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Abstract

Purpose Metabolic imaging using ['*F]JFDG is the current standard for clinical PET; however, some malignancies (e.g., indolent
lymphomas) show low avidity for FDG. The majority of B cell lymphomas express CD20, making it a valuable target both for
antibody-based therapy and imaging. We previously developed PET tracers based on the humanised anti-CD20 antibody
obinutuzumab (GA101). Preclinical studies showed that the smallest bivalent fragment, the cys-diabody (GAcDb, 54.5 kDa)
with a peak uptake at 1-2 h post-injection and a biological half-life of 25 h, is compatible with short-lived positron emitters such
as fluorine-18 (**F, t;, 110 min), enabling same-day imaging.

Methods GAcDb was radiolabeled using amine-reactive N-succinimidyl 4-['®F]-fluorobenzoate (['®*F]SFB), or thiol-reactive
N-[2-(4-["*F]-fluorobenzamido)ethyl]maleimide (['*FJFBEM) for site-specific conjugation to C-terminal cysteine residues. Both
tracers were used for immunoPET imaging of the B cell compartment in human CD20 transgenic mice (hCD20TM). ['*F]FB-
GAcDb immunoPET was further evaluated in a disseminated lymphoma (A20-hCD20) syngeneic for hCD20TM and compared
to ['®F]FDG PET. Tracer uptake was confirmed by ex vivo biodistribution.

Results The GAcDb was successfully '*F-radiolabeled using two different conjugation methods resulting in similar specific
activities and without impairing immunoreactivity. Both tracers (['*F]FB-GAcDb and ['*FJFBEM-GAcDb) specifically target
human CD20-expressing B cells in transgenic mice. Fast blood clearance results in high contrast PET images as early as 1 h post
injection enabling same-day imaging. ["®F]FB-GAcDb immunoPET detects disseminated lymphoma disease in the context of
normal tissue expression of hCD20, with comparable sensitivity as ['*F]JFDG PET but with added specificity for the therapeutic
target.

Conclusions ['*F]FB-GAcDb and ['*FJFBEM-GAcDb could monitor normal B cells and B cell malignancies non-invasively and
quantitatively in vivo. In contrast to [ *F]JFDG PET, immunoPET provides not only information about the extent of disease but
also about presence and localisation of the therapeutic target.
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Introduction

Positron emission tomography (PET) using ['*F]fluoro-
deoxyglucose (FDG) combined with computed tomography
(CT) has become the standard clinical imaging application in
lymphoma [1]. FDG PET/CT plays a crucial role in staging
[2-4] and response evaluation in Hodgkin (HL) and non-
Hodgkin lymphomas (NHL) [5, 6]. While metabolic imaging
facilitates noninvasive imaging of lymphoma, the only con-
clusive diagnostic method for HL and NHL is highly invasive
tissue biopsies that delineate the genetic and phenotypic dif-
ferences between lymphoma types [7].

Further limitations of FDG include nonspecific uptake
in nonmalignant tissues (e.g., inflamed tissues) and in dif-
ferent cell types of the tumour microenvironment with high
metabolic activity (e.g., immune cells, stromal cells) [8].
Malignant lymphomas often exist as disseminated disease
with single or confluent tumours presenting a wide range
of volumes and heterogenous uptake [3, 9]. Some forms of
NHL show low FDG avidity, e.g., MALT marginal zone
lymphoma, small lymphocytic lymphoma and cutaneous B
cell lymphoma [2, 7].

ImmunoPET, utilising the specificity of antibodies,
could provide additional phenotypic information regarding
the presence or modulation of a B cell specific target, and
has the potential to improve diagnosis, therapy selection
and patient stratification. The B cell antigen CD20 is
expressed on B lymphocytes, with minimal or no expres-
sion on early pre-B cells, plasma cells or other normal
cells. CD20 expression on B cell malignancies is an im-
portant biomarker and therapy target, as evidenced by the
clinical success of anti-CD20 monoclonal antibodies
(mAbs) rituximab, ofatumumab, obinutuzumab and the
radioimmunotherapeutic ibritumomab tiuxetan [10, 11].
Anti-CD20 mAbs have also shown clinical benefits in the
treatment of the autoimmune disorder rheumatoid arthritis
(RA) and are in clinical trials for systemic lupus erythema-
tosus (SLE) and multiple sclerosis (MS) [12].

While radiolabeled full-length IgGs have been success-
fully used for PET imaging [13, 14], their long plasma
half-life and their therapeutic activity are disadvantageous
for both prompt and repeated imaging. We previously de-
veloped CD20-specific immunoPET tracers using
obinutuzumab (GA101) based antibody fragments
radiolabeled with zirconium-89 (*°Zr) or iodine-124 (}**1)
and showed antigen specific targeting of malignant and
endogenous B cells in vivo [15]. The smallest bivalent
fragment, the cys-diabody (GAcDb, 55 kDa), presents a
suitable compromise between tumour uptake (peak
uptake 1-2 h) and blood clearance (t;,, 2-5 h) that aligns
with the half-life of 'F (t;» 110 min), the most broadly
used PET radionuclide [16]. '®F-radiolabeling of GAcDb
could enable same-day imaging and lower radiation
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exposure compared with the longer-lived 2“1 (t,» 4.2 days)
and *°Zr (t;» 3.3 days). Furthermore, I8F has almost ideal
imaging properties, with a high positron yield (97%), low
mean positron range (0.5 mm) and no simultaneous gamma
ray emission that would increase background.

