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Abstract: The level of expression of programmed cell death-1 (PD-1)/programmed death ligand-1 (PD-L1) is a pre-
dictive biomarker for cancer immunotherapy, however, its detection remains challenging due to tumour heterogene-
ity and the influence from the binding of therapeutic agents. We recently developed [99mTc]-NM-01 as a companion 
diagnostic imaging agent for non-invasive molecular imaging of PD-L1 by single-photon emission computed to-
mography (SPECT). The aim of the study was to evaluate the [99mTc] radiolabelling of GMP graded NM-01 and its 
pharmacology, pharmacokinetics and toxicology. NM-01 bound specifically to human PD-L1 (Kd=0.8 nM) and did not 
interfere with the binding of the anti-PD-L1 antibody atezolizumab. NM-01 can bind various PD-L1-positive cancer 
cell lines and only interact with PD-L1 expressed on the cell surface. In SPECT/CT imaging, high [99mTc]-NM-01 ac-
cumulation was observed in the HCC827 mouse xenografted tumour model (30-min: 1.50 ± 0.27 %ID/g; 90-min: 
1.23 ± 0.18 %ID/g), demonstrated a predominantly renal elimination (high uptake in bladder and kidney), while 
activity in the blood pool and other major organs remained low. The tumour-to-muscle and tumour-to-blood ratios 
were comparable with/without atezolizumab (P<0.04) but were significantly lowered when co-injected with excess 
NM-01 (P=0.04 and P=0.01, respectively.) The blood clearance of [99mTc]-NM-01 is bi-phasic; consisting of an initial 
fast washout phase with half-life of 2.1 min and a slower clearance phase with half-life of 25.4 min. In an intrave-
nous extended single-dose toxicity study, no treatment-related changes were observed and the maximum tolerated 
dose of [99mTc]-NM-01 was 2.58 mg/kg. [99mTc]-NM-01 has suitable properties as a potential candidate for SPECT/
CT imaging of PD-L1 assessment in cancer patients. 
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Introduction

Immunotherapy has advanced greatly in the 
past decade for the treatment of cancers. 
Several cancer entities have the potential to 
escape from recognition by the immune system 
by hijacking the immune checkpoints that pre-
vent autoimmunity with excessive inhibitory sig-
nals during T-cell regulation [1-3]. PD-L1 is one 
of the ligands of PD-1 expressed by various 
types of cancer cells [4]. The binding of PD-L1 
to PD-1 primarily occurs within inflamed tissues 
and in the tumour microenvironment where it 

leads to down regulation on T-cells and reduced 
immunity. Blocking PD-1 or PD-L1 leads to pref-
erential activation of cytotoxic T-cells with spec-
ificity for cancer cells [3, 5]. PD-1 and PD-L1 
have been reported to be overexpressed in vari-
ous solid tumours including non-small-cell lung 
cancer (NSCLC) and melanoma [6-8].

Several immune checkpoint inhibitors have 
been granted regulatory approval over the past 
few years for the treatment of different PD-L1-
positive malignancies, when PD-L1 expression 
is confirmed by immunohistochemical evalua-
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tion (IHC) of a tumour biopsy specimen [9-13]. 
Multiple clinical trials of other immune check-
point inhibitors targeting the PD-1/PD-L1 path-
way have reported a positive correlation 
between PD-L1 expression and response to 
treatment or overall survival [14-18]. Some 
studies, however, reported no correlation bet- 
ween PD-L1 expression and response to anti-
PD-(L)1 immunotherapies [19-24]. Recent stud-
ies revealed that intra-/inter-tumoural hetero-
geneity possibly caused by differential T-cell 
infiltration and the differences in the definition 
of PD-L1 positivity and IHC methodology used 
across studies may be the reason behind this 
inconsistency [25-27].

Molecular imaging of PD-L1 offers an alterna-
tive, non-invasive and whole-body approach 
that resolves the practical issues encountered 
with IHC and has the potential in visualising 
intra-/inter-tumoural heterogeneity. Several cli- 
nical studies using [89Zr]-atezolizumab, a radi-
olabelled anti-PD-L1 mAb; [18F]-BMS-986192 
and [99mTc]-NM-01 have demonstrated a proof-
of-concept for the potential of PD-L1 imaging  
by SPECT or positron emission tomography 
(PET). Tracer uptake in the clinical studies were 
all correlated with PD-L1 expression deter-
mined by IHC [6, 8, 28]. Obviously, the clinical 
responses in patients with atezolizumab treat-
ment were even better correlated with [89Zr]-
atezolizumab uptake than with IHC or RNA 
sequencing based predictive markers [6, 8]. 
However, challenges remain for using therapeu-
tic mAb based imaging tracers due to their slow 
clearance from the blood stream and normal 
tissue as well as its interaction with the treat-
ment regimen [29-31]. 

