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Abstract: Programmed death protein 1 and programmed death-ligand 1 (PD-1/PD-L1) have been widely studied 
as one of the most critical immune check-point pairs in the cancer microenvironment. In breast cancer (BrCa), the 
expression of PD-L1 is regarded as a determinant biomarker for patient stratification and prediction of inhibition 
response. Quantitative positron emission tomography (PET) imaging of PD-L1 expression in tumors using a thera-
peutic antibody in the clinic seems to be a promising approach that can complement conventional histopathological 
methods and overcome several issues, such as the tumor heterogeneities, sampling representativeness and clear 
differentiation of positive and negative results. In this study, we synthesized and evaluated 89Zr-labeled avelumab 
(Ave) for the in vivo characterization of PD-L1 expression in BrCa. Confocal imaging of BrCa cells and flow cytometry 
were employed to evaluate PD-L1 expression in MDA-MB-231 cells. The intact human monoclonal antibody target-
ing PD-L1, i.e., Ave, was conjugated to p-SCN-Deferoxamine (Df) and labeled with 89Zr. After intravenous injection 
of 89Zr-Df-avelumab (89Zr-Df-Ave), PET imaging of MDA-MB-231 tumor-bearing mice, with or without blocking, was 
performed. High PD-L1 expression of MDA-MB-231 cells was confirmed by in vitro immuno-fluorescent staining 
and flow cytometry. PET imaging indicated the peak uptake of 89Zr-Df-Ave in the tumor (6.4±1.0 %ID/g), spleen 
(10.2±0.7 %ID/g) and lymph nodes (6.9±1.0 %ID/g) at 48 h after injection (n=4). Blocking study using unlabeled 
Ave could reduce the tracer uptake in these tissues (5.2±1.0 %ID/g in the tumor, 4.9±0.5 %ID/g in the spleen and 
5.8±1.1 %ID/g in lymph nodes at 48 h, n=4), which demonstrated the specificity of 89Zr-Df-Ave. Biodistribution study 
and immuno-fluorescent staining were consistent with the quantitative data from PET imaging. Herein, we offer the 
evidence supporting the value of immuno-PET imaging using 89Zr-Df-Ave for non-invasive characterization of PD-L1 
expression in BrCa and the applicability of this tracer in BrCa for treatment evaluation after immunotherapy.
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Introduction

In females, breast cancer (BrCa) is the most 
common type of newly-diagnosed cancer and 
the leading cause of consequent mortality  
(i.e., the top cause globally and the second in 
the United States) [1, 2]. The current stan- 
dard-of-care treatment for BrCa is insufficient 
because of inherent or drug-induced resis-
tance, which underpins metastasis, relapse, 
and even mortality.

The introduction of immune checkpoint block-
ade therapy has demonstrated promising effi-
cacy and may address an unmet need in a new 

wave of precision medicine. Among the seve- 
ral checkpoints investigated by researchers, 
the programmed death protein 1 (PD-1) and 
programmed death-ligand 1 (PD-L1) have been 
widely interrogated as one of the most critical 
immune check-point pairs in the tumor micro-
environment (TME). Unfortunately, not all the 
patients respond to the immune checkpoint 
blockade. Only less than 20% of the pretreated 
patients can receive benefit from standalone 
treatment with checkpoint inhibitors [3, 4]. 
Therefore, the development of biomarkers to 
guide patient selection, to assist with combi- 
natorial therapy, and to predict on-treatment 
response is highly demanded [5, 6].
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Biomarkers could potentially optimize outcom- 
es, minimize adverse events, or the risk of tox-
icity, avoid unnecessary expense, and eventu-
ally improve patient care in immunotherapy. 
The most popular biomarker investigated cli- 
nically for immunotherapy is the expression of 
PD-L1 in the TME, which has been approved by 
the Food and Drug Administration (FDA) of the 
United States through several companion diag-
nostic tests. However, the reliability of the 
results from biopsies with conventional immu-
nohistochemistry (IHC) is challenged by a few 
concerns: 1) The intra-tumoral and inter-lesi- 
onal heterogeneity between primary foci and 
metastasis may cause focal expression of 
PD-L1 to be missed during sampling; 2) PD-L1 
expression in the TME is dynamic and may alter 
after therapeutic intervention; however, biopsy 
is usually performed before drug administra-
tion, and it is impractical to be frequently 
repeated, so the real-time readout of biopsies 
is suboptimal; 3) The methodological parame-
ters, including the pre-treatment handling of 
specimens, the epitope specificity/affinity of 
the staining antibody and the threshold of posi-
tivity, may vary between tests, which leads to 
poor uniformity in the determination of PD-L1 
levels by different tests; 4) PD-L1 exists both 
on the surface and in the cytoplasm of tu- 
mor cells and tumor-associated immune cells, 
which hinders the identification of the express-
ing site by morphology [7, 8].