Although 'F is readily available in most radiopharmacies,
the synthesis of prosthetic groups and the generation of '*F-
labeled antibody fragments can require elaborate procedures
under time constraints caused by the short half-life. These chal-
lenges can be overcome by automated chemistry stations that
enable the synthesis of prosthetic groups for radiofluorination
of peptides and proteins [17, 18]. The most common prosthetic
group, N-succinimidyl 4-['*F]-fluorobenzoate (['*F]SFB),
forms a stable amide bond by reacting with primary amine
groups (lysine residues) [19]. ['®F]SFB has been used success-
fully for the radiolabeling of diabodies [20, 21], scFv [22] and
nanobodies [23, 24]. Alternatively, the thiol-reactive labelling
agent N-[2-(4-['®F]-fluorobenzamido)ethyl]maleimide
(["*FJFBEM) can be used for site-specific conjugation to cys-
teine residues [25], as shown for affibodies [26], and epidermal
growth factor (EGF) [27].

For preclinical imaging evaluation of the '*F-labeled anti-
human CD20 GAcDb, a major consideration is the selection
of a murine model of lymphoma. Most common are human
xenograft models, based on homogenous cell lines, and im-
planted subcutaneously into immunodeficient mice. However,
these xenograft models do not represent lymphomas that di-
rectly arise from immune cells, and they lack the complex
interactions between cancer and the immune system that are
of great interest in therapeutic and imaging studies.
Transgenic models of lymphoma (e.g., altered c-Myc and
Bcl-2 proteins) represent more realistic disease models [28,
29], but are not useful for studying antibodies targeting human
antigens.

In this study, we used a transgenic mouse model express-
ing human CD20 (hCD20TM, BALB/c x hCD20) specifi-
cally on mature B cells (splenic B cells, B cells of lymph
node, peritoneal cavity and peripheral blood) to compare
in vivo targeting and biodistribution of GAcDDb labeled with
either ['®F]SFB or site-specifically with ['*F]JFBEM [30].
For a more physiologically and clinically relevant lympho-
ma model we used a syngeneic B cell lymphoma cell line
transduced to express human CD20 (A20-hCD20) [31].
When injected intravenously into hCD20TM, the dissemi-
nated lymphoma grows nodular lesions primarily in the liv-
er and spleen, mimicking the natural development of an
aggressive human lymphoma (diffuse large B cell lympho-
ma, DLBCL) [32]. This lymphoma model enables imaging
in the context of normal tissue expression of hCD20. Serial
imaging using [ *F]FDG PET/CT followed the next day by
['®F]FB-GAcDb immunoPET/CT was conducted on mice
with limited or extensive disease and on mice injected with
antigen negative A20 cells as control.
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Materials and methods
Radiosynthesis

2-deoxy-2-['®F]fluoro-D-glucose (['®*F]FDG), N-
succinimidyl 4-['®F]-fluorobenzoate (['*F]SFB) and
N-[2-(4-["*F]fluorobenzamido)ethylJmaleimide (['*F]FBEM)
[25] were generated using the ELIXYS automated
radiosynthesizer (Sofie Biosciences) [33]. Radiochemical pu-
rity was confirmed to be >95% by radio-HPLC, and radio-
chemical identity was confirmed in analytical HPLC by com-
parison with co-injected standard.

Radiolabeling of GAcDb

Cloning, production and purification of the obinutuzumab-
based cys-diabody GAcDb has been described previously
[15].

For random labelling to lysine residues, ['*F]SFB was re-
suspended in sodium borate buffer (150-300 MBq in 100 uL
SBB 50 umol/L, pH 8.7) and incubated with GAcDb (100-
200 pg in 200 uL. SBB) for 10 min at 34 °C. For site-specific
radiolabeling ['*F]FBEM (330 MBq in 30 uL PBS) was in-
cubated with reduced (10-fold molar excess, 2 h, 22 °C,
TCEP, Sigma-Aldrich) GAcDb (100 pg in 30 uL. PBS) for
15 min at 22 °C. Excess prosthetic groups were separated
from the conjugate using Micro Bio-Spin size exclusion col-
umns (Bio-Rad) pre-blocked with PBS, 1%FBS. Labelling
efficiency and radiochemical purity were analysed using
ITLC strips (for monoclonal antibody preparation, Biodex
Medical Systems) with saline as solvent (Wizard 3’ 1480
Automatic Gamma Counter, Perkin Elmer). The immunore-
active fraction of radiolabeled GAcDb was determined by
incubation with excess antigen expressing cells (A20-
hCD20) and control cells (A20) for 1 h at 22 °C as described
previously [15].

