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ABSTRACT: The development of highly selective and fast biocom-
patible reactions for ligation and cleavage has paved the way for new
diagnostic and therapeutic applications of pretargeted in vivo chemistry.
The concept of bioorthogonal pretargeting has attracted considerable
interest, in particular for the targeted delivery of radionuclides and
drugs. In nuclear medicine, pretargeting can provide increased target-

to-background ratios at early time-points compared to traditional z »0

approaches. This reduces the radiation burden to healthy tissue and, Z 2
. . . . . [ <

depending on the selected radionuclide, enables better imaging contrast g E;

or higher therapeutic efficiency. Moreover, bioorthogonally triggered
cleavage of pretargeted antibody—drug conjugates represents an
emerging strategy to achieve controlled release and locally increased
drug concentrations. The toolbox of bioorthogonal reactions has
significantly expanded in the past decade, with the tetrazine ligation being the fastest and one of the most versatile in vivo
chemistries. Progress in the field, however, relies heavily on the development and evaluation of (radio)labeled compounds,
preventing the use of compound libraries for systematic studies. The rational design of tetrazine probes and triggers has thus been
impeded by the limited understanding of the impact of structural parameters on the in vivo ligation performance. In this work, we
describe the development of a pretargeted blocking assay that allows for the investigation of the in vivo fate of a structurally diverse
library of 4S5 unlabeled tetrazines and their capability to reach and react with pretargeted trans-cyclooctene (TCO)-modified
antibodies in tumor-bearing mice. This study enabled us to assess the correlation of click reactivity and lipophilicity of tetrazines with
their in vivo performance. In particular, high rate constants (>50 000 M~ s™") for the reaction with TCO and low calculated logD, ,
values (below —3) of the tetrazine were identified as strong indicators for successful pretargeting. Radiolabeling gave access to a set
of selected '®F-labeled tetrazines, including highly reactive scaffolds, which were used in pretargeted PET imaging studies to confirm
the results from the blocking study. These insights thus enable the rational design of tetrazine probes for in vivo application and will
thereby assist the clinical translation of bioorthogonal pretargeting.
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he concept of in vivo chemistry based on the development the entire tumor burden, including micrometastases.” However,
of bioorthogonal reactions has led to a renaissance of due to the long blood circulation time of mAbs (several days to
pretargeting strategies in nuclear medicine and for controlled weeks), adequate tumor-to-background ratios are usually not

drug delivery.'~* Monoclonal antibodies (mAbs) have found
widespread application in this regard, particularly as selective
targeting vectors for specific antigens expressed on cancer cells.”
For example, immuno-positron emission tomography (PET)

achieved until 2—4 days after administration, requiring the use of
long-lived radionuclides. Most often, this results in a relatively
high radiation burden to the patient.”'® In order to reduce the

can be used for precision medicine, i.e., to guide the selection of -

patients who show the highest probability to benefit from a Received:  January 6, 2021 5?35‘,;;‘}%?

specific therapy.”” Similarly, radioimmunotherapy (RIT) is Published: February 16, 2021

based on the application of the unique targeting ability of mAbs
to deliver therapeutic radionuclides to diseased tissue, most
often to tumors.” RIT has several advantages over conventional
external radiation therapy, notably the ability to target and treat
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What makes a Tz click in vivo?
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Figure 1. General strategy and workflow of this study. (A) The research question: Which key parameters determine the efficiency of the in vivo
performance of tetrazines? (B) We hypothesized that lipophilicity, TPSA, stability, and/or reactivity of the Tz determine its in vivo ligation efficiency.
(C) To test this hypothesis, a compound library was created and (D) evaluated with emphasis on the capability for in vivo click reaction. (E) Finally,
these results were analyzed to identify and confirm the correlation between key parameters and in vivo ligation performance.

