Downloaded via UNIV OF NEW ENGLAND on October 21, 2019 at 21:18:08 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Bioconjugate
ChemIStIY & Cite This: Bioconjugate Chem. 2019, 30, 2614-2623 pubs.acs.org/bc

Construction of Anti-hPD-L1 HCAb Nbé6 and in Situ '**l Labeling for
Noninvasive Detection of PD-L1 Expression in Human Bone Sarcoma

Hai-Feng Huang,'{"_“t’# Hua Zhu,** Guang-Hui Li,”’#. Quan Xie," Xian-Teng Yang,'}"i Xiao-Xia Xu,®
Xiao-Bin Tian,*" Ya-Kun Wan,*! and Zhi Yang*’§

TGuizhou University School of Medicine, Guizhou University, Guiyang 550025, Guizhou, P. R. China
iDepartment of Orthopedics, Guizhou Provincial People’s Hospital, Guiyang 550002, Guizhou, P. R. China

SKey Laboratory of Carcinogenesis and Translational Research (Ministry of Education/Beijing), Department of Nuclear Medicine,
Peking University Cancer Hospital & Institute, Beijing 100142, P. R. China

“Shanghai Novamab Biopharmaceuticals Co., Ltd., Shanghai 201203, P. R. China
LClinical Medical College of Guizhou Medical University, Guiyang 550025, Guizhou, P. R. China

O Supporting Information

ABSTRACT: Immunotherapy is considered the fourth major treat-
ment mode for cancer following surgery, chemotherapy, and radio-
therapy. In recent years, tumor immunotherapy has achieved break-
through progress; therefore, it is important to screen patients to identify l

those who will respond to tumor immunotherapy. Here, we report the ~ 7
construction of a novel heavy chain-only antibody (HCAb) and its @ N~
corresponding '*I-labeled probe. Using phage display technology, we

generated a novel anti-hPD-L1-specific HCAb named Nb6 (selected
from 95 monoclones) with high affinity for hPD-L1. The positron-
emitting '**I-labeled hPD-L1-targeted HCAb probe was prepared for
further evaluation, and nonradioactive natural iodine ("*T)-labeled anti-
hPD-L1 Nb6 was synthesized as a reference compound. **I-anti-hPD-
L1 Nb6 uptake in OS-732 cells in vitro can be blocked by the precursor.
The binding affinity of '**I-anti-hPD-L1 Nb6 to OS-732 cell lines was
2.19 nM. For in vivo studies, an osteosarcoma OS-732 tumor-bearing mouse model was successfully constructed. Polymerase
chain reaction (PCR) and Western blot analyses were performed to confirm the presence of the hPD-L1 gene and antigen in
the tumor tissue of the OS-732 mouse model. Biodistribution showed that uptake of '**I-anti-hPD-L1 Nb6 probes at 24 h was
443 + 0.33% ID/g in OS-732 tumor tissues. Tumor lesions can be clearly delineated on micro-PET (positron emission
tomography)/CT (computed tomography) imaging 24 h after injection of '**I-anti-hPD-L1 Nb6, while the blocking group
shows substantially decreased uptake on imaging. Pathological staining validated hPD-L1 expression on the surface of the tumor
cell membrane; thus, '**I-anti-hPD-L1 Nb6 can be used for in vivo noninvasive PET imaging. When administered in tandem,
Nb6 and '**I-anti-hPD-L1 Nb6 may provide a novel strategy to clinically screen patients for hPD-L1 to identify those who
would benefit from immunotherapy of malignant tumors such as osteosarcoma.
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B INTRODUCTION PD-1/PD-L1 expression, monoclonal antibody treatment may
be up to 90% effective.” > Sundara et al.’ identified positive
PD-L1 expression in 13% of primary osteosarcomas, 25% of
relapsed osteosarcomas, and 48% of osteosarcoma metastases,
and this expression was correlated with high T cell infiltration
(p = 0.002). Compared with primary osteosarcoma, metastases
had an increased number of tumor-infiltrating T cells and PD-
L1 expression. Osteosarcoma is the most common primary
malignant bone tumor. One study indicated that the 1-, 2-, and

PD-1/PD-L1 (programmed cell death-1/programmed cell
death ligand-1) drugs specifically act on T cells and enhance
the immune killing function of the body’s activated T cells,
which has helped achieve breakthrough effects in the treatment
of cancer.! With the development of oncology, immunology,
and imaging studies, immunotherapy has become another
important method for treating tumors following traditional
therapies (chemotherapy, surgical resection, and radiation

therapy). Blocking the PD-1/PD-L1 signaling pathway may be S-year survival rates of osteosarcoma patients' wit}; lung
used for the treatment of advanced solid tumors, and cancer metastases are 93.3%, 61.5%, and 11.5%, respectively.” Soft-
immunotherapy is predicted to become a vital part of the
clinical treatment of cancer.” The overall efficacy rate of Received: August 10, 2019
monoclonal antibodies that target the PD-1/PD-L1 pathway in Revised:  September 16, 2019
different patients is 20—40%; however, in patients positive for Published: September 19, 2019
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Figure 1. Generation of high-affinity hPD-L1-specific HCAbs. (A) Expressed and purified hPD-L1 was detected by SDS-PAGE. (B) Fragments
containing VHH genes were first amplified by PCR, with an initial band of approximately 700 bp. (C) Fragments were amplified by a second PCR,
with a band of approximately 400 bp. (D) Determination of the insertion rate of the anti-hPD-L1 library by PCR amplification. (E) FACS analysis
of the established cell line with stable hPD-L1 overexpression. (F) Screening of the affinity of the constructed HCAbs to A375/hPD-L1 using

transfected cells by FACS.