Syngeneic disseminated B cell ymphoma model

All procedures performed in studies involving animals were in
accordance with the ethical standards of the University of
California Los Angeles (UCLA) Animal Research
Committee. Murine A20 BALB/c B cell lymphoma line
(ATCC) and A20 cells transduced with a lentivirus encoding
the human CD20 gene (A20-hCD20, clone R2D2) [34] were
cultured in RPMI1640 supplemented with 10% FBS and
50 wmol/L 2-mercaptoethanol (Life Technologies). Human
CD20 transgenic mice (hCD20TM), a kind gift from Mark
Shlomchik, Yale University, have been described previously
[30, 34] and were backcrossed onto BALB/c backgrounds and
genotypes confirmed by PCR (Fig. S1). A20 or A20-hCD20
cells were washed three times using Hank’s Balanced Salt

Solution (HBSS) buffer and injected intravenously (lateral tail
vein, 1 x 10° cells/100 uL HBSS).

ImmunoPET/CT imaging, ROI analysis
and biodistribution

PET imaging (Inveon, Siemens) was performed under 2%
isoflurane anaesthesia followed by a CT scan (MicroCAT,
Siemens). Optional FDG-PET (10 min static scan) was con-
ducted 24 h prior to immunoPET imaging, using 3.7 MBq of
['*F]FDG, followed by 1 h conscious uptake. For
immunoPET, mice were injected with 15-20 pug (3.7-
7.4 MBq) of either ['*F]JFB-GAcDDb or ['*F]FBEM-GAcDb.
One- or two-hour dynamic PET acquisitions were followed by
ten minute static scans at 2, 4 and 6 h post injection (p.i.). PET
images were reconstructed using maximum a posteriori
(OSEM MAP) algorithm, and PET and CT images are pre-
sented as maximum intensity projection (MIP) overlays.
AMIDE software was used for image analysis [35]. For quan-
titation of the PET signal in specific organs, 3D regions of
interest (ROI) were drawn and the mean voxel value was
converted to %ID/ccro; using the decay corrected injected
dose and an empirically determined cylinder factor for '°F.

Ex vivo biodistributions were performed by weighing and
gamma counting tissues and calculating %ID/g values based
on standards containing 1% of the injected dose.

Statistical analysis

Data values are reported as mean + SD unless indicated other-
wise. Ex vivo biodistribution values are depicted as box-and-
whiskers (min to max) graphs. For statistical analysis multiple
t-tests (Holm-Sidak method, GraphPad Prism) were
performed.

Results
Radiolabeling of GA101 cys-diabody (GAcDb)

GAcDb was successfully '®F-radiolabeled using two different
approaches. For random labelling, the amine reactive prosthetic
group N—succinimidyl-4-[lgF]ﬂuorobenzoate (['"®F]SFB) forms
covalent amine bonds with surface exposed lysine residues
(["F]JFB-GAcDb, Fig. 1a). For site-specific conjugation to the
C-terminal cysteine residues (cys-tag), the sulthydryl reactive
prosthetic group N-[2-(4-['*F]fluorobenzamido)ethyljmaleimide
([("*F]JFBEM) was used, resulting in ['*FJFBEM-GAcDb (Fig.
1b). SDS-PAGE analysis shows the unconjugated GAcDb mi-
grating with an apparent molecular weight of approximately
55 kDa corresponding to the covalent homodimer (Fig. lc,
lane 1). Incubation with TCEP results in complete reduction of
solely the solvent exposed C-terminal disulphide bond and the
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Fig. 1 Radiolabeling of GA101 a
cys-diabody (GAcDb). a
Schematic of random labelling
using the amine reactive
prosthetic group N-succinimidyl- i
4-["®F]fluorobenzoate (['*F]SFB)

to deprotonated lysine residues
(50 mM NaBOj; pH 8.7) resulting

in ['®F]FB-GAcDb. b Schematic

of site-specific conjugation using

the sulthydryl reactive prosthetic

group ['*F]-4-fluorobenzoamido- b
N-ethylamino-maleimide

(["*FJFBEM) to the C-terminal

cysteine residues (after mild Q@
reduction using TCEP) resulting

in ["*FJFBEM-GAcDb. ¢ SDS-

PAGE analysis of site-specific

conjugation (non-reducing

conditions). GAcDD (lane 1), with

TCEP (lane 2), reoxidised after

TCEP removal (lane 3),

conjugated with ['*FJFBEM in

the presence of TCEP (lane 4) or

after TCEP removal (lane 5). d

Size exclusion chromatography (o]
of FBEM-GAcDb and
unconjugated GAcDb
demonstrates that FBEM
conjugation did not disrupt kDa
diabody conformation. Protein 160- =
standards are indicated by dashed 1;2' -
lines 60-| B
50-
40-
30-
20-
15-
10-
3.5
d
100
£
<
(=}
Q 50
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©
£

diabody migrates as scFv monomer My 27.3 kDa) (Fig. lc,
lane 2). After TCEP removal (by size exclusion spin column)
the GAcDDb reoxidises to its covalent dimeric conformation with-
in 24 h (Fig. lc, lane 3). Incubation of the reduced GAcDb with
['"®F]JFBEM and with TCEP present or with TCEP removed,
leads to site-specific conjugation, blocks reoxidation of the cys-