absorbed radiation dose and reach higher tumor-to-background
ratios at earlier time-points, pretargeting has emerged as an
efficient strategy, enabling in vivo radiolabeling of mAbs upon
accumulation at their target.z’w_w This is realized by modifying
the mAD with a specific reactive molecular tag, which can later
selectively react with a radiolabeled agent via a rapid
bioorthogonal reaction. Similarly, pretargeting can be applied
for spatiotemporally controlled drug delivery.”'”~>" In this
approach, a highly potent drug is bioorthogonally cleaved from a
pretargeted mAb conjugate upon its accumulation at the site of
disease, achieving higher local drug concentrations while
simultaneously reducing systemic toxicity to healthy tissue.
Due to its fast reaction kinetics, high selectivity and
biocompatibility, the inverse electron demand Diels—Alder
(IEDDA)-initiated ligation between a 1,2,4,5-tetrazine (Tz) and
a trans-cyclooctene (TCO) has become state-of-the-art for time-
critical application of in vivo chemistry as well as bioorthogonally
controlled drug delivery by using Tz-triggered elimination of
cleavable TCOs (click-to-release).”">"*~** Currently, the under-
standing of the scope and limitations of IEDDA-initiated
ligation for pretargeting strategies in vivo is limited, and the
design of suitable Tz-derivatives for this purpose is mainly a
“trial-and-error” game, heavily depending on the time-intensive
development of radiolabeled compounds for in vivo evaluation.
Current labeling strategies have, so far, mostly been focused on
chelator approaches, overall impeding the use of compound
libraries for systematic studies.'*”>*° In order to enable the
rational design of Tz-derivatives for in vivo chemistry, it is
important to understand the structure—property relationship
between the physicochemical parameters of Tz-derivatives and
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their capability to reach and react in vivo with TCO-modified
(bio)molecules accumulated at the target site of interest.

The aim of the present study was to identify and explore the
key parameters that influence the in vivo performance of a Tz
(Figure 1). Consequently, we prepared a library of Tz-
derivatives with a set of different rate constants (in the reaction
with TCO), lipophilicities, and topological polar surface areas
(TPSAs) and applied a pretargeted blocking assay to evaluate
their ligation performance in vivo. The blocking effect of each Tz
was correlated with its lipophilicity (calculated logD,,
(clogD, ,) values), calculated TPSA, as well as IEDDA reactivity.
The obtained results were verified by in vivo pretargeted PET
imaging of a set of selected Tz-derivatives radiolabeled with
fluorine-18.

B RESULTS AND DISCUSSION

Experimental Design and Preparation of the Tz-
Library. A structurally diverse library of 45 Tz-derivatives was
prepared, covering a wide spectrum of physicochemical
properties, in particular, calculated TPSAs between 60—350
A? and different lipophilicities, with calculated logD;, values
(clogD, ,) ranging from approximately —7.0 to 2.5 (Table 1; for
synthetic procedures and details, see the Supporting Informa-
tion). The Tz-scaffolds (A—L) include mono- and disubstituted
methyl-, phenyl-, 2-pyrimidyl-, and 2-pyridyl-substituted Tz-
derivatives with second-order rate constants for the reaction
with TCO ranging from 1.4 to 230 M !s7lin 1,4-dioxane at 25
°C and from 1100 to 73000 M™' s in buffered aqueous
solution at 37 °C. Table 1 provides an overview of the
synthesized Tz-library and displays the measured rate constants
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Table 1. Structural Scaffolds, Calculated Physicochemical Properties (TPSA and clogD, ), Measured Second-Order Rate
Constants for the Ligation with TCO, and Blocking Efficiencies of All Investigated Tz-derivatives