Compared with IHC, in vivo monitoring of PD- 
L1 expression via molecular imaging displays 
some distinct advantages: 1) It covers all the 
suspectable lesions at different anatomic sites 
comprehensively, including the primary/meta-
static ones; 2) As a non-invasive approach, it 
allows repeating image acquisition, making sur-
veillance during disease progression and inter-
vention possible, which facilitates personaliza-
tion in clinical management [9-11]. Immuno- 
PET is a popular choice for imaging PD-L1, via 
the labeling of PD-L1-specific agents with a 
radionuclide. The merits of immunoPET inclu- 
de: 1) High sensitivity; 2) Superior specificity 
towards targets; 3) Reproducible quantifica-
tion; and 4) Only cell-surface markers are ac- 
cessible by antibody tracers [12, 13].

Several immunoPET tracers targeting PD-L1 
have been reported in pre-clinical/clinical stud-
ies. One of the most practical options is the 
tracer derived from the antibodies available  

for treatment, e.g., Atezolizumab (Atz, MPDL- 
3280A), which has proven to be reliable in  
the assessment of PD-L1 expression in BrCa 
[14-16]. Apart from Atz, avelumab (MSB- 
0010718C; Ave) is another human IgG1 mono-
clonal antibody which newly emerges for tar- 
geting PD-L1. FDA approved Ave for the treat-
ment of Merkel cell carcinoma and urothelial 
carcinoma. It is now under a phase I clinical 
trial for the therapy of several subtypes of BrCa 
[17, 18]. Ave has also been tested for the near-
infrared photo-immunotherapy targeting PD-L1 
in murine models of lung adenocarcinoma  
[19]. All these progress about Ave enhanced 
our confidence in the safety and feasibility of 
immunoPET imaging based on the tracer de- 
rived from Ave.

In this paper, we confirmed the high expres- 
sion of PD-L1 in a classical human BrCa cell 
line in murine xenograft models, devised the 
[89Zr]zirconium-labeled Ave as a tracer and 
finally validated the efficacy of this tracer for 
PET imaging. We aim to preliminarily evaluate 
the immunoPET biomarker for non-invasive 
monitoring of PD-L1 expression in BrCa.

Materials and methods

Chemicals

Ave (Bavencio®) was obtained from EMD 
Serono, Inc. (Rockland, MA). 1-(4-isothiocyan- 
atophenyl)-3-[6,17-dihydroxy-7,10,18,21-tetra-
oxo-27-(N-acetylhydroxylamino)-6,11,17,22-tet-
raazaheptaeicosine] thiourea (p-SCN-deferox-
amine or Df) was purchased from Macrocy- 
clics, Inc. (Dallas, TX). AlexaFluor488TM-labeled 
goat anti-human antibody was purchased from 
Invitrogen, Inc. (Eugene, OR). Pharmingen rat 
anti-mouse CD31 antibody was purchased 
from BD Bioscience, Inc. (San Diego, CA). Cy3-
labeled donkey anti-rat antibody was pur-
chased from Jackson, Inc. (West Grove, PA). 
Non-specific human IgG protein was purchas- 
ed from Invitrogen, Inc. (Rockford, IL). PD-10 
desalting columns were supplied by GE He- 
althcare, Inc. (Piscataway, NJ). 4’,6-diamidino-
2-phenylindole (DAPI) is the product of Vector 
Laboratories, Inc. (Burlingame, CA). Hoechst 
33342 is provided by LifeTechnologies of 
ThermoFisher, Inc. (Eugene, OR). Matrigel was 
purchased from Corning, Inc. (Bedford, MA). 
Dulbecco Modified Eagle Medium (DMEM) was 
obtained from Gibco, Inc. (Grand Island, NY). 
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Fetal bovine serum (FBS) was provided by 
Gemini, Inc. (West Sacramento, CA). All other 
reagents were from ThermoFisher, Inc. (Fair 
Lawn, NJ).

