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Abstract
Background  Neurooncologists urgently need biomarkers that can optimize the clinical development of PD-L1 
targeted immunotherapy in the treatment of glioblastoma. This study evaluated PD-L1 targeted tumor imaging 
by positron emission tomography (PET) in glioblastoma patients, using the novel macrocyclic peptide radiotracer 
18F-BMS-986229.

Results  Twelve adult postsurgical glioblastoma patients underwent brain PET imaging 1-hour post injection 190±20 
MBq of 18F-BMS-986229. In a subset of patients, dynamic PET scans were obtained for pharmacokinetic modeling in 
tumors and normal tissues. Tracer kinetics in both tumor sites and normal tissues were well described by a reversible 
1-tissue compartment model. Tumor sites demonstrated 18F-BMS-986229 tracer-avidity (SUV = 1.1 ± 0.4; range, 0.6–1.7) 
in 10 of 12 cases, with negligible tracer-avidity in normal brain structures. Tumor avidity for 18F-BMS-986229 on PET 
was spatially independent of tumor contrast-enhancement on magnetic resonance imaging, indicating that tracer-
binding at tumor site was not dependent upon blood-brain barrier breakdown. The observed tumor site low tracer-
uptake paralleled low immunohistochemical PD-L1 expression in resected tumors, with no correlations between 
standardized uptake value versus tumor MGMT methylation, PTEN oncogenic mutation status, tumor mutation 
burden, or patient overall survival.

Conclusion  This pilot study demonstrates the feasibility of characterizing tumor sites in glioblastoma patients by 
PD-L1-targeted PET imaging with18F-BMS-986229, even in patients with low tumor PD-L1 expression. We hypothesize 
that 18F-BMS-986229 PET can improve the pharmacometrics of PD-L1-targeted therapy trials.

Trial Registration Number  NCT02617589. Trial Registration Date: December 1st, 2015.
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Introduction
Programmed death-ligand 1 (PD-L1) biomarkers are 
urgently sought to optimize ongoing clinical develop-
ment of PD-L1 targeted cancer therapy [1, 2]. Tumor 
PD-L1 expression has demonstrated efficacy as a prog-
nostic and predictive biomarker for PD-L1 targeted 
therapy in glioblastoma multiforme (GBM) and cer-
tain other cancer types [2, 3]. GBM PD-L1 expression 
is often low but might be increased, in vivo, by novel 
adjunct treatments, to improve GBM response rates to 
PD-L1 – directed immunotherapy [2]. Biopsy-based 
PD-L1 tumor assays are often impractical for brain tumor 
patients, being invasive, and are susceptible to inaccu-
racy due to tumor heterogeneity in PD-L1 expression 
[4–7]. Recently, PD-L1 targeted radiotracers havebeen-
investigatedpreclinically [8–14] andintheclinicalsetting 
[3, 15–21] as a new class of intravenously-administered 
positronemission tomography(PET) imaging probes, 
showing promise for noninvasive quantification of in 
vivo tumor PD-L1expression. PET isapowerfulclinicalim-
agingtechniquethatenables noninvasive spatiotemporal 
assay of tissue binding of injected radiotracer to a bio-
molecular target of interest, with picomolar quantitative 
sensitivity. 18F-BMS-986229 is an investigational mac-
rocyclic peptide radiotracer (molecular weight 2296.63 
Daltons) that binds to programmed death-ligand 1 (PD-
L1, aka CD274). In this report, we describe the results 
of our phase 1/2 microdose PET pilot trial exploring 
PD-L1-targeted PET imaging with 18F-BMS-986229 in 
postsurgical GBM patients. Our study demonstrates the 
feasibility of in vivo GBM detection via PD-L1 expres-
sion by 18F-BMS-986229 PET. We explore correlations 
between tumor PD-L1 tracer-binding versus tumor his-
topathologic PD-L1expression, other biomarkers and 
patient survival.

