain. Kidney uptake of the smaller fragments was higher
in the DSS-treated mice than in control animals (FIB504.64-F
(ab’),: DSS-treated, 28.1% ID/g; control, 13.7% ID/g;
FIB504.64-Fab: DSS-treated, 37.4% ID/g; control, 17.2% ID/g).

DISCUSSION

We previously reported increased accumulation of the
64Cu-labeled anti-B7 antibody FIB504.64 in the intestine of

536 | wwwi.ibdjournal.org

DSS-treated mice.” In this study, we extended this investigation
using the ®*Cu-labeled anti-a,4f3; antibody DATK32, which only
targets a,4B5-positive lymphocytes, the subset of the total leuko-
cyte population that is involved in the recruitment of lymphocytes
to sites of inflammation. We assessed the populations of ;- and
a4P-positive cells in the colons of DSS-treated mice using fluores-
cent immunohistochemistry and found that, as expected, the a3,
population was smaller. This provides a reasonable explanation for
why the ratio of intestinal uptake in control and colitis groups is
lower for DATK32 than for FIB504.64 (ratio of uptake in colitic
and control large intestine: FIB504.64 = 1.78; DATK32 = 1.38).
This result also suggests that there is no strong rationale for fur-
ther development of DATK32 as a PET agent for colitis. We
therefore turned to the goal of improving the pharmacokinetics
of %*Cu-labeled FIB504.64. Specifically, we reduced the size of
the protein to increase its clearance rate from normal tissues,
and decrease the time required between injection of the tracer
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TABLE 1. Ex Vivo Biodistribution of the Radiolabeled Antibodies in Control and DSS-treated Mice at 48 Hours

(DATK32) or 24 Hours (FIB Fragments) Post Injection

DATK32 FIB504.64-F(ab’), FIB504.64-Fab
Control DSS Control DSS Control DSS
Blood 14.8 (2.2) 9.41 (3.3) 4.46 (1.8) 4.09 (0.4) 0.45 (0.2) 0.51 (0.1)
Heart 4.43 (1.3) 3.20 (0.8) 1.96 (0.6) 2.30 (0.6) 0.57 (0.2) 1.15 (0.2)
Lung 7.24 (1.2) 8.82 (4.3) 3.52 (0.3) 3.22 (0.3) 1.74 (1.4) 1.72 (0.2)
Liver 11.2 (1.2) 10.1 (1.4) 2.54 (0.6) 4.35 (0.7) 1.9 (0.5) 3.07 (0.2)
Spleen 8.95 (1.8) 11.5 (2.7) 7.73 (0.7) 9.46 (4.2) 4.92 (2.8) 5.21 (2.0)
Kidney 7.58 (0.9) 6.11 (1.6) 13.7 (4.0) 28.1 (5.3) 17.2 (6.7) 37.4 (10.2)
Brain 0.46 (0.07) 0.37 (0.1) 0.14 (0.05) 0.13 (0.04) 0.04 (0.02) 0.05 (0.0)
Muscle 1.00 (0.3) 0.93 (0.4) 0.54 (0.1) 0.36 (0.04) 0.16 (0.07) 0.26 (0.1)
Bone 2.43 (0.9) 2.15 (0.8) 1.45 (0.2) 1.35 (0.27) 0.63 (0.09) 1.27 (0.9)
Stomach 1.97 (0.5) 2.56 (1.9) 0.95 (0.04) 1.67 (0.4) 0.74 (0.6) 0.85 (0.1)
1.30 1.75 1.15
Small intestine 3.14 (0.3) 3.32 (0.5) 2.23 (0.5) 3.61 (1.5) 1.44 (0.4) 1.80 (0.7)
1.06 1.61 1.25
Large intestine 2.61 (0.2) 3.61 (0.8) 1.74 (0.5) 5.46 (2.4) 1.65 (0.6) 3.04 (1.7)
1.38 3.15 1.84
N = 5 5 4 5 4

Data presented are means of % injected dose per gram (SD in parenthesis). Italic font indicates the ratios of control to DSS data, bold font indicates significant difference (P < 0.05)

between control and DSS-treated groups (Student’s 7 test).

and imaging whereas hoping to maintain a high target-to-
background ratio. The caveat to this approach is that increasing
the clearance rate also tends to decrease the absolute uptake of
tracer in the target tissue. This approach has proved to be useful in
tumor imaging’; but to the best of our knowledge, it has not yet
been applied to imaging inflammation.