Chelator conjugation and radiolabeling

Chelator reagent Df was dissolved in 15 μL  
of dimethyl-sulfoxide (DMSO), and Ave was dis-
solved in the mixture (500 μL) of 1× phosphate-
buffered saline (PBS; pH 7.4)/NaHCO3-Na2CO3 
buffer (0.1 M, pH 9.2) (v/v=1:1). The Df and  
Ave were mixed (molar ratio=20:1). The mixture 
was incubated at room temperature (RT) for  
2 h with constant shaking and later purified  
by PD-10 (PBS as the eluant). The fractions of 
Df-conjugated Ave (Df-Ave) products were mer- 
ged, and the peak fraction of solute was con-
firmed on the NanoDrop One/OneC spectropho-
tometer (ThermoFisher; Waltham, MA).

An 89Y(p,n)89Zr reaction was performed in an 
onsite PETtrace cyclotron (GE Healthcare; 
Milwaukee, WI) to prepare 89Zr. The target  
material [89Y]yttrium foil (250 μm, 99.9% in 
purity) was bombarded by a 5 mA current of 
16.4 MeV proton for 2 h. After bombardment, 
the foil was dissolved in concentrated HCl 
(Ultrex grade; Mallinckrodt; Dublin, Ireland), 
and the HCl solution was loaded onto a co- 
lumn packed with hydroxamate-functionalized 
resin as the sorbent. After the washing step 
with 6 N HCl, the 89Zr was eluted by 1 M oxalic 
acid and collected. The final product of nuclide 
was the oxalic acid solution of 89Zr oxalate.

The 89Zr oxalate (60 MBq, 1.6 mCi) was added 
into 500 μL of HEPES buffer (0.5 M, pH 7.0). 
The pH value was adjusted to 7.0-7.5 by 1 M 
Na2CO3. Then 150 μg of Df-Ave was added  
into the HEPES buffer solution. The coordina-
tion reaction was undertaken at 37°C with  
constant shaking (800 rpm) for 1 h. The reac-
tion solution was purified by PD-10 (PBS as  
the eluent). At last, the fractions of 89Zr-Df-
avelumab (89Zr-Df-Ave) were combined and 
passed through 0.22 μm sterile filter for intra-
venous administration.

Cell culture

Human BrCa cell line MDA-MB-231 was provid-
ed by the American Type Culture Collection 
(ATCC; Manassas, VA). The cells were cultured 
in DMEM medium with high glucose and FBS 
(10%). The T75 flasks containing the cells  

were placed in a humidified constant thermo-
incubator at 37°C with CO2 (5%). When the  
confluence reached ~70%, cells were harvest-
ed for tumor inoculation and in vitro experi- 
ments.

Tumor model preparation

Cells suspended in cold PBS (4°C) were  
mixed with Matrigel in a ratio of 1:1 (v/v). 
Approximately 5×106 cells in 100 μL of the  
mixture were inoculated into the right hind- 
limb of each female athymic nude mouse (4-5 
weeks in age; Envigo; Cambridge Shire, UK) 
subcutaneously with an insulin syringe pre-
cooled on ice. The injection site was between 
the skin and muscle layers and ~10 mm from 
the spiking points on the limbs. The injected 
mixture can be adsorbed in 1-2 days. Tumors 
generally appeared at ~10 days post-inocula-
tion. The growth of the tumor was monitored  
by palpation. At ~5 weeks post-inoculation, 
tumors with a diameter of ~10 mm were ac- 
cepted for in vivo experiments.