tissue sarcomas (STSs) are a group of aggressive, heteroge-
neous, and rare tumors with relatively few eflicient systemic
therapies and a high metastatic risk. PD-L1 expression is also a
poor prognostic factor in STS.” Blocking the PD-1/PD-L1
interaction in patients with osteosarcoma should be used as a
therapeutic strategy. Therefore, it is important to screen for
patients expressing PD-1/PD-L1 based on relevant literature.

The expression level of PD-1/PD-L1 in patients is positively
correlated with the treatment response and negatively
correlated with the prognosis; thus, anti-PD-L1 monoclonal
antibodies could reverse the immune checkpoint and release
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the blockade of the T cell response.” Immune checkpoint
inhibitors for the treatment of cancer are a revolutionary
innovation in oncology.m PD-L1 is a transmembrane protein
highly expressed on the membrane of cancer cells."'
Immunotherapies, particularly with checkpoint inhibitors,
such as anti-PD-L1 and anti-PD-1 antibodies, have changed
the prognosis of melanoma and the standard of care.'” It is well
established that many tumors use checkpoint systems to evade
antitumor immune responses.'> PD-L1 expression is a poor
prognostic factor, and immunohistochemistry (IHC) staining
indicates that PD-L1 is present on the membranes of both
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immune cells and tumor cells."* Research confirms that PD-L1
overexpression predicts activity and correlates with better
survival for individuals treated with immune checkpoint
inhibitors."

These excellent characteristics of PD-L1 make it extremely
suitable for use in noninvasive molecular imaging. In 2015, a
study by Heskamp et al. showed the feasibility of noninvasive
in vivo imaging with '""'In-PD-L1.3.1 to detect PD-L1
expression in tumors.'® Josefsson et al. developed !In-
diethylenetriaminepentaacetic acid (DTPA)-anti-PD-L1,
which binds to antibodies, to study breast cancer in mouse
models."”

However, in the clinical setting, the sensitivity, quantifica-
tion, and resolution of single-photon emission computerized
tomography (SPECT) are inferior to those of positron
emission tomography (PET). A recent study has shown the
results of the first human imaging study with **Zr-labeled anti-
PD-L1."® Here, we report the generation of the novel PD-L1-
targeting heavy chain-only antibody (HCAb) Nb6 and in situ
'**I.labeled Nb6 for evaluating the hPD-L1 status by micro-
PET/CT in an osteosarcoma mouse model. The combination
of HCAb Nb6 and '**I-labeled Nb6 may provide a novel
strategy for guiding patient selection for hPD-L1 immuno-
therapy of malignant tumors such as osteosarcoma.

B RESULTS

Construction of the hPD-L1 Immune Phage Display
Library and Screening and Identification of anti-hPD-L1
HCAb. The immune library was chosen for anti-hPD-L1
HCAD generation in this study due to its advantages compared
to the nonimmune library and synthetic library, such as its
higher affinity and specificity. The extracellular domain (ECD)
of the hPD-L1 antigen was produced by a mammalian
expression system and identified by SDS-PAGE to assess the
quality of the antigen hPD-L1(ECD). The results showed that
we obtained hPD-L1(ECD) with high quality (Figure 1A).

Immunization with hPD-L1(ECD) was then performed
weekly seven times, and peripheral blood was collected after
the last injection and processed for RNA extraction. RNA was
subsequently transcribed to cDNA, and the variable domain of
the heavy chain of heavy chain-only antibody (VHH) genes
were amplified by nested polymerase chain reaction (PCR). As
shown in Figure 1B, the first PCR fragments have evident
bands at approximately 700 bp. As demonstrated in Figure 1C,
the 400 bp bands correspond to the VHH-only region
enriched from the first PCR products, which served as
templates via nested PCR. The VHH fragments were then
ligated into the pMECS'” vector and transformed into TG1 E.
coli cells. The cells were then cultured to generate the VHH
library. The library size and insertion rate were subsequently
measured, and the library size was estimated to be
approximately 3 X 10° colony-forming units (CFUs). The
insertion rate of the immune library against hPD-L1(ECD)
was 95.8% (Figure 1D), which was evaluated by PCR in the 24
randomly selected colonies. Overall, we successfully con-
structed a high-quality phage display library against hPD-
L1(ECD). The detailed procedures of biopanning can be
referenced in our previous study.”” We performed three rounds
of screening for hPD-L1(ECD), as shown in Figure S1A. After
three rounds of biopanning, the relative enrichment increased
to 14-fold in the second round and 171-fold in the third round.
Next, 95 HCAD clones were randomly selected to identify the
positive colonies against hPD-L1(ECD) by periplasmic
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extraction enzyme-linked immunosorbent assay (PE-ELISA).
Ultimately, 30 of 95 colonies were identified as positive
colonies, and the plasmids of these 30 colonies were extracted
and sequenced. Based on the amino acid sequences and the
removed repeated sequences, there were only six remaining
colonies with unique sequences. We then subcloned these six
plasmids into a mammalian expression vector containing an Fc
label for flow-activated cell sorting (FACS).