In these studies we found that, whereas the clearance of the
Fab molecule from nontarget tissues was more rapid than for the
F(ab’),, the ratios between control and colitic gut uptakes for
the F(ab’), were higher, primarily due to higher uptake in the
inflamed tissue. Also, uptake of the tracer in the inflamed gut seems
to be relatively more sustained for the F(ab’), compared with the
Fab, as indicated by the higher peak of the count-frequency graph
data at 24 hours. These effects probably result from the divalent
binding of the F(ab’), fragment to the integrin target compared with
the monovalent binding of the Fab fragment.

Although 4Cu-labeled DATK32 did not have the highest
uptake ratio between control and inflamed intestine of the 4 trac-
ers that we examined in this study, the ratio was greater than
1 (1.38). It could, therefore, still prove useful in the evaluation
of diseases that are caused by overexpression of the o457 integrin.
The a4P; integrin is also a viable therapeutic target, especially
given that the o4f;-positive lymphocyte population is predomi-
nantly responsible for cytokine production (Interferon-gamma and
tumor necrosis factor-alpha) in IBD.'¢ In this context, it is worth
noting that the count frequency distribution of ¢*Cu-labeled
DATK32 in the colitis group did not show focal uptake at higher

%ID/g values suggesting that this tracer (and thus the target) is
relatively evenly distributed throughout the gut. In contrast, the
intestinal uptake of *Cu-labeled FIB504.64 and its Fab and F
(ab), fragments, which bind to the B integrin monomer, is focal,
suggesting that the hot spots may be due to relatively high local
concentrations of agf;-positive lymphocytes.

One limitation of this study is the use of the DSS colitis
model. Although the DSS model is useful because it is highly
defined and predictable, resulting in colitis after 7 to 10 days,
other models, such as the T-transfer and Tbet KO model'”'® pro-
duce a colitis model with histopathological features that more
closely replicate those in human disease.

Another consideration is the radiation exposure to patients
during PET and computed tomography imaging. Typically, a PET
procedure will result in an absorbed dose of approximately 7 mSv
and a computed tomography scan will result in an absorbed dose
of approximately 10 mSv. To put this exposure in context, the
average annual radiation exposure from background sources in the
United States is 3.11 mSv."’

One unexpected observation in this study was the higher
uptake of the **Cu-labeled antibody fragments in the kidneys of the
colitic mice. Although higher renal accumulation of the antibody
fragments was expected because smaller proteins tend to excreted
by the kidneys, the 2-fold higher renal uptake of both antibody
fragments in colitic versus control animals was not expected. This
increased uptake could be due to a number of factors related to the
effects of DSS treatment such as dehydration, which would result in
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slower clearance. There was also a 20% difference in kidney weight
between the 2 groups (DSS-treated group 142 = 38 mg, n = 13;
control group 176 = 40 mg, n = 12, P < 0.05). Interestingly,
kidney uptake of the radiolabeled FIB504.64 and DATK32 anti-
bodies in DSS-treated mice was slightly lower than in control mice.

Poor renal function is a common symptom in patients with
colitis. Ranganathan et al*>*' examined the role of chemokines in
the interaction between the inflamed colon and the kidney and
found significant biological effects, including increased serum
creatinine levels (a marker of kidney damage), tubular injury,
and plugging of blood vessels by red blood cells. These changes
may have contributed to the differences observed in this study.
Furthermore, changes in kidney function are relevant to the clin-
ical translation of imaging agents such as these because increased
tracer uptake by the kidneys will lead to a corresponding increase
in the radiation dose to the kidneys.

In this study, we expanded on our previous study of PET
imaging of colitis using **Cu-labeled FIB504.64 by investigating
a related antibody, DATK32, that targets a,f;, a subset of the
B,-positive integrin lymphocyte population that is targeted by
FIB504.64 and found that it provides less focal uptake than
FIB504.64 and that the colitis-to-control animal uptake ratio in the
intestine was lower. We also evaluated 2 fragments of FIB504.64,
Fab and F(ab’),, to determine whether their uptake in the target was
similar to that observed for the intact antibody whereas simulta-
neously providing faster clearance from nontarget tissues, and found
that FIB504.64-Fab is not well retained in the diseased gut. In con-
trast, **Cu-labeled FIB504.64-F(ab’), has high and persistent uptake
in inflamed gut combined with rapid clearance from nontarget tis-
sues. Thus, future work will focus on ®Cu-labeled FIB504.64-F
(ab),, including its comparison with other imaging biomarkers of
colitis such as radiolabeled leukocytes, ['®F]FDG, and magnetic
resonance imaging in a more clinically relevant model of colitis.
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