Confocal imaging of cell line and flow cytom-
etry

The PD-L1 expression on the MDA-MB-231 
cells was validated by immuno-fluorescent st- 
aining and confocal imaging. The cells were  
cultured in glass-bottom dishes (Φ 50 mm, 
~2×105 cells/dish) and grown at 37°C in CO2 
(5%) overnight. After blocking, cells were incu-
bated with Ave (as primary antibody; 10 μg/ 
mL) at RT for 45 min and goat anti-human  
secondary antibody at RT for 45 min in the 
dark. Then the cells were stained with Hoechst  
(5 μg/mL) at RT for 30 min in the dark and 
imaged on an A1R confocal microscope (Nikon, 
Inc.; Melville, NY).

PD-L1 expression on the tumor cell surface, 
along with the binding affinity of Df-Ave, was 
verified in the MDA-MB-231 cell line by flow 
cytometry. The cells were suspended in PBS 
(4°C; ~107 cells/mL) and split to aliquots of 
~1.5×106 cells/tube. After blocking, the cells 
were incubated with PBS (4°C; as the control  
of blank cells), the goat anti-human secon- 
dary antibody (as the controls of secondary 
antibody only; 5 μg/mL), Ave, Df-Ave and IgG  
(all the last three as primary antibodies; 10 μg/
mL) for 1 h in ice bath, respectively. The cells 
engaging with Ave, Df-Ave, and IgG were then 
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incubated with the goat anti-human secondary 
antibody (5 μg/mL) for 1 h on ice in darkness, 
respectively. Finally, all cells were re-suspend-
ed in 300 μL of PBS (4°C) for analysis on a 
5-Laser LSR Fortessa cytometer (Becton-Di- 
ckinson, Inc.; San Jose, CA). Cell counts were 
recorded and analyzed using FlowJo (ver. X.0.7; 
Tree Star, Inc.; Ashland, OR) software.

PET imaging and biodistribution

All the animal studies follow the procedures  
in compliance with the regulations of the In- 
stitutional Animal Care and Use Committee 
(IACUC), University of Wisconsin-Madison (UW- 
Madison). An Inveon Micro-PET/CT scanner 
(Siemens Medical Solutions USA, Inc.) was 
employed for in vivo imaging. 6-9 MBq (0.16-
0.24 mCi) of 89Zr-Df-Ave were injected into  
the nude mice through the lateral tail vein. In 
the pre-blocking study, 1.5 mg of unlabeled 
(cold) Ave was injected to each mouse 24 h 
before the injection of 89Zr-Df-Ave. The images 
were acquired by 5-15 min of static scanning  
at given time-points post-injection (p.i.) res- 
pectively. The region of interest (ROI) in major 
organs was delineated and the corresponding 
mean uptake was quantified in the percentage 
of injected dose per gram (%ID/g, decay-cor-
rected) by Inveon Research Workshop (IRW) 
software (Siemens, Inc.). The %ID/g value was 
calculated by dividing tissue activity in MBq/g 
(converted from the ROI uptake) with total 
radioactive dose injected.

All the mice were anesthetized and sacrificed 
by CO2 inhalation immediately after the PET 
acquisition at 120 h p.i. The blood, major 
organs, and tumors were collected and wei- 
ghed. The radioactivity of all the blood and  
tissue samples was assayed on a Wizard  
2480 automatic γ-counter (PerkinElmer, Inc.; 
Waltham, MA) and readouts were converted 
into %ID/g.