Establishment of a Cell Line with Stable hPD-L1
Overexpression. PD-L1 is a protein expressed on the plasma
membrane, and we used human A375 cells to establish a cell
line stably overexpressing hPD-L1 to screen hPD-L1-specific
HCADbs. A375 cells were stably transfected with hPD-L1, and
the successful clones were determined by calibrated flow
cytometry. As shown in Figure 1E, the fluorescence intensity of
the hPD-L1 benchmark antibody (blue line, obtained from the
IMGT Web site: http://imgt.org/3Dstructure-DB/cgi/details.
cgi?pdbcode=9814) clearly shifted, which indicated that the
cell surface expression levels of hPD-L1 sharply increased. This
signified that we successfully constructed an A375 cell line that
stably overexpressed hPD-L1 on the cell membrane.

Screening of High Binding Affinity HCAbs to hPD-L1
Using Transfected Cells by FACS. The six previously
described anti-hPD-L1 HCAbs with unique sequences were
produced in a mammalian expression system and tagged with
Fc tag such that FITC-labeled goat anti-human Fc antibodies
could be used to analyze the affinity of the HCAbs to the A375
stable cell line. Parental A375 cells served as the negative
strain, and Aflatoxin B1-specific HCAb AFB-Nb70-Fc was used
as an isotype control. As illustrated in Figure 1F, flow
cytometric dot plots showed the binding activity of anti-hPD-
L1 HCADs to A375/hPD-L1 cells, which was indicated by the
fluorescence intensity of the HCAbs-Fc-FITC staining.
Compared with the cells treated with the negative isotope
AFB-Nb70-Fc, the majority of cells treated with the anti-hPD-
L1 HCAbs exhibited an increased fluorescence intensity, which
indicates that all six HCAbs can bind to hPD-L1 proteins on
the A375/hPD-L1 cell membrane. In particular, HCAb Nb6
had the highest fluorescence intensity; thus, Nb6 had the best
binding activity of hPD-L1 and was used for subsequent
experiments.

Measurement of the Binding Affinity of Monovalent
HCAb Nb6. To confirm the binding affinity of hPD-L1-Fec-
specific HCAb, we conducted an affinity measurement of
monovalent anti-hPD-L1 HCAb Nb6 derived from in E. coli
WKG6 cells. First, the quality of monovalent HCAb Nb6 was
identified by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) (shown in Figure SIB); the
molecular weight of monovalent HCAb Nb6 was approx-
imately 15 kDa, which was equal to the theoretical value. The
purity was >90%, which was satisfactory to perform the affinity
measurement. The binding affinity of monovalent HCAb Nb6
containing a 6XHis tag with recombinant hPD-L1-Fc protein
was subsequently assessed by a ForteBio Octet RED96 System
assay.”"** As monovalent HCAb Nb6 was immobilized, hPD-
L1-Fc was added at six concentrations (0.625, 1.25, 2.5, 5, 10,
and 20 nM). All data were fitted to a 1:1 interaction model, the
simplest model for the description of the interaction between
an antigen and a monovalent antibody. The binding affinity
results in Figure SIC indicate that monovalent HCAb Nb6
showed high affinity and strong binding to hPD-L1 with an
equilibrium dissociation constant (Kp) of 1.23 X 10™° M (k, of
123 X 10° M~ s7' and ky of 1.51 X 1073 s71); all details of the
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monovalent HCAb Nb6 affinity measurements are provided in
Table S1.

Estimation of the Biochemical Characteristics of
Humanized HCAb Nb6. Because HCAb Nb6 was developed
for human therapeutics, it is required that the antibody
undergoes a humanization process. According to the published
humanization principles, we modified the HCAb Nb6 by
mutating key sites of the nucleotide sequence,” synthetizing
the sequences into the pFUSE-hIgG1-Fc vector and expressing
them in a mammalian expression system. The biochemical
characteristics of the best humanization candidate were
estimated by performing affinity measurements using the
ForteBio Octet RED96 System assay, and the inhibition of PD-
1/PD-L1 binding was assessed by FACS.

The information is presented in Figure S2A,B; antigen hPD-
L1 with no tag was immobilized, and HCAb Nb6-Fc and
humanized HCAb Nb6-Fc were measured at concentrations of
0.625, 1.25, 2.5, S, 10, and 20 nM. For the binding affinity of
HCAb Nb6-Fc, as Figure S2A indicates, HCAb Nb6-Fc
showed high affinity and strong binding to hPD-L1 with an
equilibrium dissociation constant (Kp) of 1.84 X 10™° M (k, of
3.49 x 10° M7! s7! and ky of 6.43 X 1073 s7!); additional
information regarding HCAb Nb6-Fc is provided in Table S2.
Furthermore, the binding affinity of humanized HCAb Nb6-Fc
is shown in Figure S2B with a K, of 1.84 X 107 M (k, of 3.24
x 10 M~' 57" and ky of 5.97 X 1073 s71); the results showed
that the binding affinity did not change after humanization.
These data indicate that we have successfully created
humanized HCAb-Nb6 with high binding affinity to hPD-L1.