o
0., R O_R R
o N R (o’\/) R o/\(\N NN HN HN Jk/\(\
N=, N N N N-R S D)
{ ZN N=y [ > (_n l 2N
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N /N N /N N __N NN NN N /N N N N __N NN NN
S
Z N \|7 NZ N Z N Z N Z N
9 L I 9 9 9
A B [ D E F G H 1 K L
H
HO, O Ho /\\(OH
}—\ OH N
_\ _}—OH ~ ° N(\ H © Ay O
J ¥4 Ay m k- W S5 S
u \_ / \\‘(OH o oH
OH
DOTA OH NOTA PCB-TE,A NODAGA DBCO
TPSA® Rate constant Rate constant Blocking % Tumor Uptake
Tz Tz-scaffold R clogD; (A) (1,4-dioxane, (DPBS, effect of ['''In]46 after
25°C, M) 37°C, MIs) (%) i
1 A o 0.29 91 72 39,000 9 91
2 A At -0.06 119 72 39,000 4 96
s
-
3 A n%;&—ro . -1.53 161 72 39,000 80 20
on
4 A L i -2.86 217 72 39,000 95 5
5 B - 0.89 91 1.4 1,100 9 91
2 v
6 B o 0.54 119 14 1,100 1 99
r
7 B SOy -0.93 161 1.4 1,100 13 87
on
8 B Oy -5.81 221 1.4 1,100 49 51
9 C s -2.19 114 1.4 1,100 14 86
10 c Koo 2,05 214 1.4 1,100 32 68
-~
11 c e 32 184 14 1,100 34 66
12 D e 1.89 104 13 n.d. 0 100
13 D f‘\%‘xi{\/‘ 1.53 132 13 nd. 0 100
F
14 D ngogo \ 0.06 174 13 nd. 24 76
on
15 D ot -1.98 1 13 nd. 78 2
16 D A G -6.65 167 13 nd. 79 21
17 E " 0.65 82 200 60,000 0 100
18 E f\(fu)/vf 0.29 109 200 60,000 28 72
F
19 E H%S&—q N 118 152 200 60,000 76 24
on
20 E oy 246 208 200 60,000 94 6
21 F -oH -1.97 114 83 nd. 87 13
M
22 F S 0.64 134 83 nd. 27 73
23 F A 0.12 126 83 n.d. 72 28
24 F y“%oxw" — 42 278 83 nd. 9% 4
25 G (e 2.46 137 230 73,000 16 84
26 G f’%ﬂoh’ 2.10 164 230 73,000 30 70
F
27 G H%ﬁ/g 0.63 207 230 73,000 51 49
"o
28 H /n%k L1l 90 210 58,000 45 55
o
29 H WA 0.14 78 210 58,000 55 45
30 H e -0.18 63 210 58,000 62 38
[
31 H ¥ e, -0.41 80 210 58,000 60 40
32 H "u’\g"“ -3.03 100 210 58,000 86 14
33 H -N(CH,COOH), -6.89 129 210 58,000 97 3
34 H 44 202 210 58,000 95 5
350 H A I by 516 320 210 58,000 96 4
b B N
36 1 - 1.79 61 10 nd. 0 100
37 K e 0.77 129 230 73,000 76 24
o
38 K Ky 223 161 230 73,000 83 17
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o
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s u
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)
o
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43 L L 0.84 137 230 73,000 67 33
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F
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oo
AN
T

“Notes: The distribution coefficient at physiological pH (logD,,) and TPSA were calculated using the software Chemicalize. Tetrazmes conjugated

to DOTA were calculated with chelated trivalent cations, and Tzs with other chelators were calculated with bivalent cations.

bSecond-order rate

constants for the Tz-scaffolds A—L were determined by stopped-flow spectrophotometry (n > 4), monitoring the reaction of representative
tetrazines with unsubstituted trans-cyclooctene (TCO) at 25 °C in 1,4-dioxane and with TCO-PEG, (modified TCO Sax—OH, “minor-TCO”) in

Dulbecco’s phosphate buffered saline (DBPS) at 37 °C. “n >

>3; (see Supporting Information, Tables S1 and S2). Blockmg data from ref 48.
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Tz-scaffolds (see Table 1) ® BC eD,| ® AF ®EH o GLK
1,4-dioxane, 25 °C? 1.4 10-13 72-83 200-210 230
DPBS buffer, 37 °C» 1,100 n.d. 39,000¢ 58,000-60,000 73,000
Pearson’s correlation coefficient (r) 0.92 0.89 0.78 0.94 0.86
p-value 0.003 0.017 0.021 < 0.0001 < 0.001
n 7 6 8 12 12

Figure 2. Results from the blocking assay. (A) Schematic display of the blocking assay. (B) The blocking effect of nonradiolabeled Tz was determined
as the change in tumor uptake of ['''In]46 22 h p.i. Each Tz was administered 1 h prior to ['''In]46, and the uptake was normalized to a group of
animals in which no blocking was performed (control). Data represent mean from n = 3 mice/group; detailed information can be found in the SI.
(C,D) Correlation of blocking effect and clogD, , for Tz-derivatives with similar IEDDA reactivity. Data was fitted to exponential growth equation Y =
Ye® (dotted line). (E) Statistical analysis of the correlation between tumor uptake and clogD,, for the different groups of Tz-derivatives. Pearson’s
correlation coefficient (r) describes the goodness of fit between the blocking effect and clogD,,. Notes: “Reaction of representative Tz with
unsubstituted TCO. "Reaction of representative Tz with TCO-PEG,. “Measured for Tz-scaffold A only. n.d. = not determined.

and calculated physicochemical properties of each Tz. Several
compounds were obtained as copper(II) complexes (for details,
see the Supporting Information), which was taken into account
in the calculation of clogD,, and TPSA (as described in the
Notes of Table 1).