@ Springer
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tag and ['*FJFBEM-GAcDb migrates as monomer (Fig. Ic, lane
4, 5). Additional bands in lanes 4 and 5 are due to FBS blocking
of the size exclusion spin columns used for purification of the
conjugates. To confirm the stable non-covalent diabody confor-
mation of FBEM-GAcDD, size exclusion chromatography was
performed and the elution profile compared to unconjugated
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GAcDb (Fig. 1d). Both proteins eluted as single peaks at
22.7 min, corresponding to the molecular weight of approximate-
ly 55 kDa, confirming that the FBEM conjugation did not disrupt
the diabody conformation.

Both radiolabeling methods were carried out in about
30 min and resulted in comparable specific activities of 0.48
+0.19 MBg/ug for ['*F]FB-GAcDb and 0.48 +0.11 MBq/ug
for ['*FJFBEM-GAcDb, respectively. Radiochemical purity
after size exclusion spin column was >95% and 'SF-
radiolabeled GAcDb retained specific binding to CD20-
expressing cells. Radiolabeling results are summarised in
Table 1.

'8F-labeled GAcDb targets B cells in human CD20
transgenic mice

['®F]FB-GAcDb or ['*FJFBEM-GAcDb (15 pug) were
injected i.v. into hCD20TM, and dynamic PET scans (1-2 h)
followed by 10-min static scans of the same mouse at 2 and
4 h post injection (p.i.) were acquired (Fig. 2). ['®F]FB-
GAcDb (Fig. 2b) showed rapid targeting to the B cell contain-
ing spleen with activity visible as early as 10 min p.i. and
peaking around 30-60 min p.i. The signal in the kidneys and
the bladder increased over time indicating clearance/excretion
of the tracer primarily through the kidneys and into the urine.
Activity in the kidneys was highest around 1 h p.i. and de-
creased continuously while antigen-specific retention in the
spleen was more steady, resulting in high-contrast PET images
at4 hp.i.

In comparison, ['*FJFBEM-GAcDb (Fig. 2c) showed ear-
lier (5 min p.i.) and higher target specific accumulation in the
spleen peaking at 30 min p.i. followed by a steady decrease of
the radioactivity signal. The signal in the heart (estimating the
activity in the blood pool) decreased visibly from 10 min p.i.
on, indicating a more rapid blood clearance compared with
['®F]FB-GAcDb. Similar to ['*F]JFB-GAcDb, the site-
specific conjugated [ *FJFBEM-GAcDb showed primarily re-
nal clearance with activity visible in the kidneys after 10 min
and in the bladder at 30 min p.i. Approximately 60 min p.i.
activity started to become visible in the gastrointestinal (GI)
tract, and 2 h p.i. accumulation of radiometabolites in the gall

bladder (GB) suggest a secondary hepatobiliary clearance
route.

HCD20TM imaged using the metabolic tracer ['*F]JFDG
showed only non-specific background activity in the
Harderian glands, heart, kidneys, intestines and bladder
(Fig. 3a). In contrast, both anti-CD20 immunoPET tracers
successfully visualised the normal tissue distribution of
hCD20 in spleen and lymph nodes (rescaled images in Fig.
3b and c). Notably, the smallest (popliteal) lymph nodes vis-
ible in the immunoPET scans are only about 1 mm? in size.
Although the signal in the spleen at 4 h p.i. is comparable
between the two tracers, the remaining activity in the intes-
tines for ['*FJFBEM-GAcDb obstructs the view of the ab-
dominal area. In conclusion, both ['*F]JFB-GAcDb and
['®FJFBEM-GAcDb show specific targeting of hCD20 B cells
and optimised pharmacokinetics to enable same-day imaging.

'8F-radiolabeling chemistry affects tracer
biodistribution and excretion

Quantitative region of interest (ROI) analysis of the
immunoPET scans was conducted for both tracers (Fig. 4a
and ¢). For the randomly labeled ['*F]JFB-GAcDb, peak up-
take in the target organ (spleen, ~18%ID/gro;) was reached
between 1 and 2 h p.i. followed by slow decrease of activity
thereafter. Activity in organs of clearance (kidneys) was
highest around 1 h p.i. at 20%ID/gro;. Highest target-to-
background ratio is achieved at later time points (> 2 h p.i.)
when activity has sufficiently cleared from the blood (heart)
and the kidneys (5-10%ID/groy). The tracer half-life as cal-
culated from the blood curve is t; gy 68.8 min.