Histology

The immediately frozen tissues of tumor and 
organs were sliced (5 μm) in the Experimental 
Pathology Laboratory in the Carbone Cancer 
Center, UW-Madison. Tissue sections were 
fixed in cold acetone for 10 min and dried in  
air at RT for 3 min. Then the sections were 

blocked, followed by the staining with Ave as 
the primary antibody (10 μg/mL) overnight at 
4°C and with the goat anti-rabbit secondary 
antibody at RT for 1 h. The adjacent sections  
of the tissue engaged with the rat anti-mouse 
CD31 (vascular endothelium biomarker) prima-
ry antibody (10 μg/mL) at 4°C overnight and 
the donkey anti-rat secondary antibody (5 μg/
mL) at RT for 1 h. Coverslips were mounted with 
DAPI. Fluorescent imaging was implemented on 
the same A1R confocal microscope.

Statistical analysis

Quantitative data were presented as mean ± 
standard deviation (SD). Means were compared 
using Student’s t-test. P < 0.05 was considered 
as statistically significant.

Results and discussion

Radiochemistry

Ave was successfully conjugated with Df and 
radiolabeled with Zr-89. The 89Zr-labeling reac-
tion provides a specific activity of 13.6±5.1 
mCi/mg (503.2±188.7 MBq/mg) and radio-
chemical yield of > 80% in the final product of 
89Zr-Df-Ave tracer.

Confocal imaging of cell line and flow cytom-
etry

As depicted in Figure 1, the nuclei of MBA-
MB-231 cells were stained by Hoechst (blue 
channel). The PD-L1 on the cells was heavily 
stained by Ave and exhibited strong fluores-
cence (green channel), while the cells eng- 
aging with non-specific human IgG showed  
minimal green fluorescent signal. This con- 
trast verifies the high expression of PD-L1 on 
the MDA-MB-231 cell line. In the results of  
flow cytometry, cells stained with Ave and 
Df-Ave shared notable positive shifts compar-
ing with control groups, confirming the high 
expression of PD-L1 on the MDA-MB-231 cell 
surface. It also corroborates that the affinity  
of Ave to PD-L1 is not compromised by Df  
conjugation (Figure 2). The cells incubated with 
non-specific IgG also give unobservable shift 
(Figure 2). The shift in the IgG group of flow 
cytometry and the negative signal in the con- 
focal images of the IgG group are the circum-
stantial evidence of the specificity of Ave and 
Df-Ave. All these in vitro results support that  
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the MDA-MB-231 cell line is  
a PD-L1 positive BrCa cell  
line and Df-Ave is a promising 
tracer for PD-L1 imaging in 
BrCa.

Figure 1. Confocal imaging of MDA-MB-231 breast cancer cell line after immunofluorescent staining. Sample groups: 
Hoechst, the nucleus stained by Hoechst; PD-L1, the PD-L1 expression; Ave as 1st Ab, the samples stained by ave-
lumab as the primary antibody; IgG as 1st Ab, the samples stained by non-specific IgG as the primary antibody.

Figure 2. PD-L1 expression in the 
MDA-MB-231 breast cancer cell 
line measured by flow cytometry. 
Sample groups: Anti-h 2nd Ab 
only, the controls engaging with 
fluorescent goat anti-human sec-
ondary antibody only; Ave as 1st 
Ab, the samples engaging with 
avelumab as the primary anti-
body; Df-Ave as 1st Ab, the sam-
ples engaging with Df-avelumab 
as the primary antibody; IgG as 
1st Ab, the samples engaging 
with non-specific IgG as the pri-
mary antibody. n=3.
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In vivo PET imaging and ex 
vivo biodistribution of 89Zr-Df-
Ave

Having confirmed the positive 
expression of PD-L1 on MDA-
MB-231 cells, PET imaging 
was performed on tumor-be- 
aring mice using Zr-89 label- 
ed Ave and noticeable tumor 
uptake differences were fou- 
nd between the targeting and 
blocking groups at all time-
points from 4 to 120 h p.i. 
(Figure 3), as well as the up- 
take kinetics of liver, spleen 
and lymph nodes (Figure 4, P 
< 0.05). Generally, the uptake 
in the tumors of the targeting 
model is slightly higher than 
that in the pre-blocked ones. 
89Zr-Df-Ave showed longer bl- 
ood retention in the blocking 
group. 89Zr-Df-Ave pre-blocked 
by the injection of 1.5 mg 
unlabeled (cold) Ave at 24 h 
before tracer administration 
translocates from spleen and 
lymph tissue to liver, in which 
its absorption by the reticulo-
endothelial system is non-se- 
lective and the primary route 
of metabolism of protein-bas- 
ed tracers.