Pretargeted Blocking Studies. The blocking assay allows
for the assessment of the in wvivo ligation performance of
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unlabeled Tz-derivatives, avoiding the need for time-consuming
development of radiolabeling procedures as well as the
preparation of labeled analogues or surrogates. The assay was
inspired by receptor blocking experiments and based on the
pretargeted imaging approach reported by Rossin et al.'**” An
""In-labeled Tz (['''In]46, see Supporting Information, Figure
S1) was used in pair with TCO-modified CC49, a non-
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Table 2. Cu-Mediated Click-Radiolabeling for the Synthesis of '*F-Labeled Tz-Probes

Cu-mediated

18F
click-radiolabeling
CuS0,, sodium ascorbate, BPDS 7 l}l .
) 10-25 min, 20-120 °C =N F-labeled
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Tz—alkyne azide-functionalized °F RCY A" (GBg/ RCP in vivo stability” (% intact ['*F]Tz blocking effect (%) (of
tetrazine (1-v1) click agent (%) pumol) (%)° after 30 min) unlabeled Tz)
[**F]1 v ['*F]Az1 25¢ S5 99 90 9
['*F]2 v ['*F]Az2 23 22 96 37 4
[*F]3 v ['*F]Az3 61 31 98 76 81
[**F]s VI ['*F]Az1 14% 106 >99 26 10
["*Fl6 VI ["*F]Az2 33 100 >99 85 1
[**F]7 VI ['*F]Az3 52 230 >99 60 3
['*F]12 A% ['*F]Az1 1* 107 96 10
['8F]13 v ["*F]Az2 11 21 94 16 0
["*F]14 v ['*F]Az3 68 102 98 43 24
["rN17 I ['*F]Az1 Rl 209 98 32 0
[**F]18 11 ['*FlAz2 17 37 92 22 29
[**F119 I ['*F]Az3 59 29 98 87 76
['*F]2s 1 ['*F]Az1 16* n.d. 83 n.d. 16
['*F]26 I ['*F]Az2 36 54 >8S 27 30
['*F]27 I ['*F]Az3 18% nd. >90 n.d. 51
['*F]43 I ['*F]Az1 1 5 90 10 67
['*F]a4 I ["*F]Az2 20 85 98 n.d. 72
['*F]45 I ['*F]Az3 11 151 >90 42 99

“Notes: Details on experimental procedures are provided in the Supporting Informatlon RCYs were decay-corrected to the starting amount of
radioactivity for the respective azide, or *RCY was determined startmg from "F~. “Molar activities (A,,) differ due to the use of different cyclotrons
(see Supporting Information). “RCP was determined by radio-HPLC. “In vivo stability of ['8F] Tz was assessed by determining the fraction (%) of
radioactivity corresponding to intact compound after 30 min (n = 4) from radio-TLC analysis. n.d. = not determined.

