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ABSTRACT: The development of antibody tracers for positron emission
tomography (PET) imaging enables real-time monitoring of tumor expression of
programmed cell death ligand 1 (PD-L1) in vivo, aiming to facilitate the selection of
immunotherapy responders. However, the slow pharmacokinetics of the antibodies
in vivo limits their applications in PET imaging with commonly used radionuclides
with short half-lives. In this study, we developed a pretargeted PET imaging
strategy based on Diels−Alder (IEDDA) click chemistry to overcome these
limitations. Atezolizumab and durvalumab, the most commonly used PD-L1
antibodies in cancer immunotherapy, were selected and compared in the
development of the pretargeted PET imaging strategy. Fluorine-18-labeled
derivatives of methyl tetrazine ([18F]Tz, [18F]PEG6-Tz, and [18F]PEG12-Tz)
were tested in biodistribution and PET imaging of A549-PDL1 xenografts (PD-L1
positive) pretargeted with the trans-cyclooctene (TCO)-functionalized atezolizu-
mab/durvalumab. The biodistribution and imaging results indicated that atezolizumab-TCO/[18F]PEG12-Tz was more suitable for
pretargeted PET imaging strategy, and the optimal interval time was 48 h after atezolizumab-TCO administration, where the
atezolizumab-TCO/[18F]PEG12-Tz pretargeted approach clearly delineated the A549-PDL1 tumor with a tumor-to-muscle ratio of
5.33, while the ratios are 3.39 and 2.39 for durvalumab/[18F]PEG12-Tz and mock-pretargeting controls, respectively. In conclusion, a
pretargeted 18F-immuno-PET imaging technology was successfully established on atezolizumab. The high-contrast PET images of
the A549-PDL1 tumor models demonstrate that the pretargeting strategy incorporating short-lived fluorine-18 is viable in identifying
tumors with high PD-L1 expression, marking this strategy as a potential candidate for further clinical translation.

■ INTRODUCTION
Immune checkpoint proteins PD-L1 and PD-1 are critical
targets for cancer immunotherapy. Tumor cells in the tumor
microenvironment express PD-L1 through immunomodulatory
mechanisms, allowing it to bind to PD-1 receptors on tumor-
infiltrating lymphocytes. This interaction can lead to apoptosis
of lymphocytes, thereby resisting their cytotoxic effects and
ultimately enabling immune escape of the tumor.1−3 Clinical
studies have demonstrated that the expression of PD-L1 in
tumor tissues is associated with the efficacy of anti-PD-1/PD-
L1 immunotherapy.4−7 Moreover, immunotherapy using
monoclonal antibodies against PD-L1 has been found to
yield substantial clinical benefits in patients whose tumors
display positive PD-L1 expression.8−10 Therefore, it is of vital
importance to assess the in vivo expression of PD-L1 in tumor
lesions. However, the existing methods for evaluating the
expression status of PD-L1 rely on biopsy samples, which may
not comprehensively represent the entire tumor tissue,
including metastatic lesions. PET molecular imaging has
demonstrated potential in noninvasively detecting cancer
biomarkers in both primary and metastatic tumors, thereby

enabling the screening of patients who might respond
favorably to molecular targeted therapies.11−13

Recent reports have described PET targeting probes for PD-
L1, including antibody-based probes,14−18 peptide-based
probes,19−21 and small molecule inhibitors.22−25 These probes
have been utilized to assess the expression status of PD-L1 in
patients with various types of solid tumors.14,15,26,27 The key to
achieving PET imaging is the selection of molecular probe
ligands. Compared with peptides and small molecule
inhibitors, antibodies with high specificity and affinity have
always been the preferred choice for immune-PET molecular
imaging research. Currently, relevant PD-L1 antibodies have
been studied using radioisotope labeling in tumor models that
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express PD-L1, and their visualization has been conducted.
However, the use of antibody macromolecules as tracers
requires labeling with long half-life radioisotopes due to slow
pharmacokinetics, which leads to excessive radiation doses to
healthy organs.28,29 Moreover, the long half-life of PET
radioisotopes such as 89Zr, 124I, and 64Cu presents challenges
in terms of cost, complex preparation processes, and difficulties
in acquisition, which hinders their clinical translation.30−33

The pretargeting strategy using a rapid bioorthogonal
Diels−Alder reaction between trans-cyclooctene (TCO) and
tetrazine (Tz) can alleviate the above complications.34−40 In
pretargeted imaging, a TCO-modified antibody is first injected
and allowed to accumulate completely at the target site. Then,
a radioligand is added that selectively binds to the TCO-
modified antibody, while the excess radioligand is rapidly
cleared due to its small molecular weight. In the past decade,
Diels−Alder click chemistry between Tz and TCO in imaging
studies of different antibodies has been reported by many
investigators.41−46

In this study, three 18F-labeled methyl tetrazines ([18F]Tz,
[18F]PEG6-Tz, and [18F]PEG12-Tz) were used for studies and
comparisons of pretargeted PET imaging. Two PD-L1
antibodies (durvalumab and atezolizumab) were chosen for
this study because of their broad clinical applications in cancer
immunotherapy. Ultimately, the pretargeted PET imaging
strategies (atezolizumab-TCO/[18F]PEG12-Tz) we discovered
could evaluate the expression level of PD-L1, efficiently
differentiate tumors from normal tissues, and generate
relatively high contrast PET images.

■ EXPERIMENTAL PROCEDURES
Reagents and Instruments. All reagents used in the

experiment were commercially purchased and used without
additional purification unless specified otherwise. Humanized
PD-L1 antibodies (durvalumab and atezolizumab) were
purchased from AstraZeneca and Roche Diagnostics GmbH,
respectively. TCO-PEG4-NHS Ester was purchased from Xi’an
ruixi Biological Technology Co., Ltd. NOTA-Tz, NOTA-
PEG6-Tz and NOTA-PEG12-Tz were purchased from
Nanchang Tanzhen Biotechnology Co., Ltd. These labeling
precursors were obtained at >95% chemical purity and
identified using mass spectrometry (Figures S1−S3). The
HPLC system employed was an Agilent 1260 Infinity II
(USA). The radiation value of the cell experiment and
biological distribution experiment was measured using a γ-
counter (Hidex, Turku, Finland). Small animal imaging was
conducted using a Madiclab PSA146 PET/CT/FMT instru-
ment (Madic, Shandong, China). Radioactivity was measured
utilizing a Capintec CAPRAC-R dose calibrator (NJ, USA).