Tracer accumulation of the tu- 
mor, major organs, and lymph 
nodes as measured by the  
ROI analysis are plotted in Fi- 
gure 4. In the targeting group, 
the accumulation of 89Zr-Df-
Ave in tumors reaches a peak 
at 48 h p.i. Then it remains 
descending to the end of im- 
age acquisition (3.0±1.4, 6.0± 
1.6, 6.1±1.0, 5.8±1.4, 5.2± 
0.9, 4.7±0.9 %ID/g at 4, 24, 

Figure 3. The typical positron emission tomography (PET) maximum-intensi-
ty projections (MIP) of MDA-MB-231 breast cancer model with/without pre-
blocking.

Figure 4. The uptake kinetics 
of the region of interest (ROI) in  
the positron emission tomogra-
phy (PET) images of MDA-MB-231 
breast cancer model with/without 
blocking, n=4. P < 0.05.
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48, 72, 96, 120 h p.i., respectively; n=4). In the 
pre-blocked group, the uptake of 89Zr-Df-Ave  
in tumor grows more slowly and stays in a pla-
teau from 48 h p.i. to 120 h p.i. (3.3±0.5, 
4.5±0.6, 5.2±1.0, 4.9±0.8, 4.8±0.5, 4.8± 
0.6 %ID/g at 4, 24, 48, 72, 96, 120 h p.i., 
respectively; n=4). The difference in the tumor 
uptake between the targeting and pre-block- 
ing group at 48 h p.i. is found to be significant 
(P < 0.05). Although Ave is a human IgG1 an- 
tibody, it also targets murine PD-L1 and is  
able to carry out an anti-tumor response in the 
xenograft model of mouse tumors as reported 
elsewhere [20]. This may partially explain why 
there is pronounced reactivity concentration in 
the spleen and lymph node in the current 
model. Besides, the non-targeted accumula-
tion of 89Zr-Df-Ave between the targeting/pre-
blocked models are close to each other, since 
the uptake in kidney and muscle between the 
two models have approximate kinetics during 
the whole imaging process (Figure 4).

We further performed a biodistribution study at 
120 h p.i. (Figure 5).

Histology

Tumor, spleen, and lymph nodes were colle- 
cted and frozen immediately for slicing and  
fixation. Confocal images of these tissues after 
immunofluorescent staining is shown in Figure 
6. The fluorescence from PD-L1 (in green) is  
visible and overlays with the cell nuclei (in  
blue) in tumor, spleen and lymph node tissues. 

tion of 89Zr-Df-Ave in the spleen can be attrib-
uted to the antibody-dependent cell-mediated 
cytotoxicity (ADCC) as well. Unlike another clas-
sical therapeutic monoclonal antibody against 
PDL1, i.e., Atz, Ave maintains its naive Fcγ do- 
main [21]. Thus, the murine Fc receptor (FcγRI) 
may interact with exogenous Ave. This ADCC 
effect induced by Ave not only contribute to  
the killing of tumor cells but also accounts for 
its physiological uptake in the spleen to some 
extent [22]. 

PD-L1 as a responsive biomarker of cancer 
immunotherapy

The immuno-reaction in checkpoint-based 
tumor biology consists of three main steps: 1) 
T-cell-priming in lymphoid tissue; 2) The migra-
tion of T cells to the peripheral; 3) Anti- 
tumor action launched by activated effector 
cells in the TME. The blockade of the PD-1/
PD-L1 pathway targets the last step which is  
a direct way to stimulate the cytotoxicity of  
CD8+ T cells. PD-1/PD-L1 blockade is also a 
way with fewer side-effects, in comparison  
with the blockade of another key check-point 
CTLA-4 in the priming step. Thus, the PD-1/
PD-L1 pathway becomes a more attractive  
target than CTLA-4 [7]. Because the patient 
with different molecular subtypes of breast 
cancers does not feedback similar effects to 
the treatment of PD-1/PD-L1 blockade, the 
exploration of an ideal biomarker for immuno-
therapy is highly necessary. It has been ob- 

Figure 5. The radioactive ex vivo bio-distribution in the tumors and major or-
gans of the MDA-MB-231 breast cancer model without/with blocking, n=4. 
P < 0.05.