Single-domain antibodies (sdAbs) are the small-
est antigen-binding fragments derived from 
heavy-chain immunoglobulin (Ig)G from camel 
and show great promise for molecular imaging 
in numbers of preclinical and clinical studies 
because of their better tissue permeation and 
faster blood clearance [32-36]. We have 
screened and selected an anti-human PD-L1 
sdAb, NM-01, that does not interfere with the 
PD-1/PD-L1 interaction as it binds to a differ-
ent PD-L1 epitope from the binding site of com-
mon anti-PD-L1 mAbs. This would enable imag-
ing to monitor PD-L1 expression before, during 
and after anti-PD-1/PD-L1 treatment.

In this study, we sought to develop a site-specif-
ic PD-L1 imaging agent radiolabelled with 
[99mTc] for SPECT/CT which can give good imag-
ing results within one to two hours after injec-
tion, and will not interfere with the PD-1/PD-L1 
interaction or share a binding site with existing 
therapeutic anti-PD-L1 mAbs agents. This 
would provide an alternative robust and afford-
able method to IHC for guiding immuno- 
therapy.

Materials and methods

The preparation of anti-human PD-L1 sdAb 
NM-01

The anti-human PD-L1 sdAb, NM-01, was 
screened and selected from phage display 
library generated from peripheral blood lym-
phoctyes of Camelus bactrianus immunised 
against human PD-L1 extracellular domain pro-
tein as previously described procedures [37, 
38]. The NM-01 cloned in pMECs with a 
C-terminal HA-hexahistidine tag were trans-
formed into non-suppressor strain WK6 cells 
and purified from periplasmic extract using 
affinity chromatography on a Ni-sepharose 
resin column (GE Healthcare, Pittsburgh, PA, 
USA).

ELISA

Microtiter plates were coated with human 
PD-L1 ECD-Fc or mouse PD-L1 ECD-Fc (R&D 
systems, Minneapolis, MN). To prevent non-
specific binding, the plates were blocked with 
1% bovine serum albumin (BSA) at room tem-
perature for 2 h. sdAbs (descending concentra-
tions from 200 nM) were added to the plates 
and incubated at room temperature for 1 h, fol-
lowed by incubation with anti-HA antibody 
(Biolegend, San Diego, CA, USA) for 1 h and 
anti-mouse IgG-alkaline phosphatase (Protein- 
tech, Rosemont, IL, USA) for another hour for 
detection. After the addition of TMB solution 
(eBioscience, San Diego, CA, USA) and H2SO4, 
absorbance at 450 nm was recorded on a Bio-
Tek Synergy microplate reader.

Surface plasmon resonance (SPR)

The binding kinetics of sdAbs to immobilised 
human PD-L1 ECD-Fc were analysed by SPR on 
CM5 sensor chips using Biacore® 3000 system 
(GE Healthcare, Pittsburgh, PA, USA). The anti-
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gen was coupled on a CM5 chip to 1000 reso-
nance units (RU) with an amine coupling kit 
using the standard amine coupling procedure. 
The sdAbs were injected at 30 µl/min in HBS-
EP buffer at 25°C with binding for 180 s and 
dissociation for 720 s. The chip was regenerat-
ed in 25 mM NaOH for 60 s. The curves were 
locally fitted with BIA evaluation version 4.1 
using a 1:1 Langmuir binding mode. The asso-
ciation and dissociation rates were monitored, 
and the equilibrium dissociation constant (Kd) 
was calculated. For competition experiments, 
the sdAbs and atezolizumab analogue 
(Crownbio Science, China) were sequentially 
injected either alone or in combination at 30 µl/
min in HBS-EP buffer in two 180 s binding 
phases. The curves were analysed using BIA 
evaluation version 4.1 and visually interpreted.

Cell lines and culture conditions

Human lung cancer (HCC827 and A549), liver 
(Hep 3B and SNU-423), gastric cancer (Hs764T 
and SNU-5.5), ovarian cancer (ES-2 and OVCAR-
3), pancreatic cancer (BxPC-3 and ASPC-1), 
oesophageal cancer (KYSE-150 and KYSE-270) 
and breast cancer (MDA-MB-231 and BT474) 
cell lines were purchased from ATCC and cul-
tured as recommended by the supplier.