internalizing mAb that targets the tumor-associated glycopro-
tein 72 (TAG72),"** as a benchmark model for the in vivo
ligation. The TCO-modification of CC49 was carried out
according to Rossin et al.'>”” To study the in vivo ligation
performance of Tz-derivatives 1—45, BALB/c nude mice
bearing LS174T colon carcinoma xenografts were injected
intravenously (i.v.) with CC49-TCO 72 h prior to i.v. injection
of the unlabeled Tz, followed by administration of ['!'In]46 1 h
later (for experimental details, see the Supporting Information).
The animals were euthanized after 22 h, and an ex vivo
biodistribution was carried out to quantify the tumor uptake of
['"'In]46 (Figure 2A). The efficiency of the in vivo ligation of the
unlabeled Tz can thus be correlated to a reduced uptake of
['"'In]46 (Figure 2A). As a control, blocking was performed
using the nonradioactive precursor of ['''In]46 (DOTA-Tz 41,
see the Supporting Information), which blocked >96% of the
['"'In]46 tumor uptake. A group of CC49-TCO-pretreated
mice were injected exclusively with ['''In]46 (without block-
ing), and the determined uptake was used as reference value
(100%) to normalize the observed changes in tumor uptake in
blocking experiments.
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Figure 2A displays the blocking assay, and Figure 2B
summarizes the results for the entire Tz-library in the assay.
The highest blocking efficiencies (95—99%) were observed for
the Tz—chelator conjugates 4, 24, 35, and 41, the Tz—carboxylic
acids 33 and 39, the Tz—PEG derivative 40, and the Tz—sugar
conjugate 45. All of these probes include H-phenyl-, pyrimidyl-
phenyl, or bis(pyridyl)-Tz-scaffolds with second-order rate
constants for the reaction with TCO of >70 M™* s7* (1,4-
dioxane, 25 °C) or of >39 000 M™' s™! (DPBS, 37 °C) (cf. Table
1). Further details of the blocking studies are provided in the
Supporting Information (Figure S2). Next, potential correla-
tions between the blocking effect, the clogD,, and the TPSA, as
well as the IEDDA reactivity were investigated. As expected,
high IEDDA reactivity was shown to directly correlate with the
blocking effect and thus confirmed to be a key parameter for the
in vivo ligation performance of Tz-derivatives (Figure 2C,D).
We did not observe a strong correlation between the blocking
effect and TPSA (Figure S14). However, a distinct relationship
between clogD,, values and the blocking effect was evidently
observed when comparing Tz-derivatives with similar IEDDA
reactivity (Figures 2C,D and S15). For all Tz-scaffolds, a
Pearson’s correlation coefficient >0.78 was found. Our results
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Figure 3. Pretargeted PET imaging in BALB/c nude mice bearing LS174T tumor xenografts with six I18F Jabeled Tz-derivatives. Animals were treated
with CC49-TCO or saline (control) 72 h prior to injection of the radiolabeled Tz-derivative. (A) Schematic illustration of the pretargeting experiment
and the research question: Is there a correlation between the blocking effect and the PET imaging contras? (B) Image-derived mean uptake values are
presented as a percentage of the injected dose per gram (%ID/g) in a tumor 1h p.i. (C) Tumor-to-muscle (T/M) ratios (n = 4 mice, except for ['*F]3, n
=3). Datais represented as mean + SD (*p < 0.05 and ***p < 0.001). For all groups, = 4 mice (except ['*F]3 where n = 3) (D) Correlation between
the blocking effect of the unlabeled Tz-derivatives 1, 3, 19, 26, 44, and 45 and the T/M ratios (mean) for the corresponding 18E Jabeled compounds
observed by in vivo pretargeted PET imaging. A strong correlation was found (linear regression: R* = 0.78, p = 0.019, 1 = 6). Data is represented as
mean + SD. The asterisk indicates a significant difference (* p < 0.05 and *** p < 0.001) when compared to control. (E) Representative images of PET
scans 1 h p.i. of the radiolabeled Tz (["*F]1, ['*F]3, ["*F]19, ['*F]26, ['®F]44, and ['®F]45) in pretargeted PET imaging studies (T indicates the
position of the tumor). ['*F]3, ['®F]19, and ['*F]45 displayed specific tumor uptake, and the tumor is clearly visualized in the PET image.