The blocking activity between PD-1 and PD-L1 of
humanized HCAb-Nb6 was also identified with AFB-Nb70
as the negative control. The hPD-L1-overexpressing stable cell
line and hPD-1-Fc protein were used in this assay. As Figure
S2C demonstrates, the half-maximal inhibitory concentration
(ICsp) value of humanized HCAb-Nb6 (8.82 nM) was greater
than that of untreated HCAb-Nb6 (6.79 nM). The results
showed that humanization slightly affected the blocking
activity of humanized HCAb Nbé compared to HCAb Nb6.
Therefore, we conclude that the humanization of HCAb-Nb6
altered the blocking ability between PD-1 and PD-L1, whereas
the binding activity had no effect. Therefore, the humanized
HCAb Nb6 we constructed had good binding activity of hPD-
L1 and was equipped with good blocking activity of PD-1 and
PD-L1, and was thus suitable in subsequent experiments.

Quality Control and Stability of '**l-anti-hPD-L1 Nbé.
A schematic diagram of the **I-labeled hPD-L1 Nb6 probe is
shown in Figure S3. The quality control data of **I-anti-hPD-
L1 Nb6 is shown in Table S4. As shown in Figure S$4, free 1241
was not found in the final product '**I-anti-hPD-L1 Nb6 by
radio-TLC. Radio-HPLC showed that the radioactive peak
retention time of '**I-anti-hPD-L1 Nb6 was 7.02 min and the
UV peak retention time of "**I-anti-hPD-L1 Nb6 was 6.55 min.
The radiochemical purification yield was greater than 97% in
5% HSA and was greater than 93% in phosphate buffered
solution (PBS) after 48 h at 37 °C (Figure SS). After
purification, the specific activity was 45 KBq/umol.

"2'l-anti-hPD-L1 Nb6 Activity Assay. The average
molecular weight of anti-hPD-L1 Nb6 before iodine
modification as measured by MALDI-TOF-MS was 77 857
Da (Figure 2A). After modification with ™I, the average
molecular weight of ™I-anti-hPD-L1 Nb6 was 79204 Da
(Figure 2B). Therefore, the average molecular weight of the
HCAbs changed by approximately 10 "1 linkages. ELISA was
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Figure 2. Characterization of "I-anti-hPD-L1 Nb6. (A) Average
molecular weight of anti-hPD-L1 Nb6 as measured by MALDI-TOF-
MS before iodine modification (77 857 Da). (B) Average molecular
weight of ™T-anti-hPD-L1 Nb6 measured by MALDI-TOF-MS after
" modification (79 204 Da). (C) Comparison of the binding ability
of anti-hPD-L1 Nb6 to the hPD-L1 receptor before and after ™1
modification. (D) There was no significant change in the ECs, values
of anti-hPD-L1 Nb6 and "'I-anti-hPD-L1 Nbé6 (P > 0.05).

used to detect the binding ability of HCAbs before and after
iodine modification. The optical density (OD) value of the
sample was subtracted from the OD value of the blank control,
as well as the ordinate, and a four-parameter pseudocooper-
ative map was established (Figure 2C). The half-maximal
effective concentration (ECs,) value of the modified HCAb
before and after "I modification was 0.65 + 0.08 ng/mL and
0.70 + 0.09 ng/mL, respectively. There was no significant
difference between the ECg, values (Figure 2D) (t = —1.13, P
> 0.05).

In Vitro Experiments. The expression of hPD-L1 in OS-
732 cells was identified by immunofluorescence (IF) (Figure
3A—C) and flow cytometry (Figure S7). The cellular uptake of
25 anti-hPD-L1 Nb6 in OS-732 cells (%IA/CC 10° cells, %
IA/CC: percent of collected count of total added count per
milliliter) from 10 to 120 min gradually increased. After cells
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Figure 3. (A) DAPI staining of the nuclei of OS-732 cells. (B) hPD-
L1 staining of OS-732 cells. (C) Merged image of nuclear and hPD-
LI staining. (D) Radioactivity uptake of '**I-anti-hPD-L1 Nb6 in OS-
732 cells (%IA/CC 10° cells). The radioactivity uptake of **L-anti-
hPD-L1 Nb6 in OS-732 cells was significantly reduced at 60 and 120
min after blocking. ***P < 0.001. (E) Affinity of '**I-anti-hPD-L1
Nb6 in OS-732 cells; the Ky value was 2.19 nM.
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Figure S. Biodistribution and metabolism of 124/125]_anti-hPD-L1 Nb6. (A) Biodistribution of **I-anti-hPD-L1 Nb6 in the heart, liver, spleen, lung,
kidneys, small/large intestine (with contents), bone, muscle, brain, stomach (with contents), tumor, and blood of tumor-bearing mice at 24, 48, and
120 h after injection (The 24-h-block group was coinjected with 500 pg of anti-hPD-L1 Nb6). (B) Metabolism of '**I-anti-hPD-L1 Nb6 probes in

KM mouse blood was measured at each time point after injection.