Flow cytometry

Cells were harvested with a non-enzymatic cell 
dissociation buffer (Cell Stripper®; Corning, NY, 
USA). Cell suspensions containing 2×106 cells/
ml in PBS were incubated at 4°C in the dark 
with FcR blocking reagent for 15 min (Miltenyi 
Biotec, Germany) to reduce non-specific bind-
ing; followed by sdAbs (30 min) and Alexa Fluor 
488 anti-HA antibody (Biolegend, San Diego, 
CA, USA) for 20 min. The cells were washed 
twice with PBS between each step. Flow cytom-
etry analyses were performed on a FACSCalibur 
flow cytometer (BD Biosciences, UK).

Effect of NM-01 on the PD-1/PD-L1 interaction

The effect of NM-01 on the PD-1/PD-L1 inter-
action was studied using PD-1 [Biotinylated]: 
PD-L1 Inhibitor Screening ELISA Assay Pair kit 
(ACRO Biosystems, China) according to the 
instructions provided by the manufacturer. 
Briefly, biotinylated PD-1 was incubated with 
immobilised human PD-L1 in the presence of 
increasing amounts (1-32 nM) of sdAbs or anti-

PD-1 mAb and using streptavidin-horseradish 
peroxidase and optical density detection at 
450 nm.

The off-target binding screening of NM-01

The specificity of NM-01 to PD-L1 was evaluat-
ed using microarray technology (Retrogenix 
Ltd., UK) in a three-step screening process as 
previously described [39]. Assay optimisation 
was performed in a set of pre-screens. This 
was followed by primary screening: 2 µg/ml of 
NM-01 was screened for binding against 
HEK293 cells individually expressing 5484 full-
length plasma membrane and secreted pro-
teins fixed on microarray slides (16 slide sets, 
n=3 slides per slide set). Each transfected cell 
line co-expressed ZsGreen1 for identification. 
The primary hits were identified by analysing 
fluorescent signal intensities (AF647 and 
ZsGreen1) in ImageQuant (GE Healthcare, 
Pittsburgh, PA, USA). NM-01 binding to individ-
ual antigens was assessed using anti-HA detec-
tion (AlexaFluor 647 labelled anti-HA detection 
antibody; Thermo Fisher, UK) or anti-His detec-
tion (Penta His AlexaFluor 647 conjugate; 
Qiagen, UK). Vectors encoding all hits were 
sequenced to confirm their correct identities. 
Confirmation/Specificity screen: Expression 
vectors encoding all primary hits and control 
sequences including CD86, EGFR and unde-
fined PD-L1 isoform (del1-9) were prepared in 
duplicate on new slides similarly to the primary 
screening. Identical fixed slide sets were treat-
ed with 2 µg/ml of NM-01, 1 µg/ml of CTLA4-
Fc/His (R&D systems, Minneapolis, MN, USA) 
or PBS (n=2 slides per treatment) followed by 
anti-HA or anti-His detection.

The GMP production and purification of NM-01

The nucleotide sequence of NM-01 was 
recloned into the expression vector pE7 with 
kanamycin resistance. The recombinant plas-
mid was transfected into the E. coli strain BLR 
(DE3) and a clone with high sdAb expression 
was used to establish the cell bank. NM-01 
was purified from the periplasmic extract using 
cation-exchange chromatography (CIEX) on SP 
Sepharose Fast Flow (GE Healthcare, Pitts- 
burgh, PA, USA), buffer-exchanged to phos-
phate buffer saline (PBS) by size exclusion chro-
matography (SEC) using Sephadex G-75 (GE 
Healthcare, Pittsburgh, PA, USA), concentrated 
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to 2.0 mg/ml, aliquoted in glass vials and 
stored at -20°C. Production was carried out in 
compliance with Annex 13.3 of Directive 
2001/20/EC of the European Parliament and 
of the Council. The GMP graded NM-01 was 
used for radiolabelling and determination of 
shelf-life, in vivo imaging, blood clearance and 
determination of toxicity.

The radiolabelling of NM-01 with [99mTc] with 
the [99mTc(OH2)3(CO)3]

+ core: radiochemical 
characterisation and quality control, in vitro 
stability and shelf-life

Radiolabelling and quality control of NM-01 
was performed following a previously published 
protocol [28], with some modifications, i.e. 
upon reconstitution in 1.0 ml of sodium 
pertechnetate in physiological saline, the kit for 
preparation of the [99mTc]-triaquatricarbonyl-
technetium(I) intermediate was incubated in a 
dry heating block for 20 minutes. Shelf-life of 
[99mTc]-NM-01 was determined in three devel-
opment batches, after 4-fold dilution in saline 
and filtration through two interconnected 0.22 
µm low protein binding syringe filters (Merck 
Millipore, Germany) into a 10 ml pyrogen-free 
evacuated vial. The preparation was incubated 
at room temperature and aliquots were ana-
lysed by high-performance liquid chromatogra-
phy (HPLC) and instant thin layer chromatogra-
phy (iTLC) after 2, 4 and 6 h.