[18F]Fluoride was produced from DONGCHENG AMS
(Guangdong) PHARMACEUTICAL with a HM-20 medical
cyclotron (Sumitomo, Kyoto, Japan) as an [18O] enriched
aqueous solution of [18F]fluoride. Solid-phase extraction (SPE)
cartridges such as Sep-Pak QMA Light and C18 Light
cartridges were purchased from Waters (Milford, MA).
Preparation and Purification of Durvalumab-TCO or

Atezolizumab-TCO. Commercially available humanized PD-
L1 antibodies (durvalumab and atezolizumab) were first
purified using an activated PD-10 desalting column. Sub-
sequently, 9 μL of saturated K2CO3 solution was added to 300
μL of 50 mg/mL durvalumab or atezolizumab in PBS buffer
solution to give a final mixture of pH = 8.5−9. Finally, 40 μL of
a TCO-PEG4-NHS Ester (25 mg/mL) DMSO solution was

added to the antibody solution. The reaction mixture was
reacted at room temperature with slight stirring for 40 min.
During the reaction, the PD-10 desalting column was
equilibrated in advance with 25 mL of PBS pH = 7.4. The
equilibrated PD-10 desalting column was used for the
purification of the final product. After purification, the product
durvalumab-TCO or atezolizumab-TCO was stored for a short
period of time in PBS at 4 °C. The protein concentration and
chemical purity of durvalumab-TCO or atezolizumab-TCO
were determined by a size exclusion chromatography HPLC
column (300 Å, 3 μm, 7.8 × 300 mm2, BioCore SEC) running
with 1 mL/min PBS. The TCO-to-durvalumab/atezolizumab
ratio was determined by electrospray ionization-quadrupole-
TOF-MS (ESI-Q-TOF-MS), calculating the mass difference of
nonconjugated durvalumab/atezolizumab to TCO-conjugated
TCO-durvalumab/atezolizumab.
Radiosynthesis of [18F]Tz, [18F]PEG6-Tz, and [18F]-

PEG12-Tz. 18F− was loaded on a QMA cartridge pretreated
with 5 mL of 0.5 M NaOAc buffer (pH = 3.9) and 5 mL of
water and then obtained by eluting the QMA cartridge with 0.3
mL of 0.5 M NaOAc buffer (pH = 3.9). 18F− eluent (300 μL,
2−5 GBq), AlCl3 (10 μL, 2 mM), 300 μL of DMSO, and 50
μL of NOTA-Tz, NOTA-PEG6-Tz, or NOTA-PEG12-Tz (4
mM) were mixed. Then the mixture was heated at 100 °C for
15 min to accomplish the radioactive chelation reaction. After
the end of the reaction, the mixture was cooled in an ice bath
and added to 9 mL of water. The mixture was loaded onto an
activated C18 cartridge, pushed through, and washed with 30
mL of water sequentially, and the desired radiolabeled
compound was eluted with 1.5 mL of ethanol and water in a
ratio of 1:1 (v/v), which was finally obtained by passing a
sterile filter membrane (0.2 μm). Radiochemical purity of
[18F]Tz, [18F]PEG6-Tz, or [18F]PEG12-Tz was confirmed by an
analytical C18 Radio-HPLC column (100 Å, 5 μm, 250 × 10
mm2, Phenomenex Luna) running a linear gradient starting
from 75% A (0.1% TFA in water) and 25% B (0.1% TFA in
acetonitrile) for 2 min and decreasing to 20% A at 15 min at 3
mL/min.
Partition Coefficient. [18F]Tz, [18F]PEG6-Tz, or [18F]-

PEG12-Tz (37 kBq) was added to a mixture consisting of 5.0
mL of phosphate buffered saline (PBS) with a pH of 7.4 and
5.0 mL of 1-octanol in a 15 mL centrifuge tube. After vigorous
vortexing for 5 min, the mixture was subsequently centrifuged
at 10,000 rpm for 5 min to create two distinct phases.
Subsequently, 100 μL samples were extracted from each phase,
and the radioactivity was quantified using a γ-counter. The
partition coefficient was calculated as Log10D = Log10(counts
in 1-octanol/counts in PBS) (n = 3).
In Vitro Ligation of [18F]Tz with Durvalumab/

Atezolizumab-TCO. We tested the reactivity of [18F]Tz to
durvalumab-TCO or atezolizumab-TCO at room temperature
and in PBS (pH = 7). Briefly, the radiolabeled product [18F]Tz
(500 μL, 0.37 GBq) was mixed with durvalumab/atezolizu-
mab-TCO (300 μg, ∼2 nmol) and reacted with slight shaking
at room temperature for 1, 5, 10, 20, 30, and 40 min. After the
end of the reaction, an equilibrated PD-10 desalting column
was used for the purification of the final product ([18F]Tz-
TCO-durvalumab/atezolizumab). The free fluorine-18, un-
reacted radiolabeled tetrazine ([18F]Tz) and [18F]Tz-TCO-
durvalumab/atezolizumab were determined with SEC-HPLC.
In Vitro Serum Stability. The radiolabeled [18F]PEG12-Tz

and [18F]Tz-TCO-atezolizumab were added into normal
human serum (0.2 mL) and incubated for 1 h at 37 °C.
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Plasma protein was precipitated with 0.4 mL of acetonitrile and
centrifuged (10,000 rpm, 5 min). The radiochemical purities of
[18F]PEG12-Tz and [18F]Tz-TCO-atezolizumab in super-
natants were assayed by analytical Radio-HPLC columns
(Phenomenex Luna C18 (100 Å, 5 μm, 250 × 10 mm2) and
BioCore SEC (300 Å, 3 μm, 7.8 × 300 mm2), respectively).
Cell Lines and Tumor Models. Stably PD-L1-transfected

A549-PDL1 cells (acquired using lentiviral infection, provided
by the research group of Professor Yang Zhi from the Peking
University Cancer Hospital) and A549 cells (purchased from
the Institute of Biochemistry and Cell Biology, Shanghai,
China) were used for the cell-based experiments. A549-PDL1
cells and A549 cells were cultured in RPMI-1640 medium
(Gibco, Carlsbad CA, USA), supplemented with 15% fetal
bovine serum (Gibco) and antibiotics (100 mg/mL
streptomycin and 100 mg/mL penicillin; Gibco) at 37 °C in
a humidified incubator with 5% CO2.