were blocked with anti-hPD-L1 Nb6, the value of the uptake
was significantly reduced at 60 min (4.49 + 0.10 vs 145 +
0.51, P < 0.001) and 120 min (6.20 + 1.35 vs 0.71 + 0.10, P <
0.001) (Figure 3D). These results suggest that '**I-anti-hPD-
L1 Nb6 had a specific targeting ability for hPD-L1 expressed
on tumor cells. Based on the OS-732 cell binding affinity
determination, the K; value reached 2.19 nM (Figure 3E).
PCR and Western Blot Analysis of Human PD-L1
Expression. Quantitative PCR was performed on the tumor
tissue, and the hPD-L1 gene was further amplified and
separated by gel electrophoresis. The results showed that the
target gene hPD-L1 was expressed (Figure 4A) and matched
the calculated hPD-L1 gene fragment size (Figure 4B). The Cq
value of the hPD-L1 gene was 30.67 + 0.4, and that of the
human GAPDH gene was 12.43 + 0.06. After the PCR
amplification product was sequenced, the DNA sequence was
compared to the NCBI database. The results showed that the
PCR product was the hPD-L1 gene. Western blot analysis of
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the tumor tissue specimens was performed and indicated that
hPD-L1 protein expression was present in the tumor tissues
(Figure 4C).

Biodistribution and Metabolism Analysis of '24/12]-
anti-hPD-L1 Nbé6. The biodistribution of '**I-anti-hPD-L1
Nb6 in tumor-bearing mice was evaluated at 24 and 48 h
(Figure SA). The uptake of "**I-anti-hPD-L1 Nb6 in tumor
tissue was 4.43 + 0.33% ID/g at 24 h and 1.96 + 0.08% ID/g
at 48 h. The tumor/blood (T/B) values at 24 and 48 h were
0.83 + 0.06 and 1.01 + 0.12, respectively, while the tumor/
muscle (T/M) values at 24 and 48 h were 3.61 + 0.54 and
4.85 + 0.37, respectively. As shown in Figure 5B, '*’I-anti-
hPD-L1 Nbé6 exhibited a similar blood distribution in KM mice
(522 + 0.97% ID/g, and 2.88 + 0.29% ID/g) to that of '**I-
anti-hPD-L1 Nb6 in tumor-bearing mice (5.38 + 0.29% ID/g,
and 1.97 + 0.22% ID/g) at 24 and 48 h after injection. The
metabolism of '*I-labeled probes (0.555 MBgq, 100 uL/each
mouse) in KM mouse blood fit the two-compartment model.
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Figure 6. '*I-anti-hPD-L1 Nb6 tumor uptake and pathological staining (white arrow indicates tumor). (A) Micro-PET imaging at each time point
after injection of 18.5 MBq '**I-anti-hPD-L1 Nb6 or coinjection of 18.5 MBq '**I-anti-hPD-L1 Nb6 and 500 ug of anti-hPD-L1 Nbé. (B) T/NT
SUV, oy ratios at each time point after injection of the probes in the nonblocking group. (C) T/NT SUV,,,, ratios at each time point after
coinjection of '**I-anti-hPD-L1 Nb6 probes and 500 ug anti-hPD-L1 Nb6 in the blocking group. (D) IHC staining of hPD-L1 receptors in tumor
tissues in the high and low hPD-L1 expression regions. (E) HE staining of hPD-L1 receptors in tumor tissues in the high and low hPD-L1
expression regions. (F1) DAPI staining image of the nuclei in OS-732 tumors. (F2) hPD-L1 staining in OS-732 tumors. (F3) Merged image of
nuclear and hPD-L1 staining in OS-732 tumors.

Micro-PET/CT Imaging. For imaging, 18.5 MBq '**I-anti- in the liver were basically metabolized. In the blocking group,
hPD-L1 Nb6 was injected via tail vein and circulated for 2 h; micro-PET/CT imaging was performed at 2, 24, 48, and 120 h

there was no obvious uptake at the tumor site based on g coinjection of 18.5 MBq *L-anti-hPD-L1 Nb6 and 500
imaging. The probes mainly clustered in the heart and liver of ) .
nude mice (Figure 6A). When micro-PET/CT imaging was ug anti-hPD-L1 Nb6, and the uptake at the tumor site of the

performed 24 h after injection, apparent uptake was observed blocking group was less than that in the nonblocking group.
at the tumor site. At 120 h after injection, the residual probes The SUV_.,, ratios of T/NT in both the blocking and
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nonblocking groups gradually increased with time (Figure
6B,C).

IHC, IF, and HE Staining. IHC (Figure 6D) and IF
staining (Figure 6F) of tumor tissue in the nonblocking groups
indicated that hPD-L1 protein was expressed on the surface of
the tumor cell membrane. Hematoxylin and eosin (HE)
staining showed that the OS-732 human osteosarcoma cells
had no organizational form, the arrangement of the tumor cells
was irregular, and the heterogeneity of the nucleus was obvious
(Figure GE).

B DISCUSSION

Imaging of PD-L1 is a hot topic, with several studies recently
reporting on this field**** Immunotarget-related imaging
mainly includes SPECT, PET, optical imaging, and MRI. Each
imaging method has its own inherent advantages and
disadvantages in indicating tumor morphology and physiology.
In this study, we used phage display technology to generate an
anti-hPDL1-specific HCAb named Nb6, which was selected
from 95 monoclones, with a high affinity for hPD-L1. Under
the guidance of clear, high-quality images, the best results can
be achieved after drug treatment. Our work shows that Nb6
exhibits substantial binding affinity to PD-L1, the combination
of anti-hPD-L1 Nb6 and %1 labeling is novel, and 1241 anti-
hPD-L1 Nb6 can be used for in vivo noninvasive PET imaging.