Mouse models

A toxicity study was performed in normal male 
and female Swiss Crl:CD-1 mice. Female Balb/C 
nu/nu mice were used to assess blood clear-
ance and SPECT/CT imaging. Inoculation of 
HCC827 xenografts was performed under 
sevoflurane anaesthesia: mice were subcuta-
neously injected with 100 µl HCC827 cell sus-
pension, corresponding to 5×106 live cells in 
1:1 matrigel:PBS in the flank at shoulder level. 
Tumour growth and animal body weight were 
monitored twice a week; tumour size was calcu-
lated using the formula 0.52 * length * width2. 
Approximately four weeks after inoculation, 
when the average xenograft size has reached 
200 mm3, mice were randomly assigned to four 
groups for in vivo imaging and ex vivo pharma-
cokinetics studies. The toxicity study was 
approved by Wuxi AppTec institutional animal 
care and use committee. The rest of the animal 
studies were performed under a licence 

approved by the National Animal Experiments 
Inspectorate under the Ministry of Environment 
and Food of Denmark. 

SPECT/CT imaging and data analysis

Preclinical SPECT/CT imaging was performed in 
a nanoScan SPECT/CT system (Mediso, 
Hungary) in three groups of mice. Mice in Group 
1 (n=6) were intravenously administered 19.2-
41.2 MBq of [99mTc]-NM-01, corresponding to 
10 µg of NM-01 in 150 µl of saline. Mice in 
Group 2 (n=6) were intravenously administered 
18.9-44.6 MBq of [99mTc]-NM-01, correspond-
ing to 200 µg of NM-01 in 150 µl of saline. Mice 
in Group 3 (n=6) were intravenously adminis-
tered 2 mg of atezolizumab (Tecentriq; Roche, 
Switzerland) in 125 µl saline four days before 
SPECT/CT imaging to block PD-L1 in the xeno-
grafts. For SPECT/CT imaging, mice in Group 3 
were administered 15.2-33.8 MBq of [99mTc]-
NM-01, corresponding to 10 µg of NM-01 in 
150 µl of saline. Whole-body SPECT/CT images 
were acquired 30-min and 90-min post-injec-
tion under sevoflurane anaesthesia.

In vivo blood clearance

In vivo blood clearance of [99mTc]-NM-01 was 
studied in a group of 5 mice bearing HCC827 
xenografts. Mice were administered 10 MBq 
[99mTc]-NM-01, corresponding to 10 µg of 
NM-01 in 150 µl of saline in a lateral tail vein 
under terminal sevoflurane anaesthesia. 
Venous blood samples were collected from a 
contralateral tail vein at 1-, 5-, 10-, 20-, 40-, 
60-, 90- and 120-min post-injection into 10 µl 
(± 0.5%) capillary tubes. Blood samples were 
measured in a calibrated gamma counter 
(Wizard2; Perkin Elmer, MA, USA) and the 
amount of radioactivity recovered from the 
blood pool was calculated at every time point 
based on the assumption that blood accounts 
for 8% of total body weight and the density of 
blood is 1 g/cm3.

Toxicity study with [99mTc]-NM-01

The toxicity of [99mTc]-NM-01 was assessed in 
an intravenous extended single-dose toxicity 
study in mice, conducted in compliance with 
good laboratory practice (GLP) guidelines set  
by the National Medical Products Administra- 
tion (China) and Organisation for Economic 
Co-operation and Development (OECD). The full 
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materials and methods of the toxicity study  
are described in supplemental data. [99mTc]-
NM-01 (corresponding to 80 µg NM-01 per 
mouse), prepared as described above and 
stored at 2-8°C for 11 days for radioactive 
decay, or 0.9% w/v NaCl solution for injection 
was administered i.v. in 20 male and 20 female 
CD-1 mice. Parameters including body weight 
and body weight change, food consumption, 
haematology, serum chemistry, organ weight, 
gross and microscopic pathology were moni-
tored. One and fourteen days after injection, 10 
mice per group (5 male and 5 female) were 
euthanised and underwent necropsy: up to 39 
organs and tissues per mouse were collected 
for gross and histopathological evaluation. 
Samples and test results were reviewed by a 
veterinary pathologist certified by the American 
College of Veterinary Pathologists.

Statistical analysis

The ELISA results were fitted a nonlinear re- 
gression model with GraphPad Prism 6.0 
(GraphPad, San Diego, CA, USA) to determine 
the Kd. The flow cytometry data were analysed 
with FlowJo (Tristar Inc., El Segundo, CA, USA). 
Radiochemical purities and identities in differ-
ent time points were compared by two-sample 
unequal variance t-tests. Biodistribution of 
[99mTc]-NM-01 was calculated based on SPECT/
CT images. Biodistribution in different time 
points and groups was compared by two-sam-
ple unequal variance t-tests. To calculate the 
biological blood half-life of [99mTc]-NM-01, a 
two-phase exponential fit with no constraints 
was performed in Prism (GraphPad Software). 
P value of less than 0.05 was considered as 
statistically significant.