For biodistribution and micro-PET imaging studies of
[18F]Tz, [18F]PEG6-Tz, [18F]PEG12-Tz, or pretargeted imag-
ing, male BALB/c nude mice (weight 13−18 g, age 4−6
weeks) were implanted subcutaneously with 5 × 106 A549-
PDL1 cells and A549 cells (in 100 μL PBS) behind right
armpit. Mice were housed in a thermostatic animal room at 37
°C and imaged or used for biodistribution studies when tumor
xenografts reached 5−10 mm in diameter.
Cell Assay. Western Blot Analysis. To observe the

differences in PD-L1 expression in tumor cells, we performed
Western blot experiments on A549-PDL1 and A549 cancer
cells. Detailed procedures are described in the Supporting
Information.

In Vitro Pretargeting Specificity. The feasibility of specific
pretargeting of A549-PDL1 cells (PD-L1 expressing cancer
cells) were tested using two commonly used PD-L1
monoclonal antibodies (durvalumab and atezolizumab).
Briefly, the live cells were divided into groups of four. In one
set of dishes, cells were preincubated with durvalumab/
atezolizumab-TCO (100 μg) for 60 min at 37 °C, and dishes
then were washed twice with cold PBS (pH = 7.4). Thereafter,
[18F]Tz (74 kBq) was added to the cells. After incubation for
60 min at 37 °C, the medium was removed, and then the cells
were washed twice with cold PBS (pH = 7.4). The adherent
cells were then lysed with 1 N NaOH at 37 °C for 5 min. The
lysates were collected and measured with a γ-counter. The
result was expressed as % ID/106 cells. The following two
block experiments were also performed. In one set of dishes,
cells were pretreated with a 50-fold molar excess of parental
anti-PDL1 durvalumab/atezolizumab to prevent durvalumab/
atezolizumab-TCO binding. In another set, 50 μg of unlabeled
tetrazine (NOTA-Tz) was added to compete with the specific
binding of [18F]Tz. Other manipulations were as described
above. To the fourth set, [18F]Tz (74 kBq) was added directly
to the cells without the addition of durvalumab/atezolizumab-
TCO and the cells were incubated for 1 h.

Cellular Uptake and Internalization of [18F]Tz-TCO-
Durvalumab/Atezolizumab. A549-PDL1 cells were incubated
with the radiolabeled compound for 30, 60, 120, and 180 min
at 37 °C, and uptake was terminated by removing the medium
from the cells and washing twice with 1 mL of ice-cold PBS.
Subsequently, cells were incubated with 1 mL of glycine HCl
(1 mol/L, pH 2.2) for 10 min at 37 °C to remove the surface-
bound activity. Next, the cells were washed with 2 mL of ice-
cold PBS and lysed with 1 mL of lysis buffer to determine the
internalized fraction. The combined washes and lysate were

measured to determine the cellular uptake value. Each
experiment was performed three times, with three replicates
for each independent experiment.

Saturation Binding Experiments. A concentration gradient
of in vitro ligated purified probe of [18F]Tz-TCO-durvalumab/
atezolizumab, 0.08−10 nM, was added to wells and incubated
with A549-PDL1 cells (2 × 105 cells/well) at 37 °C for 1 h.
Nonspecific binding was performed by adding an excess of
unlabeled durvalumab/atezolizumab (100-fold) to the wells 1
h prior to incubation with ligated [18F]Tz-TCO-durvalumab/
atezolizumab. Each condition was conducted three times for
saturation binding experiments. Other manipulations were as
described above. A nonlinear regression analysis with one site-
specific binding equation was used to determine Kd using
GraphPad Prism 9.5.
Micro-PET/CT Imaging and Immunohistochemical

Staining. In order to screen the optimal tetrazine radioligand
for pretargeted PET imaging, dynamic micro-PET imaging of 1
h with [18F]Tz, [18F]PEG6-Tz, and [18F]PEG12-Tz was first
performed in normal male athymic nude mice as a control
group, and their pharmacokinetic profiles were investigated.
For pretargeted PET imaging, male athymic nude mice bearing
subcutaneous A549-PDL1 and A549 (right shoulder) xeno-
grafts were administered 300 μg of atezolizumab-TCO via
intravenous tail vein injection. After 48 h cumulative interval,
the A549-PDL1 model mice were then injected with [18F]Tz,
[18F]PEG6-Tz, and [18F]PEG12-Tz (3.7 MBq) also via
intravenous tail vein injection. In addition, two additional
cumulative intervals of 24 and 72 h were also conducted to
explore the optimal time interval. For the control and blocking
experiments, the A549-PDL1 tumor-bearing mice were
injected with [18F]PEG12-Tz alone and co-injected with
atezolizumab (2.5 mg/mouse). For direct PET imaging of
[18F]Tz-TCO-atezolizumab, male mice bearing subcutaneous
A549-PDL1 xenografts were intravenously injected with
[18F]Tz-TCO-atezolizumab (7.4 MBq/mouse).

Micro-PET imaging studies were conducted in nude mice
using a Madiclab PSA146 PET/CT/FMT instrument (Linyi,
China). All animals were sedated with isoflurane anesthesia
(2−3%, 1 L/min oxygen) and were then placed on a heating
pad in order to maintain body temperature throughout the
procedure. The raw data from PET/CT imaging of small
animals were reconstructed using the 3D ordered subset
expectation maximum (OSEM) algorithm to obtain whole-
body PET images of mice, while the percentage of injected
dose per gram of tissue (% ID/g) was used for quantitative
analysis of tumor target areas. For data analysis, the regions of
interest (ROIs) were manually drawn over the tumor and
major organs on decay-corrected whole-body coronal images
using PMOD software (version 4.3, PMOD Technologies Ltd.,
Zurich, Switzerland).