In recent years, studies on ''In-, *Cu-, and ¥Zr-labeled
PD-L1 imaging probes have been reported, in which a labeled
PD-L1 monoclonal antibody has been used in clinical studies
and has shown good imaging results."°~'%?%*” However, ''In
can only be imaged with SPECT, while the half-life of *Cu
(approximately 12.7 h) is relatively short compared to that of
'] (approximately 4.2 days). ®Zr shows a similar half-life to
that of I, and both are suitable for antibody evaluation.
However, owing to the lack of bifunctional chelators
(currently, only DFO is commercially available), critical
labeling conditions, long incubation times, and, in some
cases, antibody aggregation make *Zr difficult to use. The '**I
labeling method is in situ labeling, it does not require
bifunctional chelators, and the labeling is simple and
convenient. Moreover, the average molecular weight of Nb6
(about 78 kDa) in this study is half that of the general antibody
(150 kDa), and it also has potential advantages in the tissue
penetrating ability and metabolic rate in vivo. The visual
observation of the PD-L1 receptor in this study is extended as
long as 120 h after injection. According to Figure SA, tumor
and blood activities seem to be similar at later time points (48
h after the injection); there may be a possibility of blood pool
activity of antibodies contributing to tumor activity. Consistent
with the literature,”® '**I-labeled probe uptake in the thyroid
can be blocked by ™1, which can avoid the toxicity of '**I to
the thyroid gland. The expression of hPD-L1 in OS-732 cells
was observed by IF staining. In vitro, uptake of radioactive
probes by tumor cells can be blocked by the precursor. The
binding affinity of '*I-anti-hPD-L1 Nb6to OS-732 cell lines
was high, up to 2.19 nM.

In this study, we labeled HCAb with "1 and determined the
changes in the HCAb ECS50 values. The HCAb Nb6 we
prepared did not show a significant decrease in activity after
" labeling, which may be related to the good stability of the
HCADb Nb6 and our construction method, which may not
interfere as much with the active group of HCAbs. The average
molecular weight of HCAbs increased 1347 Da after the
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reaction (corresponding to approximately 10 ™1 linkages), and
this increase in mass did not significantly change the affinity of
the anti-hPD-L1 Nb6; therefore, it is predicted that the
radioactive '**I label will not change the Nb6 affinity.

We verified the expression of PD-L1 in OS-732 tumor
tissues by PCR and Western blot and prepared models for
further imaging experiments. Twenty-four hours after injection
of the **I-anti-hPD-L1 Nbé6 probes, the tumor site showed
good imaging, and the probes could be specifically blocked by
the PD-L1 HCAD.

Traditional methods for detecting PD-L1 expression in
tumor tissues, such as IHC or Western blot, are invasive. In
addition, there is a risk of seeding iatrogenic tumors when
tumor specimens are obtained. Kim et al.”’ confirmed the
presence of PD-L1 in tumors, whereas PD-1 is mainly
expressed in tumor-infiltrating lymphocytes. The goal of
most immunotherapies is the activation of immune effectors,
such as T cells and natural killer cells. However, immune
checkpoint inhibitors (such as PD-1, PD-L1, and cytotoxic T
lymphocyte antigen 4 (CTLA4)) inhibit the function of T cells
and promote immune evasion. Nivolumab is an anti-PD-1/PD-
L1 checkpoint inhibitor; however, only 15—24% of patients are
likely to respond. To date, there are no validated biomarkers,
including PD-L1 expression, that can accurately identify
patients who are likely to respond to immune checkpoint
therapy.”® Anti-PD-L1 treatment is beneficial only for certain
patients. PD-1/PD-L1 suppresses antitumor immunity; thus,
blocking PD-L1 in clinical settings may lead to dramatic
responses in a subset of patients.’’ Patients who derive benefit
from immune-based therapies tend to have better progression-
free survival (PFS) in response to conventional therapies
following administration of an anti-PD-L1 agent.”* The anti-
hPD-L1 HCADb described in this study is a humanized HCAb
that blocks the activity of PD-L1 and PD-1. Noninvasive
imaging of PD-L1 is very meaningful, because immunotherapy
is more effective in PD-L1-positive patients, and identifying a
tumor with potential PD-L1 expression can further assist in the
diagnosis and treatment.

Moreover, this study provides a new probe for the
noninvasive screening of PD-L1 in patients through nuclear
medicine technology. This technology is expected to increase
the response rate of patients to PD-L1 HCAD treatment. This
study would lay the foundation for our further study, in which
a humanized mouse model will be used to mimic the clinical
situation and verify whether the HCAb Nb6 was suitable to
develop with PET-CT for diagnosis and clinical fields.

B CONCLUSION

This study shows that a novel hPD-L1 HCAb named Nb6 has
high affinity to hPD-L1. The '**/'**Ilabeled hPD-L1-targeting
HCAD probe was prepared and confirmed to specifically target
hPD-L1. The '**I-labeled probe targeted the hPD-L1 receptor
on the surface of human bone sarcoma cell membranes and
was successfully imaged by PET/CT up to 120 h after probe
injection. Both Nb6 and the '**I-anti-hPD-L1 Nb6 probe may
become important tools for the implementation of immuno-
therapy in malignant tumors, including osteosarcoma.