In contrast, the site-specifically labeled ['*F]JFBEM-
GAcDD reached higher uptake in the spleen (38%ID/gror) at
earlier time points. Activity in organs of clearance (kidneys)
peaked around 0.5 h p.i. at 15%ID/gror. Therefore, to achieve
high contrast images without obstruction by nonspecific ac-
tivity in the GI tract, ['*F]JFBEM-GAcDb immunoPET would
be most suitable when very early imaging time points are
desired (around 1 h p.i.). The tracer half-life as calculated from
the blood curve is t; 5y 78.3 min.

Ex vivo biodistribution of mice injected with either
['®F]FB-GAcDb (4 h p.i., n=10) or ['*F]JFBEM-GAcDb

Table 1 Radiolabeling of GA101

cys-diabody (GAcDb) Parameter ['*F]FB-GAcDb ['*FJFBEM-GAcDb
Mean  Standard Number (1) Mean  Standard Number (n)
deviation (SD) deviation (SD)
Labeling efficiency [%] 37.7 34 7 17.7 4.6 5
Specific activity [uCi/ug]  12.8 4.6 7 12.9 3.1 3
Radiochemical purity [%]  96.2 3.1 6 96.8 53 4
Immunoreactivity [%] 61.2 4.7 5 73.2 n.d. 1
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Fig. 2 ImmunoPET imaging of
hCD20 transgenic mice shows
antigen specific retention in the
spleen. a ["®F]FB-GAcDb
immunoPET in wild type
BALB/c mice, 5.6 MBq/15 ng,
10 min static scan at 1,2 and 4 h
p.i. b ['®F]FB-GAcDb
immunoPET in hCD20TM,

14.8 MBq/24 ug, 5 min (5—

30 min p.i.) and 10 min (1-2 h
p.i.) frames from dynamic scan
and 10 min static scan (4 h p.i.). ¢
["*FJFBEM-GAcDb
immunoPET in hCD20TM,

4.3 MBq/12 pg. Primarily renal
clearance (kidneys, K) and
excretion into urine (bladder, B) is
visible. Increased gallbladder
(GB) and GI tract activity
suggests secondary excretion of
radiometabolites through the
hepatobiliary system.
ImmunoPET scans are depicted as
whole body MIP PET/CT overlay

5 10

a ['*F]JFB-GAcDb in BALB/c

b ['8F]FB-GAcDb in hCD20TM

120 240 min

%ID/g
20.0

1.0

30 120 240 min

%ID/g
20.0
|

C ['®F]JFBEM-GAcDb in hCD20TM

(6 h p.i., n=4) confirmed the spleen as the organ with the
highest uptake (Fig. 4b and d, Table S1). We did not observe
a difference in %ID/g in the liver, although higher remaining
activity in the intestines (GI tract including contents) at 6 h p.i.
was confirmed for ['*FJFBEM-GAcDb indicating clearance
through the hepatobiliary system and excretion with the feces.

[*®F]FB-GAcDb immunoPET of disseminated B cell
lymphoma in the context of normal tissue expression
of human CD20

Murine syngeneic B cell lymphoma cells (A20) engineered to
express human CD20 (A20-hCD20) with an antibody binding
capacity of ~45,000/cell (Fig. S2) were implanted into immu-
nocompetent transgenic mice (BALB/c x hCD20).
Intravenous injection of A20 lymphoma cells results in the
dissemination of cells to the liver, and macroscopic examina-
tion showed prominent nodules on the liver surface after ap-
proximately 2—3 weeks (Fig. 5). Mice were grouped as ‘lim-
ited disease’ with multiple tumour lesions visible in the liver,
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240 min

%ID/g
200
|

1.0

but without a change in average liver weight (1.55+0.3 g, n=
4) and ‘extensive disease’ with significant tumour lesions vis-
ible and enlargement of livers (3.0 + 0.7 g, n = 6). Target tissue
uptake was compared to control groups of non-lymphoma
bearing hCD20TM (n=7) and hCD20TM injected with
CD20-negative A20 (limited disease, liver weight: 1.32 £
0.07 g, n=4).

["®F]FB-GAcDb was chosen to image disseminated B cell
lymphoma despite its slower pharmacokinetics and lower
spleen uptake because the primarily renal clearance results in
low nonspecific background in the abdomen. The current
standard for clinical PET ['*F]FDG was included for compar-
ison. Mice were imaged with ['*F]FDG after 1 h conscious
uptake and the following day the same mice were imaged with
["®F]FB-GAcDb (20 pg) at 4 h p.i.