Immunohistochemistry (IHC) staining was performed on 3
μm thick sectioned tissue samples of the A549-PDL1 and
A549 tumors. Detailed procedures are described in the
Supporting Information.
Biodistribution. Biodistribution of [18F]Tz, [18F]PEG6-Tz,

and [18F]PEG12-Tz. Nude mice (female, weight 12−16 g) were
purchased from Guangdong GemPharmatech Co., Ltd.
Approximately 1.85 MBq of [18F]Tz, [18F]PEG6-Tz, and
[18F]PEG12-Tz was administered via tail vein injection in
conscious animals. Three mice per group were euthanized at
60 min time point, organs were removed and weighed, and
radioactivity was counted using a γ-counter. The radioactivity
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in each organ was normalized as the percentage of injected
dose per gram of tissue (% ID/g).

In Vivo Pretargeting Specificity. Nude mice bearing A549-
PDL1 and A549 xenograft tumors were injected via the tail

vein with durvalumab-TCO or atezolizumab-TCO (300 μg in
150 μL of PBS). After 24, 48, or 72 h, the mice were injected
with [18F]PEG12-Tz (1.85 MBq). Other manipulations were as
described above. The control experiments were also performed

Figure 1. (A) TCO modification of PD-L1 mAb-TCO, radionuclide labeling of NOTA-PEGn-Tz, and Diels−Alder click reaction between PD-L1
mAb-TCO and [18F]PEGn-Tz in vitro. (B) Reaction between free fluorine-18, unreacted radiolabeled tetrazine, and PD-L1 mAb-TCO identified
by radio-SEC-HPLC (black line: radioactive profile; red line: UV profile).
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on mice bearing A549-PDL1. Briefly, [18F]PEG12-Tz (1.85
MBq) was injected directly into the mice without the addition
of atezolizumab-TCO, and mice were euthanized after 1 h. For
blocking experiments, mice were co-injected with a 50-fold
molar excess of atezolizumab and 50 μg of unlabeled tetrazine
(NOTA-PEG12-Tz) to prevent atezolizumab-TCO and [18F]-
PEG12-Tz binding, respectively.
Dosimetry. Internal radiation dose was estimated based on

micro-PET/CT imaging of atezolizumab-TCO/[18F]PEG12-Tz
pretargeting 48 h and [18F]Tz-TCO-atezolizumab for in vivo
injected nude male mice bearing A549-PDL1 tumor. The
radiation dose estimates were calculated for human organs
based on an extrapolation of the animal data to humans using
the OLINDA (v.1.0 (2003)/EXM software.
Statistical Analysis. Quantitative data were reported as

mean ± standard deviation (SD), and statistical differences
between groups were assessed using Student’s t test conducted
with GraphPad Prism 9.5 software. A P-value of less than 0.05
was considered statistically significant.

■ RESULTS
Chemical and Radiochemical Results. TCO-modified

durvalumab/atezolizumab was successfully prepared via
reaction of the antibody with approximately 20-fold equivalent
of NHS-PEG4-TCO at room temperature for 60 min. The
antibody protein recovery rate was 83.3 ± 5.0%, and the
HPLC purification of the conjugate provided purity of >95%.

The mass spectrum of the purified durvalumab-TCO (found
152.6, 152.2, 153.4, 153.8, 151.8, 153.0 kDa) and atezolizu-
mab-TCO (found 149.2, 149.6, 150.0, 150.4, 148.4, 148.8
kDa) are shown in Figures S4 and S5. ESI-Q-TOF-MS
confirmed the presence of an average of 12 TCO molecules
per durvalumab molecule and 8 TCO molecules per
atezolizumab molecule.

[18F]Tz, [18F]PEG6-Tz, and [18F]PEG12-Tz were radio-
nuclide labeled by complexing Al18F with a NOTA chelator
and successfully produced by one-step manual labeling (Figure
1A). The non-decay-corrected radiochemical yield of [18F]Tz,
[18F]PEG6-Tz, and [18F]PEG12-Tz was 15.1% ± 2.0% (n =
23), 12.3% ± 3.0% (n = 11), and 11.1% ± 3.0% (n = 27),
respectively. The specific activities of [18F]Tz, [18F]PEG6-Tz,
and [18F]PEG12-Tz based on radioactivity measurements were
determined to be 4.1, 2.6, and 3.4 GBq/μmol, respectively.
The radiochemical purity of [18F]Tz, [18F]PEG6-Tz, and
[18F]PEG12-Tz was >98% with retention times of 7.68, 8.95,
and 9.03 min (Figure S6), respectively. The entire radionuclide
labeling time was approximately 20 min, including radionuclide
labeling and product purification procedures. The log D values
of [18F]Tz, [18F]PEG6-Tz, and [18F]PEG12-Tz were calculated
to be −2.09 ± 0.02, −2.42 ± 0.06 and −3.01 ± 0.08, indicating
that as the number of PEG groups increases, the hydrophilicity
of the compound becomes increasingly stronger.

By calculating the radioactivity ligation yield of durvalumab-
TCO with [18F]Tz for different reaction times, we found that