Results

The characterisation of NM-01 against human 
PD-L1

The binding affinity and specificity of NM-01 
were determined using recombinant PD-L1 pro-
tein in ELISA assays. NM-01 bound specifically 
to human PD-L1 with Kd at 1.8 nM, but not to 
mouse PD-L1 (Figure 1A). The binding kinetics 
were also confirmed using surface plasmon 
resonance (SPR). In SPR studies, NM-01 exhib-
ited a strong affinity to human PD-L1 with sub-
nanomolar affinity (Kd=0.8 nM) and the binding 
of NM-01 did not interfere with the binding of 

atezolizumab to human PD-L1 (Figure 1B). In a 
competitive ELISA assay, it was found that 
NM-01 had no impact on the binding of PD-1 to 
PD-L1 while the positive control (anti-PD-1 
mAb) inhibited the PD-1/PD-L1 interaction with 
an EC50 of 5.6 nM (Figure 1C). The ability of 
NM-01 to bind human PD-L1 on cancer cell 
lines derived from solid tumours, including lung 
cancer, liver cancer, gastric cancer, ovarian 
cancer, pancreatic cancer, oesophageal cancer 
and breast cancer cell lines were further evalu-
ated by flow cytometry. NM-01 was able to dif-
ferentiate the PD-L1 expression on cancer cell 
lines from multiple cancers (Figure 1D).

The specificity of NM-01 to human PD-L1 was 
also assessed using a microarray-based bind-
ing assay to 5484 full-length plasma mem-
brane and secreted proteins followed by anti-
HA and anti-His detection (Figure 2). Primary 
screening identified nine primary (binding) hits 
and all of them were reproducibly observed in 
the confirmatory screen. Seven out of nine pri-
mary hits were excluded in the confirmatory 
screen as they were also observed in the con-
trol slides with phosphate buffered saline (PBS) 
or cytotoxic T-lymphocyte-associated protein 
(CTLA4)-Fc/His. Two hits, corresponding to 
human PD-L1 isoform 1 (full-length extracellu-
lar domain (ECD)) and isoform 2 (lacking IgV 
like domain), were confirmed as specific by 
both anti-HA and anti-His detection. No differ-
ence between the two detection methods was 
observed. These data confirmed the mono-
specificity and high affinity of NM-01 to human 
PD-L1.

The radiolabelling and characterisation of NM-
01 with [99mTc] with the [99mTc(OH2)3(CO)3]

+ core

The results of the stability study of GMP-graded 
NM-01 indicated that no change in concentra-
tion or biological activity and no protein degra-
dation takes place for at least 6 months at 
25°C and at least 18 months at -20°C (Tables 
S1 and S2).

[99mTc]-NM-01 was successfully produced on  
all occasions with radiochemical purity 
(RCP)>90%. Three batches of [99mTc]-NM-01 
were prepared to confirm the shelf-life of the 
radiotracer and the reproducibility of the radi-
olabelling results. Specific radioactivity of the 
three batches was 7507 ± 290 MBq/mg (106 ± 
4 MBq/nmol) at the end of synthesis and the 
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Figure 1. The characterisation of NM-01. A. The binding affinity of NM-01 to human and mouse and PD-L1 as determined by ELISA assays. B. The binding kinetics of 
NM-01 at different doses and with or without the presence of atezolizumab as determined by SPR. C. The impact of NM-01 on the inhibitory effect of atezolizumab 
as determined by a competitive ELISA assay. D. The binding ability of NM-01 to PD-L1 on different cancer cell lines as determined by flow cytometry. 
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average RCP of these batches, as determined 
by iTLC and HPLC, were 96.4 ± 1.6% and 95.6 
± 1.6% respectively. No significant changes in 
RCP or protein degradation were observed with 
iTLC (RCP at 6 hr=96.7 ± 2.0%, P<0.92) or 
HPLC (RCP at 6 hr=97.6 ± 0.8%, P<0.22) upon 
incubation at room temperature for at least 6 h 
(Table S3).