show that high IEDDA reactivity (>50000 M~ s7') and a
clogD,, of —3 or lower are strong indicators for high in vivo
ligation performance of Tz-derivatives in pretargeting ap-
proaches using the described tumor model (Figure 2).
Experimental Design of a ['®F]Tz-Library. In order to
verify that the results from the blocking study can be used to
predict the outcome for in vivo PET imaging, 18 Tz-derivatives
from the first library were selected. The selection was based on
criteria such as the possibility for '®F-labeling, structural
diversity, lipophilicities, and distinct IEDDA reactivities. For
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this purpose, we decided to use an indirect radiolabeling
approach, enabling the combination of different building blocks
to rapidly access a series of '*F-labeled Tz-derivatives. The Cu-
catalyzed azide—alkyne [3 + 2] cycloaddition (CuAAC)
appeared to be suitable in this respect, as it allows for fast and
efficient radiolabeling under mild reaction conditions.”* > Six
precursor Tz—alkynes (I—VI) were prepared and reacted with
three '®F-labeled azides (['*F]Az1—Az3) to obtain 18 different
[**F]Tz-probes (Table 2).
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Indirect '®F-Labeling of a Tz Series via Cu-Catalyzed
Click Chemistry. Azide building blocks were '*F-labeled using
fully automated procedures to afford ["*F]Azl1—['*F]Az3
(Scheme S15),***" and Tz—alkynes I-VI were synthesized as
described in the Supporting Information. Subsequent radio-
labeling via the CuAAC was achieved in various yields, up to
approximately 70% (Table 2). Applied conditions for the
CuAAC differed depending on the substituents attached to the
Tz-scaffold. In general, radiolabeling was carried out at room
temperature with reaction times of 10—15 min using aqueous
solutions of CuSO,, sodium ascorbate, and disodium bath-
ophenanthroline disulfonate (BPDS). For the synthesis of the
bis(pyridyl) Tz-derivatives ['®F]25, ['®F]44, and ['°F]4s,
increased amounts of the catalysts, longer reaction times (20—
25 min), and elevated temperatures (120 °C) were required in
order to reach radiochemical conversions (RCCs) of >70%. A
possible reason for the harsher conditions required for this
scaffold may be a result from coordination of Cu by the
bis(pyridyl)-Tz-moiety. Radiochemical yields (RCYs) and
molar activities (A,) for all '®F-labeled Tz-derivatives are
presented in Table 2. Radiochemical purities (RCPs) of the
isolated compounds were high (>90%), except for ['*F]25
and['®F]26 (83—85%) due to radiolysis (observed for ['*F]25),
undesired decomposition, and difficult separation of the
resulting byproducts. During the radiolabeling, partial reduction
of ['®F]19 and ['®F]44 to the corresponding dihydro-Tz (cf.
Figures S73 and S74) was observed. However, these Tz-
derivatives were reoxidized using phenyliodonium diacetate
(PIDA). In the case of ['®F]44, complete reduction to the
dihydro-Tz (using ascorbic acid) and reoxidation upon
purification was applied to prevent radiolysis. Excess PIDA
and byproducts were removed during solid-phase extraction to
obtain ['®F]44 in an RCP of 98% (Table 2; for details see the
Supporting Information). Moreover, during the synthesis of
['®F]45, an alternative deprotection method for the azide (['*F]
Az3) was required to avoid decomposition of the Tz-scaffold
during the CuAAC. All '®F-labeled Tz-derivatives were
formulated in 0.9% saline prior further studies. Overall,
radiofluorination via the CuAAC allowed for the preparation
of a structurally diverse series of '*F-labeled Tz-derivatives. In
contrast to routinely used direct radiofluorination methods, this
building block approach gave access to highly reactive ['*F]Tz-
probes, using Tz-scaffolds that have previously been reported to
be inaccessible."**° .

In Vivo Stability of '8F-Labeled Tz-derivatives in Naive
Mice. Next, we investigated whether there is a relationship
between the in vivo stability of Tz-derivatives and their blocking
ability. A total of 15 '®F-labeled tetrazines were studied in naive
mice. Blood was collected after 30 min, and plasma samples were
analyzed by radio-TLC (for details, see the Supporting
Information) for stability assessment (Table 2 and Figures
S75 and $76). Interestingly, the in vivo stability 30 min p.i. had
only a limited or even no effect on the in vivo ligation
performance as evaluated in the blocking study (cf. Table 1).
Consequently, six ["*F]Tz (['*F]1, [*°F]3, ['*F]19, ['®F]26,
['8F]44, and ['®F]45) were selected for further in vivo studies
solely based on the IEDDA reactivity (second-order rate
constants between 72 and 230 M~ s7') and lipophilicity
(clogD,, between —1.53 and 2.10). These radiolabeled Tz-
probes were used to investigate if the results from the blocking
assay can be translated to pretargeted PET imaging at tracer
doses.
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Pretargeted PET Imaging. Of the six Tz-probes selected
for evaluation in pretargeted PET imaging studies, four
compounds (3, 19, 44, and 45) showed a good to excellent
blocking effect (72—99%), while two probes (1 and 26) only
showed a limited effect (9% for 1 and 30% for 26). The latter
were included to verify that blocking results can reliably be used
to predict the capability of radiolabeled Tz for pretargeted in vivo
chemistry.

Mice (n = 3—4 per group) were injected i.v. with either CC49-
TCO or 0.9% saline (control experiments). After 72 h, '*F-
labeled Tz (5—10 MBq) was administered, and the mice were
PET/CT-scanned 1 h p.i. A 3D region of interest (ROI) was
created on the entire tumor volume as well as heart and muscle
tissue, and the uptake was quantified as a percentage of the
injected dose per gram (mean% ID/g) as well as the tumor-to-
blood (T/B) and tumor-to-muscle (T/M) ratios (Figure 3A—D,
Table S3 and S4).