Figure 2. Binding of [18F]Tz to A549-PDL1 cells preincubated with durvalumab-TCO (A) and atezolizumab-TCO (B) for 1 h before addition of
[18F]Tz (first bar in graph), for [18F]Tz added directly to cells (second bar), for cells co-incubated with excess unmodified PD-L1 mAb and PD-L1
mAb-TCO for 60 min followed by addition of [18F]Tz (third bar), and for cells preincubated with PD-L1 mAb-TCO followed by addition of excess
unlabeled tetrazine and [18F]Tz (fourth bar). Cellular uptake and internalization of [18F]Tz-TCO-durvalumab (C) and [18F]Tz-TCO-atezolizumab
(D) in A549-PDL1 cells.
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Figure 3. Micro-PET/CT imaging (A) and time−activity curves of organs (B) of [18F]Tz, [18F]PEG6-Tz, and [18F]PEG12-Tz in normal mice. (C)
Ex vivo biodistribution of [18F]Tz, [18F]PEG6-Tz, and [18F]PEG12-Tz at 1 h after injection (n = 3).
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10 min was the optimal reaction time for obtaining the most
radioactive product (Table S1). Durvalumab-TCO was
indirectly radiolabeled with [18F]Tz in 39.58 ± 1.7% (n = 3)
radiochemical yield with a specific activity of 0.37 MBq/μg
(55.5 MBq/nmol) (Figure 1A). The radiochemical purity of
[18F]Tz-TCO-durvalumab and [18F]Tz-TCO-atezolizumab
was >95% with retention times of 8.99 and 10.17 min,
respectively, when analyzed using radio-HPLC (Figure 1B).
The stability of [18F]PEG12-Tz and [18F]Tz-TCO-atezolizu-
mab was assayed in vitro by incubation in normal human
serum (0.2 mL) for 1 h at 37 °C and subsequent HPLC
analysis. The [18F]PEG12-Tz and [18F]Tz-TCO-atezolizumab
remained relatively stable in normal human serum after 1 h
incubation (Figure S7).
Western Blotting, In Vitro Binding Specificity,

Cellular Uptake, and Internalization. The results of
Western blotting showed that A549-PDL1 cell lines overex-
pressed PD-L1 and the A549 cell lines expressed relatively low
levels of PD-L1 protein (Figure S8).

In vitro binding of [18F]Tz to durvalumab/atezolizumab-
TCO pretreated A549-PDL1 (PD-L1 positive expressed) cells
exceeded nonspecific uptake by untreated cells by 2.28- and
4.14-fold (Figure 2A,B). In addition, there was a highly
significant reduction of [18F]Tz binding to A549-PDL1 cells
when durvalumab/atezolizumab-TCO binding was prevented
by presaturation of receptors using unmodified anti-PD-L1
antibody or under competition with a large excess of
nonlabeled tetrazine (Figure 2A,B). These data demonstrate
that [18F]Tz binding depends on the interaction of
durvalumab/atezolizumab-TCO with PD-L1 and on the
interaction of tetrazine with TCO, which confirms the
feasibility of in vitro pretargeting.

Cellular uptake experiments of [18F]Tz-TCO-durvalumab
and [18F]Tz-TCO-atezolizumab were performed to evaluate
the ability of the two antibodies to bind to PD-L1. Shown in
Figure 2C,D, the accumulation of [18F]Tz-TCO-durvalumab,
[18F]Tz-TCO-atezolizumab in A549-PDL1 cells quickly
reached 5.13 and 3.76 % ID/106 cells at 30 min, respectively.
As the time was extended to 180 min, the uptake of both
compounds increased. Compared to [18F]Tz-TCO-durvalu-

mab, the cellular uptake of [18F]Tz-TCO-atezolizumab has a
greater increase over time. The uptake of [18F]Tz-TCO-
durvalumab and [18F]Tz-TCO-atezolizumab increased to 8.40
and 9.85 % ID/106 cells at 180 min, respectively. The
internalization test showed that durvalumab and atezolizumab
are endocytosed antibodies, but there is no significant
correlation between the rate of internalization and the
incubation time. The significant difference lies in the fact
that [18F]Tz-TCO-atezolizumab shows a very high internal-
ization rate of 98.1% in A549-PDL1 cells, which is much
higher than the internalization rate of 73.2% for [18F]Tz-TCO-
durvalumab at 180 min. In saturation binding assays,
nonspecific (NS) binding of [18F]Tz-TCO-durvalumab and
[18F]Tz-TCO-atezolizumab remained relatively constant (Fig-
ure S9). The specific binding (SB) curve showed a typical
sigmoidal shape, with binding affinities of Kd = 2.39 and 1.38
nM, respectively.
Micro-PET/CT Imaging, Biodistribution, and Immu-

nohistochemistry Analysis. We first performed micro-PET/
CT imaging and biodistribution studies with [18F]Tz,
[18F]PEG6-Tz, and [18F]PEG12-Tz to investigate their
pharmacokinetic profile. Dynamic micro-PET images and
time−activity curves (Figure 3A,B) showed that [18F]Tz was
characterized by rapid tissue distribution and subsequent main
clearance via the hepatobiliary system with a small amount
cleared through the urinary system. [18F]Tz quickly entered
the liver and showed a large amount of retention at 5.86 ±
0.43% injected dose per gram (% ID/g) at 60 min after
injection. In contrast, both [18F]PEG6-Tz and [18F]PEG12-Tz
exhibited rapid urinary system elimination characteristics. The
radioactive ligands can quickly enter the bloodstream, pass
through the glomeruli, and ultimately be excreted from the
bladder. The data show accumulation and retention of the
[18F]PEG6-Tz and [18F]PEG12-Tz in the liver at 0.72 ± 0.12
and 0.43 ± 0.05 % ID/g at 60 min after injection. Ex vivo
biodistribution data of [18F]Tz, [18F]PEG6-Tz, and [18F]-
PEG12-Tz were obtained in normal mice by injecting the
tetrazine radioactive ligands via the tail vein (Figure 3C). The
accumulation of [18F]Tz, [18F]PEG6-Tz, and [18F]PEG12-Tz in
liver after 60 min of injection was 4.76 ± 0.67, 0.50 ± 0.08, and