SPECT/CT imaging

SPECT/CT imaging was performed in mice bear-
ing subcutaneous, PD-L1-positive HCC827 xen-
ografts. High [99mTc]-NM-01 accumulation was 
observed in the urinary bladder and kidneys 
while uptake in the blood pool (represented by 
the heart) and other major organs such as the 
lungs, liver and skeletal muscle remained low 
(Figure 3A). [99mTc]-NM-01 uptake was observed 
in the PD-L1-positive HCC827 xenografts 
(Group 1, 1.50 ± 0.27 %ID/g at 30-min and 
1.23 ± 0.18 %ID/g at 90-min). Co-injection with 
excess NM-01 (Group 2) partially offset [99mTc]-
NM-01 accumulation in the tumour to 0.84 ± 
0.28 %ID/g at 30-min and 0.60 ± 0.14 %ID/g at 
90-min post-injection. In both time points, 
[99mTc]-NM-01 uptake in Group 2 was signifi-
cantly lower than in the respective time point in 
Group 1 (P<0.001). Pre-dosing mice with 2 mg 
atezolizumab (Group 3) did not interfere with 
[99mTc]-NM-01 uptake in the tumour; uptake in 
the xenograft was 1.57 ± 0.10 %ID/g at 30-min 
and 1.33 ± 0.09 %ID/g at 90-min post-injection 
(Figure 3B). No statistically significant differ-
ence could be established in [99mTc]-NM-01 
uptake between Group 1 and Group 3 in either 
time point (P>0.25) (Figure 4).

Blood clearance of [99mTc]-NM-01

The %ID recovered from the blood pool of five 
mice between 1- to 120-min post-injection was 
presented in Figure S1. By 1-min post-injection, 
approximately 75% of injected radioactivity 
cleared from the blood pool. By 120-min post-
injection, less than 2 %ID could be recovered 
from the blood pool. To determine the biologi-
cal blood half-life of [99mTc]-NM-01, a two-phase 
exponential fit was performed. In the fast 
phase, 69% of the drug product was cleared 
from the blood pool with a half-life of 2.1 min 
and the remaining 31% was cleared with a half-
life of 25.4 min in the slow phase.

Toxicity study of [99mTc]-NM-01

In an intravenous extended single-dose toxicity 
study in mice, no treatment-related changes 
were observed in any of the monitored param-
eters, including body weight, food consump-
tion, haematology, serum chemistry, organ 
weight, macroscopic and microscopic observa-
tions at both day 2 (n=20) and day 14 (n=20). 
The maximum tolerated dose (MTD) of [99mTc]-
NM-01 in this study was 80 µg/animal, corre-
sponding to an average dose of approximately 
2.58 mg/kg.

Discussion 

In the present study, we developed an anti-PD-
L1 sdAb imaging agent that 1) is monospecific 
to human PD-L1 with excellent pharmacokinet-
ics; 2) does not interfere with existing anti-PD-
L1 mAbs therapeutic agents and 3) radiolabels 
site specifically with [99mTc] for in vivo PD-L1 

Figure 2. The specificity of NM-01 as determined by microarray-based binding assays followed by anti-HA and anti-
His detection, with CTLA4-Fc/His and PBS served as control slides.
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imaging with SPECT/CT. This allows the longitu-
dinal measurement of PD-L1 expression before, 
during and after anti-PD-1/PD-L1 treatment. 

Different IHC methodology have been imple-
mented in clinical practice to assess tumour 
PD-L1 expression for the selection of patients 
for immune checkpoint inhibitors. However, it is 
becoming clear that tumour PD-L1 expression 
is heterogenous within and between tumours 
and changes in response to treatment over 
time [40, 41]. It is extremely challenging to take 
biopsy from multiple sites simultaneously and 
repeatedly for the accurate assessment of 
PD-L1 expression. A clinical study using [89Zr]-
atezolizumab demonstrated that pre-treatment 
PET scan appeared to be a better predictor of 
response to atezolizumab than IHC but it 
required imaging to be performed 7 days after 
tracer injection for optimal imaging results 

(Tumour-to-blood ratios increased from around 
1 to 5 between day 2 to day 7) [6]. To improve 
biodistribution and clearance, several investi-
gators have explored protein engineering 
approaches, including the use of sdAbs and 
other protein scaffolds [42-46].