B METHODS

Materials and Reagents. The coding sequence of human
PD-L1 (hPD-L1) was achieved from the UniProt Web site
(https: //www.uniprot.org/ ). The hPD-L1 extracellular domain
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(ECD) was prepared by our laboratory with human embryonic
kidney (HEK) 293F cells. Freund’s complete adjuvant,
Freund’s incomplete adjuvant, anti-mouse IgG-alkaline phos-
phatase, ampicillin, isopropyl f-p-1-thiogalactopyranoside
(IPTG), and bovine serum albumin (BSA) were purchased
from Sigma-Aldrich (USA). Mouse anti-HA antibody was
obtained from Covance (USA). Lymphocyte isolation sterile
solution was provided by GE Healthcare (USA). Oligo (dT)
primer and fluorescein isothiocyanate (FITC) were purchased
from Thermo Scientific (USA). Pstl and Not I were obtained
from NEB (USA). Ninety-six-well plates were purchased from
Thermo Scientific NUNC (Denmark). VCSM13 helper phages
(Filamentous phage), TG1 cells, and WK6 cells were obtained
from Prof. Serge Muyldermans (Laboratory of Cellular and
Molecular Immunology, Vrije Universiteit Brussel, Belgium).
FITC-labeled goat anti-human Fc antibody was supplied by
Abcam (UK). The isotopes ‘**I—I, and Na'*I were obtained
from the Department of Nuclear Medicine, Peking University
Cancer Hospital. Refer to the Supporting Information for
additional content.

Generation of anti-PD-L1(ECD) HCAbs. Phage display
technology was used for HCADb generation as previously
described.” Briefly, hPD-L1(ECD) was manufactured via
HEK 293F cells, linked to an Fc tag after purification and
identification by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). A two-year-old male Bactrian
camel was immunized with high-quality hPD-L1(ECD)-Fc
antigen at a dose of 1 mg per injection. The hPD-L1(ECD)-Fc
antigen was diluted in PBS (137 mM NaCl, 10 mM phosphate,
and 2.7 mM KCl), and equal volumes of Freund’s complete
adjuvant (first time) and Freund’s incomplete adjuvant
(following six times) were then added and ground with a
pestle until the component appeared milky white and was
difficult to disperse. The injections were conducted every week
for a total of seven injections. Peripheral blood from the camel
was collected after the final immunization. After total RNA was
extracted and reverse-transcribed to cDNA, the variable
domain of the heavy chain of heavy chain-only antibody
(VHH) genes was amplified by two-step nested PCR. After the
PCR products were digested with PstI and Not I, the VHH
fragments (approximately 400 bp) and the pMECS phagemid
vector were electrotransformed into Escherichia coli (E. coli)
TG1 cells. The transformants were subsequently cultured, and
a library quality evaluation was performed.

Generation of A375 Cells Stably Transfected with
Human PD-L1. The A375 cell line was obtained from the
Chinese Academy of Sciences Cell Bank of Type Culture
Collection and maintained in DMEM supplemented with 10%
FBS and penicillin/streptomycin. A375 cells were stably
transfected with pLVX-hPD-L1 plasmid encoding the
sequence for full-length hPD-L1 by lipofection with Lipofect-
amine 2000 reagent according to the standard operating
protocol. Forty-eight hours post-transfection, cells were
exposed to 2 pg/mL puromycin for selection. The cell pool
was ultimately harvested and authenticated by flow cytometry
using hPD-1-Fc and FITC-labeled goat anti-human Fc
antibodies to detect the hPD-L1 expression level of the
constructed stable cells.

Construction and Expression of Fc Fusion HCAb Nbé6.
HCAb Nb6 was designed to construct into pFUSE-hIgG1-Fc
vector, according to the nucleotide sequence of HCAb Nb6
and the vector; the PCR primers were synthesized to amplify
the gene of HCAb Nb6. After purification of the PCR
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products, the homologous recombination strategy was utilized
to clone HCAb Nb6 directly into pFUSE-hIgG1-Fc vector.
Afterward, the recombinant plasmid was sequenced and
transfected into E. coli cells assuming the aligned results were
correct. At last, the plasmid HCAb Nbé6-Fc fusion protein was
expressed via HEK 293F cells.

Natural lodine ("'1)-anti-hPD-L1 Nbé6 Affinity. After
200 L of phosphate buffer (PB; 0.1 M, pH 7.0) was added to
1 mg of anti-hPD-L1 Nb6 (5 mg/mL, 200 uL), a KI
(potassium iodide) solution with a molar ratio 100 times the
excess was added. Then, 25 uL of NBS (N-bromosuccinimide,
1 mg/mL, pH 7.0) was added to the reaction system for 60 s,
after which the solution was subject to purification. The
average molecular masses of anti-hPD-L1 Nb6 before and after
"1 modification were measured by MALDI-TOF-MS. The
ECy, values of anti-hPD-L1 Nb6 and "*I-anti-hPD-L1 Nb6
were tested by ELISA, and other details are described in the
Supporting Information.

Radiochemical Stability. '**I-anti-hPD-L1 Nb6 (100 uL,
3.7 MBq) was incubated under shaking conditions at 37 °C in
a thermomixer. The stability of '**I-anti-hPD-LINb6 in 0.1 M
PBS (pH = 7.0) and in 5% HSA was measured by radio-TLC.
The time points included 2, 24, and 48 h.