The tumor uptake of the different '*F-labeled Tz-probes was
at a rather similar level; however, ['®F]3, ['®F]19, and ['*F]45
showed a significantly increased tumor accumulation in mice
pretreated with CC49-TCO compared to control animals
(Figure 3AF and Tables S3 and S4). As expected and in
accordance with blocking results, there was no significant
difference in tumor uptake between pretargeting experiments
and controls for ['®F]1 and ['®F]26. In the case of ['*F]44, no
increase in tumor accumulation was observed in mice pretreated
with TCO-modified mAb. However, this Tz showed higher
radioactivity levels in the heart in mice pretreated with CC49-
TCO compared to controls (2.5 + 0.7 and 1.5 + 0.2%ID/g,
respectively; Figure 3B and Table S1). This indicates that ['*F]
44 binds to mAb still circulating in the blood pool. This
difference was also observed for the three '*F-labeled Tz-
derivatives showing specific tumor accumulation (['*F]3,['*F]
19, and ['®F]45), but not for the nonaccumulating probes ['*F]
1 and ['®*F]26 (Figure 3B). Binding to residual mAb in the blood
pool is a frequently reported challenge in pretargeted imaging
approaches and has been addressed by the development of
clearing agents.m"w_39 However, ligation in blood did not
hinder the investigation of the in vivo ligation performance of
'8F_labeled Tz-probes in comparison to blocking efficiencies.

Finally, the relationship between the in vivo performance of
the used Tz-probes and the results obtained from the blocking
assay was investigated. A strong correlation was found between
the blocking effect of the unlabeled Tz and the T/M ratio
(Figure 3D) as well as the selective tumor uptake (tumor to
tumor-control (T/Tc) ratio) (Figure S78 and Table S4) of the
respective '°F-labeled probes in pretargeted PET imaging
studies. These significant relationships confirm the validity of
the blocking assay and our finding that reduced lipophilicity and
high IEDDA reactivity are key parameters for the in vivo
performance of Tz-derivatives. Our results show that low
lipophilicity enhances the ability of the bioorthogonal Tz-agent
to bind to TCO—mAbs at the tumor site. Moreover, faster
excretion of radiolabeled probes, which is crucial for obtaining
high tumor-to-background ratios, is also facilitated by the low
lipophilicity of Tz-derivatives (Figure 3).

B CONCLUSION

The advancement of in vivo chemical tools based on a better
understanding of the scope and limitations of bioorthogonal
reactions, in vitro and in living systems, paves the way to clinical
translation of pretargeting ap(%)roaches for diagnostic (eg,
pretargeted imaging””*®****™*) and therapeutic application
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(eg, pretargeted radionuclide therapy"'®'***” or bioorthog-

onal cleavage of antibody—drug conjugates™'”'®). However,
progress in this field is limited due to the required elaborate
development of (radio)labeled compounds for in vivo
evaluation, hampering the use of compound libraries for
systematic studies to gain further insight. The developed
blocking assay described herein tackles this challenge. By
screening of 45 unlabeled Tz-derivatives, we were able to reveal
the key parameters that are necessary for a Tz to be applied in
pretargeting. High IEDDA reactivity of the Tz-scaffold with a
second-order rate constant of >50 000 M™" s™! was shown to be
an important parameter to achieve efficient in vivo ligation
(>96% blocking) to pretargeted mAb—TCO conjugates in
LS174T xenografts. Unexpectedly, reduced lipophilicity was
identified to play an even more decisive role, with clogD , values
being a strong indicator for the in vivo ligation performance of
Tz-derivatives. In particular, clogD, , values below —3 increased
the chances for successful in vivo ligation in the applied tumor
model. These key findings from the blocking study were
confirmed by pretargeted PET imaging. The increasing
knowledge regarding the IEDDA reactivity of various Tz-
scaffolds as well as the fact that calculated parameters (i.c.,
clogD;,) can be used to guide and accelerate the design and
development of Tz-derivatives for in vivo applications.

Overall, we present and demonstrate a new strategy and
method for the systematic investigation of bioorthogonal
pretargeting. The concept of our blocking assay can be
translated to other tumor models and/or targets, in combination
with respective mAbs as targeting vectors/carriers. We believe
that the revealed key parameters enable the development of Tz-
derivatives as multifunctional tools for diagnostic and
therapeutic applications, ultimately to improve and accelerate
the clinical translation of in vivo chemistry.
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