We screened and selected NM-01 from phage 
display library generated from camelus bactri-
anus immunised against human PD-L1. NM-01 
is highly specific to human PD-L1 with good 
binding affinity in ELISA and SPR comparable 
with other reported PD-L1 sdAbs [42, 44]. 
Competitive SPR assays with atezolizumab 
analogues confirmed that the binding epitope 
of NM-01 on PD-L1 is different from that of the 
mAb. A competitive ELISA assay with biotinylat-
ed PD-1 demonstrated that NM-01 did not 
interfere with the PD-1/PD-L1 interaction like 
the sdAb K2 presented by Broos et al. [42]. Off-

Figure 3. The biodistribution of [99mTc]-NM-01 in mice. A. The representative image of [99mTc]-NM-01 in mice bearing 
subcutaneous, PD-L1-positive HCC827 xenografts injected with [99mTc]-NM-01 (Group 1); co-injection of excess NM-
01 (Group 2); and pre-dosing with 2 mg atezolizumab (Group 3) as assessed by SPECT/CT imaging at 30-min and 
90-min post-injection. B. Comparison of the image-derived uptake of [99mTc]-NM-01 in major organs at 30-min and 
90-min post-injection.
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target screening of NM-01 using microarray 
expressing 5484 full-length plasma membrane 
and secreted proteins validated the monospec-
ificity as well as safety of NM-01, which sup-
ports NM-01 a suitable candidate for rapid 
clinical translation. 

We manufactured GMP-grade NM-01 with com-
parable stability to a previously reported sdAb 
[47]. The GMP produced NM-01 was radiola-
belled with [99mTc] site specifically in a two-step 
method under GMP condition. The radiolabel-
ling efficiency was always above 90% and puri-
fication after radiolabelling was not necessary. 
Several factors affect and determine the kinet-
ics of triaquatricarbonyltechnetium(I) binding to 
the His-tag, for example, protein (i.e. His-tag) 
concentration in the labelling mixture, ionic 
strength of the labelling mixture and the amino 
acid sequence in the vicinity of the His-tag [48-
50]. Considering these findings and the fact 
that protein sequences are not always report-
ed, the comparability of radiolabelling efficien-
cies may sometimes be challenging. [99mTc]-
NM-01 has a shelf-life at ambient temperature 
of at least 6 h. This allows time for the distribu-
tion [99mTc]-NM-01 from centralised radiophar-
macies as well as on-site labelling at any stand-
ard hospital radiopharmacy, and enables the 
widespread use of NM-01 in monitoring treat-
ment response in patients undergoing immuno-
therapy in clinical setting. 

SPECT/CT imaging in mice bearing PD-L1-
positive xenografts confirmed that [99mTc]-

NM-01 uptake was PD-L1 mediated since the 
excess amount of NM-01 (Group 2) significantly 
offset [99mTc]-NM-01 uptake. With no statisti-
cally significant difference established between 
Group 1 and Group 3, the latter group pre-
dosed with the anti-PD-L1 mAb atezolizumab, 
we confirmed in vivo that the binding epitope of 
NM-01 and atezolizumab on PD-L1 are differ-
ent, providing further evidence that using 
[99mTc]-NM-01 for the imaging of PD-L1-positive 
malignancies in cancer patients will not affect 
the therapeutic effect of anti-PD-1/PD-L1 anti-
bodies and the use of such antibodies will not 
interfere with imaging using [99mTc] NM-01. 

[99mTc]-NM-01 demonstrated very rapid blood 
clearance due to rapid renal extraction and uri-
nary excretion. This is expected for a small 
hydrophilic protein of this size, similar to other 
radiolabelled sdAbs [42, 44]. Although biodistri-
bution of [99mTc]-NM-01 was very similar to  
that of other radiolabelled sdAbs, uptake in the 
xenograft, and consequently tumour-to-back-
ground ratios were markedly lower than values 
reported for another PD-L1 targeting sdAbs, 
[99mTc]-sdAb K2 and [68Ga]-NOTA-Nb109; albeit 
still significantly higher than in control groups 
[42, 44]. This difference in tumour uptake is 
most probably due to the fact that Broos et al. 
and Lv et al. used PD-L1 transfected xenograft 
models for in vivo evaluation and transfect- 
ed cell lines are likely to express higher levels  
of PD-L1 than HCC827 cells used in this stu- 
dy (Figure S2). Other than [99mTc]-NM-01, 
[18F]-BMS-986192 is the only comparable 

Figure 4. Comparison of tumour-to-muscle or tumour-to-blood ratios at 30-min and 90-min post-injection. Signifi-
cant difference in tumour-to-muscle ratios was found between Group 1 vs Group 2 and Group 2 vs Group 3 at 90-
min post-injection (P=0.04 and P=0.01, respectively). Tumour-to-blood ratios at both time points were significantly 
higher in Groups A and C compared to Group 2 (P<0.04). No statistically significant difference could be established 
in tumour-to-muscle or tumour-to-blood ratios between Group 1 and Group 3 at either time point (P>0.05). 
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small protein that has been evaluated in cancer 
patients. In preclinical studies, the tumour  
to blood ratios reported with [18F]-BMS-986192 
in NSCLC xenograft model L2987 were compa-
rable to [99mTc]-NM-01 at 90 min post injec- 
tion. The kidney and lung uptake of with 
[18F]-BMS-986192 were relatively high although 
the authors did not report biodistribution 
results in non-target organs in %ID/g or SUV 
units making direct comparison impossible 
[43]. The clinical translation of [18F]-BMS- 
986192 demonstrated positive correlation 
between PD-L1 expression determined by PET/
CT IHC in most NSCLC patients [8]. The hetero-
geneity of PD-L1 expression between and with-
in patients was observed. Similar observations 
were found in the early phase I study of [99mTc]-
NM-01 in NSCLC patients [28].