In Vitro Experiment. OS-732 cells were provided by the
Institute of Cancer in Chinese Academy of Medical Sciences
and cultured in a humidified incubator at 37 °C with 5% CO,.
hPD-L1 expression in OS-732 cells was measured using
immunofluorescence (IF) staining and flow cytometry analysis.
Details are provided in the Supporting Information.

Cell Uptake Experiment. Approximately 3 x 10° OS-732
cells per well were seeded into a 24-well plate, with 4 wells per
group. The experimental group was divided into groups 1, 2, 3,
and 4, while the competitive inhibition group was divided into
groups S and 6. In the competitive inhibition group, 20 ug of
the anti-hPD-L1 Nb6 was added for 2 h, and 37 KBq '*I-anti-
hPD-L1 Nb6 was subsequently added to each well for
incubation. Groups 1, 2, 3, and 4 were sampled at 10, 30,
60, and 120 min, respectively. Groups 5 and 6 were incubated
for 60 and 120 min, respectively. The cells were washed twice
with 1 mL of PBS. Adherent cells were detached from the well
surface with 0.5 M NaOH 1 mL, and the radioactivity counts
were measured.

Ky Value Measurement. Approximately 3 X 10° 0S-732
cells per well were seeded into a 24-well plate, with 6 groups of
4 wells. Different concentrations of '*I-anti-hPD-L1 Nb6
(1.85 KBq, 3.7 KBq, 18.5 KBq, 37 KBq, 185 KBq, and 370
KBq) in 20 uL of PBS were added to each well. After
incubation for 240 min, the radioactivity counts were
measured.

Mouse Model. Human OS-732 cells (2 X 10%/each) were
harvested in the logarithmic growth phase, and normal BALB/
c nude mice (Beijing Huafukang Bioscience Co. Ltd.) were
inoculated in the right axilla and fed under SPF conditions.
After the tumor diameter reached approximately 1.0 cm, the
relevant experimental in vivo study was performed.

All procedures performed in studies involving animals were
conducted in accordance with the ethical standards of the
institutional and/or national research committee and the 1964
Helsinki Declaration and its later amendments or comparable
ethical standards.

Human PD-L1 PCR and Western Blot Assay. After the
tumor tissue was extracted, total RNA was reverse-transcribed
to cDNA, which was then subjected to PCR (polymerase chain
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reaction). The primers used were as follows: GAPDH,
upstream 5'-CAAGAGCACAAGAGGAAGAGAGAGA-3/,
downstream 5-GGTTGAGCACAGGGTACTTTATTGA-3';
and hPD-L1, upstream 5'-CCTGGCGAAAGCAGAGGA-
GGA-3/, downstream 5'-GCATTGAGTGGAGGCAAAGGG-
CA-3'. The expression of hPD-L1 in the OS-732 tumor tissue
was measured using Western blot. Other details are described
in the Supporting Information.

Biodistribution and Metabolic Analysis of 2412
anti-hPD-L1 Nb6. Three days prior to injection of
radiopharmaceuticals, the thyroid gland was blocked by
providing a 5%o KI solution to the mice. Biodistribution
studies were performed by tail vein injection of 1.11 MBq *I-
anti-hPD-L1 Nb6 radiotracer in OS-732 tumor-bearing mice
(n = 4). Healthy KM mice (n = 6) were selected for the time—
radioactivity concentration curve. At 15 min, 30 min, 1 h, 2 h,
4h,8h,12h,24h, 48 h, 72 h, 96 h, and 120 h after 555 KBq
!%L-anti-hPD-L1 Nb6 injection, SO uL of blood was collected
from each mouse. The organs of interest were collected at 120
h and weighed, and the radioactivity was counted with a y-
counter. Data are calculated as the percentage of injected dose
per gram of blood/organ by comparison with a 1:100 diluted
standard dose (%ID/g).

Micro-PET Imaging. Three days prior to injection of the
radiopharmaceuticals, the thyroid gland was blocked by
feeding 5%o KI solution to human OS-732 tumor-bearing
mice. Then, 18.5 MBq '**I-anti-hPD-L1 Nb6 was injected into
each tumor-bearing mouse via tail vein. The control group was
coinjected with 500 pg (100 uL, S mg/mL) of anti-hPD-L1
Nb6 and 18.5 MBq '**I-anti-hPD-L1 Nb6. At each different
time point (2, 24, 48, and 120 h) after injection, the mice were
anesthetized with 1.5% isoflurane and placed near the center of
the field of the PET scanner (Sedecal, Spain); 10 min static
scans were subsequently obtained. A two-dimensional ordered
subset expectation maximum algorithm was employed to
reconstruct the images. The regions of interest (ROIs) of the
radiotracer in each organ were sketched to estimate the uptake.

Pathological Analysis. OS-732 tumor-bearing mice were
sacrificed after imaging. IF and immunohistochemistry (IHC)
analyses were performed to confirm the expression of hPD-L1
on the surface of the OS-732 tumor cell membranes. HE
staining was performed to show the morphology of the OS-732
tumor tissue. Other details are described in the Supporting
Information.

Statistical Analysis. Statistical analysis was performed with
the SPSS software package (v 17.0; SPSS, Chicago, IL, USA).
The t test was used to analyze differences in the data. P < 0.05
was considered statistically significant.
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