Materials and methods
Patients
Newly diagnosed patients with GBM, O6-methylgua-
nine-DNA-methyltransferase (MGMT) unmethylated 
type, and Karnofsky performance status of ≥ 70 were 
eligible for inclusion in this study. Radiopharmaceutical 
preparation is detailed in the Supplementary Materials. 
Patients received 190±20 MBq18F-BMS-986229 by IV 
infusion over 1  min, followed by vigorous saline flush. 
Syringe and infusion line were assayed for residual activ-
ity. Patients were monitored for signs and symptoms of 
toxicity at each imaging time-point. Patients reported 
any adverse symptoms experienced in next 30 days to 
study investigators.

PET image acquisition
A single Discovery 710 PET-CT imaging system (GE 
Healthcare, Inc) was used for all patient studies. CT 

scans (120 kVp, 30 mAs, Pitch 0.984:1, reconstructed 
slice thickness 3.75 mm, 0.8 s per rotation) were acquired 
for attenuation correction and anatomic localization 
of PET data, spanning the entire brain. No intravenous 
radiographic contrast was administered. The CT data 
was reconstructed in a 512 × 512 matrix using a filtered 
back-projection algorithm. For three patients, dynamic 
PET imaging was performed: acquisition commenced 
twenty seconds prior to radiopharmaceutical infusion 
and continued for 2 h. Dynamic images were acquired in 
list mode and binned into 6 × 30-sec, 4 × 60-sec, 4 × 120-
sec and 21 × 300-sec. For a subsequent cohort of nine 
additional patients, 30-min PET scans were obtained 
beginning 1-hr post-injection, acquired dynamically as 
a series of six five-minute frames, with PET data subse-
quently summed into a single static image. PET emission 
data were acquired in 3-dimensional mode, corrected for 
detector inhomogeneity, deadtime, decay, and for attenu-
ation, scatter, and random events. The data were subse-
quently reconstructed into a 128 × 128 × 47 matrix (voxel 
dimensions: 2.00 × 2.00 × 3.27 mm3) using the ordered 
subsets expectation maximization algorithm (4 itera-
tions, 16 subsets). No post filtering was applied.

Image analysis
18F-BMS-986229 brain PET-CT and brain magnetic res-
onance imaging (MRI) clinical scans were displayed for 
analytic comparison using an integrated GE PACS AW 
Suite workstation (GE Healthcare), using the Volume 
Viewer (v.12.3, GE Healthcare) software collection that 
included PET VCAR™, used for PET/CT fusion display, 
and Neuro Registration™, used for co-registration and 
display of PET with MRI data. Tissue tracer-avidity was 
quantified by standardized uptake values (SUVmax and 
SUVpeak) normalized to body weight, as measured from 
PET images by manual 3D volumes of interest (VOIs).

Pharmacokinetic modeling
The analysis of dynamic 18F-BMS-986229 PET images 
was performed in PMOD v3.604 (PMOD Software, 
RRID: SCR_016547). Input function (IF) was image-
derived by segmenting the internal carotid artery on the 
early frame that allowed for best visualization. To derive 
time-activity curves (TAC), VOIs were placed over the 
small intratumor area (≤ 10 voxels) with highest uptake of 
18F-BMS-986229, scalp (lateral and contralateral), site of 
craniotomy, pituitary gland and normal brain (contralat-
eral). Reversible one-compartment (1C2K) and both irre-
versible and reversible two-tissue compartment (2C3K 
and 2C4K, respectively) pharmacokinetic models with a 
blood fraction component (vB) were investigated to calcu-
late kinetic rate constants K1, k2, k3 and k4. Target activity 
concentration at each time frame was weighed by consid-
ering frame duration and tissue activity concentration. 



Page 3 of 9Grkovski et al. EJNMMI Research          (2025) 15:124 

Goodness of fit was evaluated with Akaike Informa-
tion Criterion (AIC) to determine the most appropriate 
compartmental model. In addition to pharmacokinetic 
modeling, Logan graphical analysis was performed to cal-
culate the volume of distribution (VT).