Table 1. Biodistribution in Live Mice Bearing Subcutaneous A549-PDL1 Xenografts Preinjected with Atezolizumab/
Durvalumab-TCO (300 μg in PBS) Followed 24, 48, and 72 h Later by [18F]PEG12-Tza

atezolizumab pretargeted durvalumab pretargeted

organ 24 h 48 h 72 h 24 h 48 h 72 h

bone 0.38 ± 0.07 0.28 ± 0.02 0.38 ± 0.03 1.16 ± 0.27 0.98 ± 0.26 0.53 ± 0.04
muscle 0.26 ± 0.04 0.31 ± 0.08 0.29 ± 0.06 0.72 ± 0.10 0.56 ± 0.20 0.43 ± 0.06
lung 1.78 ± 0.34 1.65 ± 0.11 0.92 ± 0.06 7.06 ± 1.90 3.19 ± 1.02 2.01 ± 0.06
brain 0.06 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 0.29 ± 0.07 0.16 ± 0.04 0.14 ± 0.01
heart 0.93 ± 0.05 1.02 ± 0.14 0.74 ± 0.28 2.66 ± 0.49 1.57 ± 0.27 1.40 ± 0.28
liver 0.87 ± 0.08 0.96 ± 0.18 0.71 ± 0.16 1.93 ± 0.59 1.19 ± 0.23 1.01 ± 0.16
kidney 2.04 ± 0.09 2.82 ± 0.52 2.22 ± 0.37 3.12 ± 0.31 2.68 ± 0.46 2.27 ± 0.37
spleen 0.71 ± 0.04 0.71 ± 0.12 0.81 ± 0.13 1.27 ± 0.22 0.48 ± 0.34 0.62 ± 0.13
gall bladder 0.94 ± 0.11 0.94 ± 0.24 0.63 ± 0.21 1.29 ± 0.08 1.11 ± 0.35 0.99 ± 0.22
stomach 0.40 ± 0.16 0.37 ± 0.06 0.32 ± 0.11 0.50 ± 0.06 0.33 ± 0.09 0.75 ± 0.28
intestine 0.51 ± 0.12 0.62 ± 0.22 0.55 ± 0.15 0.54 ± 0.14 0.40 ± 0.07 0.51 ± 0.15
blood 1.72 ± 0.09 1.86 ± 0.15 1.48 ± 0.50 8.80 ± 0.50 6.08 ± 1.82 5.29 ± 0.50
A549-PDL1 tumor 1.16 ± 0.06 1.65 ± 0.29 0.90 ± 0.23 2.52 ± 0.16 1.91 ± 0.38 1.60 ± 0.23
tumor/muscle 4.40 ± 0.76 5.33 ± 0.68 3.13 ± 0.10 3.51 ± 0.75 3.39 ± 0.46 3.68 ± 0.98
tumor/blood 0.67 ± 0.01 0.89 ± 0.11 0.61 ± 0.03 0.29 ± 0.04 0.31 ± 0.07 0.30 ± 0.02

aThe animals were euthanized, and tissues of interest were harvested 1 h after [18F]PEG12-Tz injection. Values are expressed as mean ± SD (% ID/
g) (n = 3).
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0.34 ± 0.13 % ID/g, respectively. These phenomena are
consistent with PET imaging studies. The results of the above
experiment suggest that the stronger the hydrophilicity of the
tetrazine radioligand, the less likely it is to undergo hepatic and
biliary metabolism. It is worth noting that although [18F]PEG6-
Tz showed low uptake in several major organs, it has a very
high radioactive uptake value of 3.73 ± 0.42 % ID/g in the
gallbladder, which may interfere with the delineation of tumors
in the liver and gallbladder area. Compared to [18F]Tz and
[18F]PEG6-Tz, [18F]PEG12-Tz exhibited faster in vivo clear-
ance capacity and relatively lower radioactive uptake in various
nontarget organs (<0.65 % ID/g), except for that in the
excretion organ (kidneys) with moderate uptake (2.27 ± 0.65
% ID/g). Therefore, in the subsequent pretargeted research,
we used [18F]PEG12-Tz as the main tetrazine radioactive
ligand.

Three accumulation intervals of 24, 48, and 72 h were
evaluated in A549-PDL1 tumor-bearing nude mice to validate
the optimal interval between the injection of the durvalumab/
atezolizumab-TCO and the administration of [18F]PEG12-Tz
(Table 1). Data at an interval of 24 h after injection of
durvalumab-TCO showed the highest tumor uptake (2.52 ±
0.16 % ID/g at 1 h [18F]PEG12-Tz p.i.) compared to 48 h
(1.91 ± 0.38 % ID/g) and 72 h (1.60 ± 0.23 % ID/g), whereas
the other tissues, including blood and lung, exhibited high
uptake (8.80 ± 0.50 and 7.06 ± 1.90 % ID/g, respectively) and
resulted in a low tumor-to-blood ratio of 0.29. The high
accumulation of durvalumab in the blood and slow clearance
creates a high background noise in the body, leading to a
relatively low tumor-to-muscle ratio of only 3.51. In contrast,
the uptake of A549-PDL1 tumor reached its highest value
(1.65 ± 0.15 % ID/g) at 48 h after the injection of
atezolizumab-TCO. Afterward, the uptake in the tumor
gradually decreases. Moderate levels of radioactive uptake
were observed in the blood and lungs (1.86 ± 0.15 and 1.65 ±
0.11 % ID/g, respectively). In addition, other organs such as
the liver, muscles, bones, and intestines exhibited relatively low
levels of uptake (<0.96 % ID/g) resulting in a tumor-to-muscle
ratio of 5.33, which is higher than that at 24 h (4.40) and 72 h
(3.13). Comparing the pretargeted biodistribution character-
istics of durvalumab-TCO and atezolizumab-TCO, we found
that atezolizumab-TCO is more suitable for pretargeted
research for monitoring PD-L1 expression in vivo.

Pretargeted atezolizumab-TCO/[18F]PEG12-Tz imaging is
shown in Figure 4A,B, which were consistent with the results
of biodistribution. The imaging data obtained after injection of
atezolizumab-TCO indicated that tumor uptake at a 48 h
interval (0.94 ± 0.16 % ID/g at 1 h postinjection of
[18F]PEG12-Tz) is higher compared to that at intervals of 24
h (0.79 ± 0.06 % ID/g) and 72 h (0.41 ± 0.04 % ID/g), as
well as significantly higher than tumor uptake with only
[18F]PEG12-Tz injection (0.28 ± 0.10 % ID/g). The
experimental results further confirm that 48 h is a promising
interval between the administration of atezolizumab-TCO and
the subsequent injection of [18F]PEG12-Tz.