In a single-dose toxicology study, the MTD of 
[99mTc]-NM-01 in CD-1 mice was 80 µg/animal, 
corresponding to a dose of 2.58 mg/kg. With a 
species-specific uncertainty factor of 12 taken 
into account, this corresponds to a human-
equivalent MTD of 215 µg/kg, which is approxi-
mately 150 times higher than the preferable 
human dose of a new radiopharmaceutical 
(below 100 µg or 1.4 µg/kg for an average body 
weight of 70 kg), confirming the safety use of 
[99mTc]-NM-01 for PD-L1 imaging in human [51]. 
No tracer-related adverse events have been 
reported in the 32 patients received the injec-
tion of [99mTc]-NM-01 up to date (unpublished 
data).

To conclude, [99mTc]-NM-01 is a promising can-
didate for SPECT/CT imaging of PD-L1 expres-
sion in cancer patients, with appropriate bind-
ing specificity, kinetic and toxicity profiles. It 
has been evaluated in an early phase I study for 
NSCLC cancer imaging and shown to be safe 
with acceptable dosimetry (NCT02978196) 
[28]. [99mTc]-NM-01 may be particularly useful 
for monitoring anti-PD-L1 therapy since it does 
not share a binding site with common anti-PD-
L1 antibodies. It is currently undergoing anoth-
er clinical trial for the evaluation of PD-L1 
expression in NSCLC and melanoma patients 
before and after immunotherapy (NCT044- 
36406). It has also been approved for a phase 
2 clinical trial to evaluate the correlation 
between PD-L1 imaging and PD-L1 IHC as well 
as blood tumour mutation burden (EudraCT- 
2020-002809-26). The on-going clinical trials 

will help to establish the baseline of PD-L1 
expression within and between patients and 
tumour types, a cut-off point for patient selec-
tion and treatment monitoring.
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Table S1. The results for the stability tests of GMP graded NM-01 at the recommended storage tem-
perature (-20 ± 5°C, results available up to 18 months)

Test items at 20 ± 5°C Acceptance criteria
Time (Months)

0 1 2 3 6 9 12 18
Protein content 2.0 mg/mL ± 10% 1.9 2.0 2.0 1.9 2.0 2.0 2.0 2.0
Purity-SE-HPLC Main peak ≥95% 98.4 99.9 100.0 99.2 99.8 99.7 99.7 100.0
Biological activity Kd<10 nM 5.3 nM 4.3 nM 4.1 nM 5.4 nM 2.5 nM 2.5 nM 1.5 nM 5.7 nM

Table S2. The results for the stability tests of GMP graded NM-01 under accelerated conditions (20 ± 
5°C, 60% relative humidity, results available for up to 6 months)

Test items at 20 ± 5°C Acceptance criteria
Time (Months)

0 1 2 3 6
Protein content 2.0 mg/mL ± 10% 1.9 2.0 2.1 1.9 2.0
Purity-SE-HPLC Main peak ≥95% 98.4 98.4 99.0 97.9 100.0
Biological activity Kd<10 nM 5.3 nM 4.6 nM 4.6 nM 7.4 nM 3.0 nM

Table S3. The results for the stability tests of [99mTc]-NM-01 at room temperature

Test items at RT Acceptance criteria
Time (Hours)

0 2 4 6
RCP (iTLC) Main peak >90% 96.4 ± 1.6 96.2 ± 3.4 96.0 ± 1.7 96.7 ± 2.0
RCP (HPLC) Main peak >90% 95.6 ± 1.1 96.7 ± 1.1 97.2 ± 1.0 97.6 ± 0.8
pH 6-9 7.5 7.5 7.5 7.5
Endotoxin ≤175 EU/mL <2.0 n.a n.a n.a
Sterility Sterile Conform n.a n.a n.a

Figure S1. The blood clearance of [99mTc]-NM-01 in Balb/C nu/nu mice bearing HCC827 xenografts.
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Figure S2. The PD-L1 IHC staining of a representative mouse xenograft tumour: a positive control tissue (human 
thymus); a HCC827 xenograft demonstrating PD-L1 staining and an A375-hPD-L1 transfected xenograft expressing 
high levels of human PD-L1 demonstrating strong staining.  