MRI image acquisition
MRI scans were obtained as part of routine clinical care 
using hardware and standard data acquisition and pro-
cessing methods. MRI and 18F-BMS-986229 PET images 
were obtained < 4weeks apart, with no interim changes 
in treatment. MRI was obtained using a 1.5 T magnet 
(Signa HDxt, GE Healthcare). Images were acquired 
using 5-mm slice thickness with no interslice gap (rep-
etition time (TR) / echo time (TE) = 500/10 msec, matrix 
256 × 256). Gadopentetate dimeglumine (Magnevist, 
HealthCare Pharmaceuticals Inc.) was injected though 
a peripheral angiocatheter at a standard dose (0.2 mL/
kg body weight, 40 mL, 2  cc/sec). Dynamic contrast-
enhanced perfusion images with 3D postprocessing was 
performed in the MRI obtained contemporaneous with 
PET and/or follow-up subsequent MRI.

Immunohistochemistry (IHC) for PD-L1 expression in 
tumor tissue
PD-L1 expression was assessed by immunohistochemis-
try using a previously validated rabbit anti-human anti-
PD-L1 monoclonal antibody. The streptavidin–biotin 
peroxidase complex method was utilized for immuno-
histochemical studies with antibody to PD-L1 antibody 
clone E1L3N (Cell Signaling Technology, Danvers, MA). 
Results were scored as the percentage of tumor cells with 
positive staining for PD-L1. Immunohistochemistry with 
PD-L1 E1L3N clone from Cell Signaling was clinically 
validated against PD-L1 22C3 (pharmDx) and found to 
be comparable [22].

Tumor mutational burden
Tumor mutation burden (TMB) was calculated using the 
total number of non-synonymous mutations divided by 
the total genomic target region for which mutations are 
reported. Clinical associations between high TMB and 
response to immune checkpoint inhibitors have been 
reported in several solid tumor types [23–27].

Statistics
Associations of categorical variables with the continuous 
variables SUVmax and SUVpeak were investigated with the 
Wilcoxon two-sample test. Correlation between continu-
ous variables with SUVmax and SUVpeak were investigated 
with the Spearman rank correlation coefficient. The asso-
ciations between SUVmax and SUVpeak with overall sur-
vival were investigated with Cox proportional hazards 
regression modeling. Follow-up time was calculated from 

date of PET to date of death for those who died or date 
of last follow-up for those who were censored. All tests 
were two-sided with an alpha level of statistical signifi-
cance set at < 0.05. All statistical analyses were performed 
in SAS v9.4 (The SAS Institute, Cary, NC).

Results
Patients (n = 12; Table  1) experienced no adverse effects 
from the tracer injection. The study achieved the primary 
safety and feasibility endpoints. 18F-BMS-986229 PET 
detected tracer-avidity at postsurgical brain tumor sites 
in 10 of 12 GBM patients. One of the two PET-negative 
patients had a technically suboptimal PET study. Tumor 
resection occurred 31 ± 6 (range 20–39) days prior to 
PD-L1 PET.

Post-resection tumor sites demonstrated relatively low 
tracer uptake (SUV = 1.1 ± 0.4 at 60  min post-injection; 
Table 2); however, as normal brain grey and white matter 
demonstrated negligible radiotracer uptake, tumor-to-
background uptake ratio was visually distinct (Figs. 1, 2, 
3 and 4). Tumor-to-normal brain ratios were 18.1 ± 10.1 
(range, 8.0–44.4). Tumor-to-blood ratios at 90 min were 
0.7 ± 0.2. The low avidity at tumor sites was consistent 
with ex vivo immunohistochemistry that overall detected 
low-to-nil tumor PD-L1 expression, as is common in 
GBM (Table 3). Three tumors (in 3 patients) had detect-
able PD-L1 by ex vivo IHC; of these, one patient had the 
highest observed tumor site SUV (patient #1; Fig. 1), one 
patient had minimal tumor site uptake after subtotal 
tumor resection (patient #7), and one patient had a sub-
optimal PET scan. We observed no statistical correlations 
between tumor site avidity for the PDL1-targeted tracer 
(SUV) versus tumor MGMT methylation, PTEN onco-
genic mutation status, tumor mutation burden, or patient 
overall survival (Tables 4A, 4B and 5).