Pretargeted PET imaging and biodistribution using subcuta-
neously implanted A549 tumors with low PD-L1 expression
demonstrated a significant reduction in radioactivity accumu-
lation in the tumor, which was indistinguishable from the
surrounding tissue (Figure 5A,C and Figure 6). Statistical
analysis revealed that the radiotracer accumulation in A549
tumors was significantly lower than that in A549-PDL1 tumors
in pretargeted interval of 48 h (P < 0.05). In two additional

blocking groups, mice bearing A549-PDL1 xenografts were
either pretreated with unmodified atezolizumab followed by
the same dose of the tetrazine radioligand or co-injected with a
nonlabeled tetrazine. Both groups also exhibited a significant
reduction in radioactivity accumulation in the A549-PDL1
tumor (P < 0.05). By calculation, the molar ratios of TCO to
Tz used in the pretargeted PET imaging and Tz blocking
conditions were 29.6 and 0.37, respectively. The results of
immunohistochemistry sections of A549-PDL1 and A549
tumors are shown in Figure 5E. The A549-PDL1 tumor
showed a high expression of PD-L1 in the cytoplasm and on
the membranes (claybank), and the A549 tumor showed low
PD-L1 expression, which was consistent with the results of
PET imaging.

A comparison of pretargeted atezolizumab-TCO/[18F]-
PEG12-Tz imaging and direct PET imaging at 8 h postinjection
of [18F]Tz-TCO-atezolizumab was performed using PD-L1-
positive A549-PDL1 xenografts (Figure 5B,D). PET images of
[18F]Tz-TCO-atezolizumab at 8 h postinjection showed
tumor-to-muscle uptake ratios comparable to atezolizumab
pretargeting (19.9 vs 21.6), whereas tumor-to-liver uptake
ratios were much lower than atezolizumab pretargeting (0.19
vs 1.49).

We further confirmed the rationality of [18F]PEG12-Tz as a
pretargeted radioligand. Pretargeted PET imaging was
performed using a 48 h interval of atezolizumab-TCO/
[18F]Tz and atezolizumab-TCO/[18F]PEG6-Tz in A549-
PDL1 tumors (Figure S10). The imaging results indicated
that in comparison to atezolizumab-TCO/[18F]Tz and
atezolizumab-TCO/[18F]PEG6-Tz, the pretargeted imaging

Figure 4. (A) Micro-PET images of [18F]PEG12-Tz directly injected
and preinjected with atezolizumab-TCO (300 μg in PBS) followed
24, 48, and 72 h later by [18F]PEG12-Tz; white arrow indicates tumor
area. (B) Uptake value of A549-PDL1 tumor at 1 h postinjection of
[18F]PEG12-Tz (***P < 0.05; ****P < 0.0001).
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approach utilizing atezolizumab-TCO/[18F]PEG12-Tz ex-
hibited superior efficacy in evaluating the PD-L1 expression
levels and yielded PET images with relatively higher contrast.
Dosimetry. We assessed the radiation dose associated with

this pretargeting strategy using the PET imaging data for the

atezolizumab-TCO/[18F]PEG12-Tz pretargeting methodology
and the direct PET imaging data at 1, 2, 4, 6, and 8 h
postinjection of [18F]Tz-TCO-atezolizumab (Tables S2 and
S3). As expected, the pretargeting strategy resulted in a
significant reduction in radiation exposure, compared with the
[18F]Tz-TCO-atezolizumab radioimmunoconjugate, lowering
the total effective dose by over 7.5-fold (Table S4). The
effective internal radiation dose of the atezolizumab-TCO/
[18F]PEG12-Tz pretargeting methodology was calculated to be
1.15 × 10−3 μSv/MBq for men, which was lower than the FDA
limit for research subjects in a single study.

■ DISCUSSION
In order to match the slow pharmacokinetics of antibodies,
immunoPET studies prefer long-lived radionuclides. However,
the prolonged retention of long half-life nuclide-labeled
antibody imaging agents in the body increases the radioactive
dose to nontarget tissues. Meanwhile, the slow pharmacoki-
netics and slow tumor accumulation rate of PD-L1 antibodies
limit the incorporation of conventional radionuclides with
short half-lives (18F or 68Ga). The pretargeting strategy can
overcome the problems of slow pharmacokinetics of radio-
labeled antibodies in vivo and the difficulty of using short half-

Figure 5. (A) Pretargeted atezolizumab-TCO/[18F]PEG12-Tz images in A549-PDL1 and A549 tumor-bearing nude mice; the tumors are indicated
by white arrows. (B) Static PET images at 8 h postinjection of [18F]Tz-TCO-atezolizumab in male mice bearing subcutaneous A549-PDL1
xenografts. (C) Uptake or block value of A549-PDL1 and A549 tumor at 1 h postinjection of [18F]PEG12-Tz (***P < 0.05). (D) Ratios of A549-
PDL1 tumor/muscle and tumor/liver. (E) Immunohistochemical analysis for PD-L1 expression demonstrating high immunoreactivity (claybank)
in A549-PDL1 and low immunoreactivity in A549 tumor.

Figure 6. (A) Pretargeted atezolizumab-TCO/[18F]PEG12-Tz bio-
distribution in A549-PDL1 and A549 tumor-bearing nude mice.
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life radionuclides for PET imaging. The click reaction between
Tz and TCO is one of the fastest biorthogonal click
conjugation methods, making it highly suitable for pretargeted
nuclear imaging strategies. A previous study used atezolizu-
mab-TCO/[99mTc]HYNIC-PEG11-Tz for a pretargeted single
photon emission computed tomography (SPECT) imaging
study, which successfully detected PD-L1 expression in vivo.46

However, in the realm of radionuclide imaging, PET outshines
SPECT with its heightened spatial resolution and sensitivity.
These attributes enable more accurate dynamic imaging and
dose quantification. Therefore, it is important to develop a
pretargeted imaging strategy based on PET imaging for the
detection of PD-L1 expression.

In this study, we investigated the pretargeted PET imaging
of A549-PDL1 xenografts utilizing the Diels−Alder click
chemistry reaction between a 18F-labeled methyl tetrazine
and a TCO-functionalized anti-PDL1 antibody.