In CD20-negative limited disease (A20) ['*F]JFDG detects
lymphoma lesions in the liver (Fig. 5a). ['*F]JFB-GAcDb
shows no nonspecific uptake in antigen negative metastases
in the liver but targets CD20-expressing B-cells in the spleen
and lymph nodes (Fig. 5a). CD20-positive (A20-hCD20)
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10.0

Fig. 3 Radiolabeling chemistry affects biodistribution/excretion of
the tracer in hCD20 transgenic mice. a Mice (hCD20TM) were
imaged after i.v. injection of approx. 3.7 MBq ['*F]JFDG and conscious
uptake for 1 h. Nonspecific uptake is visible in Harderian glands (HG),
heart (H), brown fat (BF), kidneys (K), intestines (GI) and bladder (B). b
The same mouse was imaged the following day by ['*F]FB-GAcDb
immunoPET, 4 h p.i., and specific uptake in the spleen (S) and lymph
nodes (white arrows) is visible: cervical (CLN), axillary (ALN) and

limited disease in the liver was detected by ['*FJFDG-PET and
by ['*F]JFB-GAcDb with comparable sensitivity (Fig. 5b).
["®F]FDG also detected lymphoma nodules in the spleen.
["®F]FB-GAcDb specifically targeted CD20-positive lym-
phoid tissues and showed less nonspecific background. In mice
with extensive disease, ['*F]FDG uptake is visible in the liver
but is somewhat diffuse and obstructed by background activity
in the heart and the kidneys (Fig. 5¢). ['*F]JFB-GAcDb
immunoPET images of the same mice show distinct antigen-
specific uptake in the liver nodules. CD20-positive lymphoid
organs also show specific tracer uptake while less nonspecific
background activity is seen in other tissues.

Ex vivo biodistribution confirmed the spleen as the organ
with the highest uptake (17.7 +4.3%ID/g) in hCD20TM
(Fig. 6, Table S2). Average uptake in the normal liver was
1.5+£0.5%ID/g. In CD20-positive lymphoma bearing mice
(A20-hCD20), uptake in the liver was significantly higher
for mice with both limited or extensive discase (2.4 +
0.2%ID/g, p=0.0037 and 4.8 + 1.2%ID/g, p <0.0001, re-
spectively) and was not significantly different in mice with
antigen-negative disease (A20, 1.1 +0.2%ID/g). This was fur-
ther corroborated by the significantly increased total uptake in
the liver of 3.7+ 0.7%ID (p =0.0013) for limited disease and
14.7£5.6%ID (p <0.0001) for extensive disease compared
with 1.8 £0.7%ID in hCD20TM and 1.4 +0.3%ID in antigen
negative disease.

['®F]FB-GAcDb, 4 h p.i.

['®F]JFBEM-GAcDb, 4 h p.i.

%IDlg
5.0

D/n]D/g
5.0

brachial (BLN), inguinal (/LN), mesenteric (MLN), sciatic (SLN) and
popliteal (PLN). ¢ ImmunoPET imaging using ['*F]JFBEM-GAcDDb, 4 h
p.i. Specific spleen and lymph node uptake is visible. The secondary
secretion route of radiometabolites through the hepatobiliary system is
indicated by the high signal in the gallbladder (GB) and the intestines (GI)
and excretion of radioactivity with feces. Scans are depicted as PET/CT
overlay, whole body MIP. Black arrows indicate the location of the 2 mm
transverse section shown in the lower panel

At the same time, the uptake in the spleen decreased in
mice with limited and extensive disease (10.7+3.0 and 6.9
+2.0%I1D/g, respectively) compared with hCD20TM, pre-
sumably due to the antigen sink effect caused by higher tu-
mour burden. In contrast, the lower uptake value (9.6 +
2.8%ID/g) in the spleen of mice injected with CD20-
negative A20 lymphoma cells is likely caused by increased
mass due to tumour growth in the spleen (hCD20TM: 0.11 £
0.01 g; A20: 0.14+0.05 g; A20-hCD20 lim: 0.15+0.04 g;
A20-hCD20 ext.: 0.22+0.07 g).

Discussion

Metabolic imaging by ['*FJFDG PET has become the clinical
standard in the assessment of patients with aggressive non-
Hodgkin lymphoma (NHL) both for initial diagnosis and for
response after therapy. The most prevalent subtypes of aggres-
sive NHL (DLBCL, MCL, FL) are usually FDG-avid, and
FDG PET/CT can lead to upstaging in 10-20% of cases com-
pared with CT only [2], while low grade indolent lymphoma
can show little to no uptake of FDG. A molecular imaging
application that is specific for a tumour associated antigen
could facilitate visualisation of FDG-inert lymphomas and/or
complement FDG PET with phenotypic information.

@ Springer



496 Eur J Nucl Med Mol Imaging (2019) 46:489-500
Fig. 4 Ex vivo biodistribution 18 . b %D/
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We previously developed a small bivalent antibody frag-
ment (cys-diabody, GAcDb) based on the humanised, thera-
peutic, human CD20-specific antibody obinutuzumab
(GA101), and confirmed specificity for B cells in vivo [15].
In this work, we successfully radiolabeled GAcDb using pros-
thetic groups ['*F]SFB and ['*F]JFBEM [25, 36]. ['*F]FB-
GAcDb and ['*FJFBEM-GAcDb immunoPET showed rapid
(within 4-6 h p.i.) and antigen-specific targeting of CD20-
expressing B cells in vivo. Furthermore, ['*F]JFB-GAcDb
immunoPET/CT was successfully used to visualise a synge-
neic disseminated lymphoma model for DLBCL (A20-
hCD20) in the context of endogenous CD20 expression with
comparable sensitivity as ['*F]JFDG PET/CT but added spec-
ificity for the therapeutic target.