Almost no overlap is found 
between the vasculature (in 
red) and PD-L1 (in green). 
These immunohistological re- 
sults confirmed the profile of 
PD-L1 expression and uptake 
of 89Zr-Df-Ave in the tumor and 
lymph node tissues provided 
by the quantitative PET imag-
ing/biodistribution studies. 

The splenic PD-L1 expression 
level revealed by IHC is the 
lowest one among all tissues 
in Figure 6, which unmatches 
the uptake profile of 89Zr-Df-
Ave in these given tissues of 
the targeting group shown in 
the ROI kinetics. Except for 
targeting PD-L1, the deposi-
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served that a small subset of patients with  
negative PD-L1 expression also benefited from 
anti-PD-L1 agents. In other words, the opinion 
that PD-L1 expression alone serves as a  
predictor of responders is still controversial. 
Although this phenomenon raises questions 
against the utilization of PD-L1 as an absolute 
indicator for clinical decision-making, at least 
positive PD-L1 expression in the tumor could 
enhance the chance of therapeutic response 
and prolonged survival [3, 8, 17].

It should be noted that: 1) PD-L1 is expressed 
both on BrCa cells and tumor-infiltrated im- 
mune cells (e.g., macrophage). PET imaging  
targeting PD-L1 is unable to distinguish their 
separate expression levels, neither the consti-
tutive/adaptive PD-L1 expression on tumor 
cells. Fortunately, PD-L1 expressed on the 
immune cells in the tumor is usually under  
the detection limit, so the uptake of Ave tracer 
in tumor predominantly reflects the PD-L1 
expression on tumor cells [29]; 2) High PD-L1 
expression is only part of the premises for th- 

erapeutic response. Adequate tumor-infiltrated 
T cells are also required [7, 34]; 3) The express-
ing level of PD-L1 is heterogenic in the several 
subtypes of BrCa, so the predictive value of 
PD-L1 expression in individual subtype varies 
[35, 36]. To robustly predict the therapeutic 
response, comprehensive consideration rang-
ing from PD-L1 quantification, tumor-infiltrated 
lymphocytes, neo-antigenicity defined by tu- 
mor mutation burden to the molecular sub-
types of BrCa would be more logical.

Systematic evaluation of 89Zr-Df-Ave

So far, molecular imaging is the most pra- 
ctical approach to compensate for the limita-
tions of IHC assay in the real-time monitoring  
of PD-L1 expression in TME. It not only follows 
the status of the immune system but also 
implies the general progression of the disease. 
This helps clinicians to decide whether to pro-
ceed with PD-1/PD-L1 blockade or to use the 
blockade as an aid to current therapies [11, 
23]. The most popular radiographic modality of 

Figure 6. The confocal imaging of tumor, spleen, and lymph tissues from the MDA-MB-231 breast cancer model 
after immuno-fluorescent staining. Sample groups: DAPI, the nucleus stained by DAPI; PD-L1, the PD-L1 expression 
stained by avelumab as the primary antibody; CD31, the expression of vascular endothelium biomarker CD31.
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the in vivo imaging of PD-L1 expression ever 
reported is the quantitative immunoPET with 
Atz tracer in the clinical setting [16]. Thus, 
immuno-PET using the tracer derived from 
another emerging therapeutic antibody, e.g., 
Ave, is also a rational option. The first Ave tra- 
cer for the characterization of PD-L1 expres-
sion in the preclinical model is the IR700DX- 
Ave tested in fluorescent imaging, but it is  
not dedicated to quantitative assessment [19]. 
As for the Ave PET tracer, 89Zr-Df-Ave has been 
applied in the murine BrCa model reported by  
a brief abstract [24]. The clinical trial of 89Zr-Df-
Ave for non-small cell lung cancer (NSCLC) is 
currently in the stage of patient recruitment 
[25]. Our study is a systematic evaluation and  
a complement to previous preclinical studies.