18F is the most frequently employed positron-emitting
isotope in clinical practice, offering advantages including easy
accessibility, high image quality, and a clinically suitable half-
life (t1/2 = 109.8 min). Attachment of a NOTA functional
group to this linker provided a chelator that could be
effectively utilized for both 18F aluminum and 68Ga. In our
initial study, we linked 18F directly to methyl tetrazine and
found that [18F]Tz accumulated in large amounts in liver and
was cleared slowly in vivo, which was not conducive to late
pretargeted imaging. In a previous study, the inclusion of PEG
linkers was found to expedite the clearance of radiopharma-
ceuticals and reduce uptake in tissues that are not the target;47

therefore we designed two additional compounds with
different numbers of PEG groups (6, 12) conjugated to the
NOTA functional group. Subsequently, three 18F-labeled
methyl tetrazine radioligands were successfully synthesized
by using the aluminum fluoride labeling method.

Atezolizumab and durvalumab are the most commonly used
targeted PD-L1 antibodies in cancer immunotherapy with
similar mechanisms of action but varying levels of efficacy.
Labeling the two antibodies with radioactive isotopes allows
for analysis and monitoring of their in vitro binding and in vivo
pharmacokinetic properties, which can help further elucidate
the pharmacological differences between the two antibodies. In
vitro radiolabeling between [18F]Tz and atezolizumab/
durvalumab-TCO was completed within 10 min and resulted
in successful radiolabeling of atezolizumab/durvalumab-TCO
with high radiochemical yields, demonstrating the suitability of
the method for radiolabeling of antibodies with 18F in mild
reaction conditions. The specificity of PD-L1 pretargeting was
confirmed based on the significantly higher uptake in
durvalumab/atezolizumab-TCO pretreated A549-PDL1 cells
compared to untreated cells, while this uptake could be
blocked by using a high amount of the PD-L1 antibodies and
unlabeled tetrazine. Interestingly, the experimental results
show significant differences in the uptake and internalization of
A549-PDL1 cells between [18F]Tz-TCO-durvalumab and
[18F]Tz-TCO-atezolizumab. These differences may stem
from the inherent characteristics of the two antibodies,
which warrant further investigation.

The elimination rate of tetrazine compound [18F]Tz was
slower when used alone and was mainly cleared by the
hepatobiliary system. A large amount of residual activity was
found in liver at 1 h p.i. in mice, which may interfere with the
subsequent image quality. Based on the structure of NOTA-
Tz, 6 and 12 PEG groups were introduced, significantly

increasing the hydrophilicity of the tetrazine derivative, and the
hepatic and biliary clearance was transformed into renal
clearance. This improvement successfully reduced the liver
uptake of the tetrazine derivative by 9.5-fold and 14-fold,
respectively. However, ex vivo biodistribution studies of
[18F]PEG6-Tz revealed that there was still a high radioactive
uptake in the gallbladder at 1 h p.i. in mice. Compared to
[18F]Tz and [18F]PEG6-Tz, [18F]PEG12-Tz demonstrates a
faster in vivo clearance rate and lower nontarget uptake. As a
result, [18F]PEG12-Tz emerges as the most promising tetrazine
radioactive ligand for pretargeted imaging studies.

The pretargeted biodistribution and imaging experiment of
durvalumab/atezolizumab-TCO in A549-PDL1 xenografts
demonstrated significant differences in the pharmacokinetics
of the two antibodies within the body. Tumor uptake of
durvalumab-TCO peaked at 24 h and gradually decreased
thereafter. In contrast, the tumor uptake of atezolizumab-
TCO/[18F]PEG12-Tz initially increases and peaks at 48 h, after
which it gradually declines. The experimental results indicate
that atezolizumab-TCO is more suitable for pretargeted PET
imaging, and the optimal imaging time is 48 h after
atezolizumab-TCO administration. The tumor/muscle ratio
based on the region of interest (ROI) values outlined in the
PET image data can reach up to 21.6, a contrast that was high
enough for PD-L1 imaging. The tumor/muscle ratio of 21.6
from PET image data was higher than the tumor/muscle ratio
of 5.33 from biodistribution data, which may be due to
differences in the algorithms of the image software and the
location of the outlined target areas.

The experimental results of A549-PDL1 and A549
xenografts also indicate that the pretargeting atezolizumab-
TCO/[18F]PEG12-Tz can specifically identify the expression
status of PD-L1 in the tumor. Moreover, the accumulation of
pretargeting atezolizumab-TCO/[18F]PEG12-Tz in A549-
PDL1 tumors could be blocked by co-injection of additional
unmodified anti-PD-L1 antibody or unlabeled tetrazine, which
indicated that it was a PD-L1-specific uptake.

The relatively short biological half-life of 18F restricted us to
tracking in vitro labeled atezolizumab for only a few hours.
Therefore, we compared the PET imaging data of the directly
labeled antibody [18F]Tz-TCO-atezolizumab probe with the
pretargeted imaging. The data showed that the PET image
contrast of pretargeted atezolizumab-TCO/[18F]PEG12-Tz was
significantly superior to the imaging results 8 h after direct
injection of [18F]Tz-TCO-atezolizumab. In addition, the
dosimetric calculations revealed significantly lower absorbed
doses for the pretargeted approach, which demonstrates the
dosimetric advantage of the pretargeted approach compared to
that of the conventional direct antibody radiolabeling strategy
even with the same radionuclide, fluorine-18. Furthermore, the
internal radiation doses of this pretargeted approach in humans
are also considered safe for clinical application.

■ CONCLUSIONS
In this study, three 18F-labeled methyl tetrazines ([18F]Tz,
[18F]PEG6-Tz, and [18F]PEG12-Tz) were designed, synthe-
sized, and subjected to biological evaluation. Among these
derivatives, [18F]PEG12-Tz with 12 PEGs displayed optimal in
vivo pharmacokinetics and could undergo rapid Diels−Alder
reaction with both TCO-modified PD-L1 antibodies (durva-
lumab/atezolizumab-TCO) in vitro and in vivo. Biodistribu-
tion and PET imaging experiments indicated that the
pretargeted strategy (atezolizumab-TCO/[18F]PEG12-Tz)
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could evaluate the PD-L1 expression level and was highly
effective at delineating the A549-PDL1 tumor from normal
tissue, producing PET images with relatively high contrast. The
pretargeted imaging strategy of this study can serve as a
powerful tool to assess PD-L1 for further clinical translational
applications.
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