A major motivation for combining '®F with the diabody
format is the rapid clearance of the tracer, resulting in high
contrast immunoPET images at early time points; thus, en-
abling same-day-imaging. At the same time, minimisation of
radiation dose and exposure for the patient is a main feature of
short-lived radionuclides, particularly with an almost pure
positron emitter such as '°F.

The impact of the radiolabeling method on the biodistribution
and pharmacokinetics of GAcDb was evaluated in a human
CD20 transgenic mouse model (hCD20TM). Both labelling
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strategies were executed with similar reaction times and resulted
in comparable specific activities; however, the random labelling
to lysine residues using ['®F]SFB bears the risk of labelling
lysines located at or in the antigen binding sites. In contrast,
the site-specific conjugation using ['*FJFBEM is constrained
to the C-terminus, away from the antigen binding site and there-
by prevents interference with binding. The immune reactive
fractions of ['*F]JFB-GAcDb and ['*FJFBEM-GAcDb were
comparable to each other (ranging from 61 to 73%) and to
previously published data for '**I- and **Zr-labeled GAcDb
[15] confirming that the ['*F]-radiolabeling did not impair bind-
ing to hCD20-expressing cells.

["*F]FB-GAcDb and ['*F]FBEM-GAcDb differed in their
blood clearance and biodistribution in hCD20TM. The site-
specifically labeled ['*FJFBEM-GAcDb showed earlier and
higher spleen uptake and correlating faster serum clearance
compared with ['*F]JFB-GAcDb. While smaller antibody frag-
ments are filtered by the glomerulus, they are subsequently
reabsorbed and catabolised to smaller peptides which is the
major elimination process of antibody drugs. However, activ-
ity visible in the gallbladder and later in the gastrointestinal
tract (GI) suggests unfavourable hepatobiliary excretion of
["*FIFBEM-GAcDb radiometabolites, rendering it suitable
only for imaging at early time points or outside the lower
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Fig. 5 ImmunoPET of
disseminated B cell lymphoma
in the context of normal tissue
expression of human CD20.
Murine syngeneic lymphoma
cells (A20 £hCD20) were
injected intravenously into
immunocompetent hCD20
transgenic mice (BALB/c x
hCD20) and result in the
formation of liver metastases. a
CD20-negative limited disease. b
CD20-positive limited disease. ¢
CD20-positive extensive disease.
Mice were imaged with ['*FIFDG
(3.7 MBgq, left panel) on day 14
(a,b) or day 20 (c). The same
mice were imaged the following
day with ['®FJFB-GAcDb (6.7—
11.2 MBq/15 pg, right panel). All
images are displayed as whole
body MIP PET/CT overlay of the
coronal and sagittal view. The
lower panel shows a 2-mm
section of the liver as indicated by
the white arrow (M = metastases;
S = spleen)

Stomach

C A20-hCD20 extensive disease

abdomen in mice. ['*F]JFB-GAcDb showed more favourable
in vivo pharmacokinetics despite slower blood clearance and
higher renal accumulation of activity, since excretion occurred
exclusively through the kidneys and into the urine. These
findings indicate that following glomerular filtration, reab-
sorption into renal cells and lysosomal degradation,
metabolised peptides or mono-amino acid-adducts (['*F]FB-
lysine and ['*F]JFBEM-cysteine, respectively) of different size

Sal’ne
Splee Portal Triad

a A20 limited disease

['8FIFDG

['8F]FB-GAcDb

Liver

b A20-hCD20 limited disease

%ID/g
12.0
|

['*FIFDG

1 %ID/g
10.0

|1.0

and charge are retained or transported back to the cell surface
through different mechanisms [37, 38]. To prevent long resi-
dence times of radiometabolites and renal toxicity, tubular
reabsorption can be blocked by infusion of basic amino acids
(lysine, arginine) or polygelines (e.g., Gelofusine®) [39-41].
Importantly, no defluoridation of '*F-labeled GAcDb was ob-
served for either conjugation method, as there is no bone up-
take visible in the PET scans at any time.
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In this study, the smallest detectable structures (popliteal
lymph nodes) in the hCD20TM were approximately ~1 mg
in size, containing ~10° cells, with 30% B cells in the mouse
lymph node [42]. While normal human B cells express around
100,000 CD20 molecules per cells, the transgenic mouse mod-
el is described as expressing about 7-fold lower CD20 levels
per cell compared to B cells from human peripheral blood [30,
43]. This would suggest that ['*F]FB-GAcDb immunoPET is
able to detect an estimated 300,000 cells with an antigen den-
sity of ~15,000 CD20/cell in a mouse lymph node.