In vivo competition between cold antibodies 
and their corresponding tracers

An existed research of 89Zr-Df-Ave indicated 
that the uptakes in tumor, spleen and lymph 
nodes were 2.44±0.58 to 3.03±0.2, 29.90± 
7.58 to 60.41±6.23 and 16.68±3.26 to 
27.03±5.38 %ID/g, respectively [27], which is 
lower than that of the tumor but much higher 
than those of spleen and lymph node in our 
results. The difference may be due to the  
variant levels of target expression between 
cell/animal strains [27]. The co-injection of 
unlabeled Ave was able to suppress the de- 
position of 89Zr-Df-Ave in the spleen in a dose-
dependent profile, but the effect of suppres-
sion in the lymph node and increased tracer 
delivery to tumor showed no dose-dependen- 
cy. In our studies, the expected intratumoral 
heterogeneity in the distribution of 89Zr-Df-Ave, 
as well as the elevated radioactive concentra-
tion in the blood pool and liver caused by pre-
blocking using unlabeled Ave are found. Al- 
though all the results from our pre-blocking 
studies support the tissue specificity of the  
Ave tracer, unlike the case of 89Zr-Df-Ave, the 
uptakes in tumor, spleen, and lymph node all 
reduce to some extent after pre-blocking [27].

In some previous reports, the authors claimed 
that spleen usually acts as a sink organ to  
the administrated PD-L1 tracers derived from 
antibodies [15, 26, 28]. Generally, after pre-
blocking or co-injection, the decreasing ampli-
tude of tracer uptake in the spleen is positive- 
ly correlated with the doses of unlabeled co- 
unterparts introduced. The escalated tumor 
uptake is considered to be the consequence  

of competitive binding, which releases more 
tracers available to engage with tumor tissue 
[29]. However, there are some counterexam-
ples for this explanation. In these cases, the 
competition by the unlabeled counterparts 
overwhelms the affinity interaction of released 
tracers with PD-L1 in the tumor, leading to a 
decline in tumor uptake [30-33]. It was not  
only demonstrated in an immuno-competent 
murine model [32] but also corroborated by a 
single tracer in both immunocompetent and 
immuno-deficient mouse models [30]. It impli- 
es that the descending uptake in the tumor  
during blocking studies cannot be correlated  
to the status of immune function. Therefore, 
the effect on the biodistribution of antibody 
tracers targeting PD-L1 by blocking strategy 
using their unlabeled counterparts should not 
be merely generalized in imaging context. The 
manner of blocking (pre-blocking or co-injec-
tion), the dose of unlabeled counterparts, the 
timing of blocking and the exact way of impact 
on biodistribution kinetics to those tracers tar-
geting PD-L1 need to be clarified in further sys-
tematic research.

The accumulation of Ave tracers in mouse  
lymphoid organs can be attributed to cross-
reactivity between species [20]. Albeit the 
interspecies selectivity of the Ave tracers is  
not perfect, such cross-reactivity may be useful 
to guide the evaluation of immune response in 
an immunocompetent model for translational 
development [26].

Conclusion

Herein, PET imaging with 89Zr-Df-Ave has been 
proved to be valuable in the in vivo assessment 
of PD-L1 expression in BrCa. The specific accu-
mulation of 89Zr-Df-Ave in a preclinical BrCa 
model was also validated by pre-blocking in the 
in vivo imaging and ex vivo biodistribution stud-
ies. All these results confirm the feasibility of 
immuno-PET with 89Zr-Df-Ave targeting PD-L1 
and may offer guiding information to the trans-
lation of Ave-derived tracers for patient stratifi-
cation, therapeutic monitoring and response 
prediction in the checkpoint blockade treat-
ment against BrCa.
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