The syngeneic and immunocompetent lymphoma model
(A20 in BALB/c mice) has been used extensively for pre-
clinical evaluation of lymphoma therapies because it resem-
bles the invasion course of aggressive human lymphoma (liv-
er, spleen and mesenteric lymph nodes) [44—47]. Furthermore,
a study by Chaise et al. evaluated ['*FJFDG PET for early
detection of therapy response in the A20 model, showing high
level FDG uptake and the feasibility of non-invasive monitor-
ing of A20 tumour growth, especially for intra-abdominal
nodules that are poorly accessible to examination [32].

In the present study, we used A20 lymphoma cells
transfected to express hCD20 in hCD20 transgenic BALB/c
mice to show the practicability and relevance of lymphoma
imaging in context of the endogenous B cell compartment.
["*F]FB-GAcDb immunoPET detected small lymphoma nod-
ules in the liver of hCD20TM with limited A20-hCD20 dis-
ease similar to ['*FJFDG PET. Additionally, ['*F]JFB-GAcDb
immunoPET provides phenotypic information (presence of

[1A20
M A20-hCD20 extensive disease
[l A20-hCD20 limited disease

] hCD20TM %IDig
0 10 20
Liver :_.T-‘
Spleen “;.‘z:
IN| =
Blood ’E_;_Zt
Kidney| ==—
Lung %_
Heart %
Liver (%ID/org) :_. .

Fig. 6 Ex vivo biodistribution of ['*F|FB-GAcDb, 4 h p.i. Ex vivo
biodistributions were conducted after the last scan for each group:
hCD20TM (n=7), A20-hCD20 limited disease (n=4), A20-hCD20
extensive disease (n=6) and A20 limited disease (n=4). %ID/g values
were calculated based on 1% injected dose standards and are depicted as
box-and-whisker plot (min-max)
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target) and assesses the whole body distribution of CD20-
expressing B cells. Even though the detection of very small
lesions is limited by scanner resolution (1.5—1.8 mm for
Inveon PET) the increased liver uptake in the A20-hCD20
limited disease group was significantly different from healthy
liver or antigen negative disease (A20), suggesting that
["®F]FB-GAcDb immunoPET could detect tumour growth be-
fore lesions are large enough to be visible individually in the
PET scan. Specificity of ['*FJFB-GAcDb was confirmed in
CD20-negative A20 lymphoma, that showed no tumour
uptake.

The influence of tumour mass and antigen sink on the
biodistribution and uptake values of the radiolabeled antibody
fragment (protein dose 15 pg) was more pronounced in mice
with extensive A20-hCD20 lymphoma, with liver uptake sig-
nificantly higher and spleen uptake lower compared with
healthy hCD20TM or limited disease. These results indicate
that anti-CD20 immunoPET could be a valuable tool for de-
termining dosimetry, e.g., for anti-CD20 radioimmunotherapy
or other CD20 targeting therapies.

The ability to monitor disseminated disease in immuno-
competent mice is crucial for evaluating lymphoma therapies
because the tumour microenvironment in disseminated dis-
ease can differ from subcutaneous models of lymphoma and
plays an important role in the immune response induced by
therapy [48]. While ['®F]JFDG PET could predict therapy re-
sponse by visualising altered cellular metabolism before mea-
surable changes in tumour growth are induced [32], the CD20-
specific ["*F]FB-GAcDb immunoPET could distinguish can-
cer cells from other highly metabolically active cells present in
the tumour microenvironment (pseudo-progression caused by
infiltrating immune cells or inflammatory cells, e.g., activated
macrophages or neutrophils).

Furthermore, anti-CD20 immunoPET could detect down
regulation or loss of cell surface CD20, which might be one
of several mechanisms of acquired resistance to rituximab.
Several groups report a CD20-negative phenotypic switch af-
ter rituximab therapy [49]. Hiraga et al. showed that CD20
mRNA and protein expression can be restored and therefore
seems regulated by epigenetic mechanisms [50]. Other groups
have shown down-regulation of CD20 protein surface expres-
sion by FcRIIb-mediated internalisation or removal of
antigen/antibody complexes by monocytes (trogocytosis)
[51, 52].

In conclusion, we presented novel 18F_labeled anti-human
CD20 antibody fragments for same-day immunoPET and
showed their ability to detect both endogenous B cells and
malignant B cells in vivo. Because GAcDb is based on the
humanised, therapeutic antibody obinutuzumab it has poten-
tial for clinical translation for imaging in B cell lymphoma.
["®F]FB-GAcDb immunoPET could complement ['*F]FDG
PET and improve diagnosis, staging, patient stratification,
treatment strategy, and dosimetry. One possible clinical
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application for anti-CD20 immunoPET could be prior to anti-
CD20 radioimmunotherapy (RIT, *°Y-ibritumomab tiuxetan,
Zevalin®), where the antigen sink (tumour burden, spleen
volume, amount of circulating B cells) greatly affects
biodistribution and serum levels of the radioconjugate [14].
Monitoring response to therapy would be especially useful in
B cell malignancies known to modulate CD20 cell surface
expression.
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