Tracer-avidity on PET and tissue enhancement on MRI 
demonstrated distinct spatial localizations in tumor site 
subregions, indicating tissue tracer-avidity was not a 
mere artifact of blood-brain barrier-breakdown. Tumor 
radiotracer-avidity on PET did not extend beyond the 
tumor region of signal abnormalities visualized by MRI. 
Some enhancing subregions did not demonstrate sub-
stantial tracer-avidity (Figs.  2 and 3). Within particu-
lar tumor sites, tracer uptake on PET was visualized in 
subregions of tissue contrast enhancement visualized 
by MRI but also in non-enhancing subregions (Fig.  4).
The non-enhancing areas on MRI that demonstrate PET 
uptake may represent microscopic tumor cells and/or 
tumor-associated macrophages and microglia. 

Dynamic PET data was performed for the first three 
patients (Table 6). Blood volume fraction was ≤ 13% in all 
investigated tissues (except for the pituitary gland), avoid-
ing covariance with K1 and k2. The results from these ini-
tial acquisitions suggest simple static PET imaging might 
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suffice to characterize tissue tracer-avidity. Static scans 
were therefore adopted for the remaining patients, in an 
attempt to simplify the protocol and minimize patient 
discomfort. 18F-BMS-986229 tracer-concentrations in 
scalp tissue, inflamed craniotomy sites, and normal brain 
tissue achieved peak concentrations around 20 min post-
injection, followed by tissue tracer-clearance (Fig.  3). 
Tumor tissues continued to accumulate radiotracer up to 
2  h post-injection, suggesting delayed PET imaging will 

offer superior Tumor-to-Background image contrast. 
According to AIC, a simpler 1C2K model was generally 
preferred over 2C3K and 2C4K models (for the intra-
tumor area with highest uptake, AIC was 288 ± 23 and 
303 ± 23 for 1C2K and 2C3K models, respectively; n = 3 
patients). Tumor tissue with the highest uptake of 18F-
BMS-986229 exhibited lower efflux (k2) and higher VT 
compared to normal scalp, site of craniotomy and normal 
brain. Spearman rank correlation coefficientρ between 
VT and SUV in 18 investigated structures (6 per patient) 
was 0.86. Corresponding ρ between K1-SUV and between 
k2-SUV were 0.81 and − 0.71, respectively.

Intracranial areas of postsurgical dural / parenchymal 
inflammation demonstrated transient tracer influx with 
prompt efflux (Fig. 2), consistent with nonspecific tracer 
extravasation due to capillary leakiness typical of tissue 
inflammation. In contrast, pharmacokinetics in the initial 
3 patients identified a rise and plateau in tumor site SUV, 
consistent with true tumor site-binding of the PD-L1-tar-
geted 18F BMS-986229 tracer. The observed plateau in 
radiotracer concentration at tumor sites indicates that a 
simpler static PET scan at a delayed time-point is appro-
priate for characterizing tumor site avidity for 18F BMS-
986229, with high target-to-background contrast.

Table 1  Cohort characteristics
Variable Level N (%) Median
Sex Male 7 (58)

Female 5 (42)
SUVMax Continuous 11 (92) 1.27
SUVPeak Continuous 11 (92) 0.56
Visually positive N 2 (17)

Y 10 (83)
Pattern Ill-defined 2 (17)

Shell* 8 (67)
N/A 2 (17)

Extent of Resection Gross tumor resection 4 (33)
Subtotal tumor resection 8 (67)

PDL (clone E1L3N) expression (IHC) Negative 7 (58)
0.02 2 (17)
0.03 1 (8)
Unable to get slides 2 (17)

Tumor Mutation Burden (mt/Mb) Continuous 10 (83) 4.4
PTEN Loss PTENN48K (oncogenic) 1 (8)

PTENR130* nonsense/oncogenic 1 (8)
PTENR55Sfs*p (oncogenic frameshift insert) 1 (8)
PTENV53G missense mutation (non-oncogenic) 1 (8)
PTENX343_splice (oncogenic) 1 (8)
PTENY67del (non-oncogenic) 1 (8)
PTENY76* (oncogenic) 1 (8)
Wild type 3 (25)
Unable to assess 2 (17)

MGMT Methylation Methylated 6 (50)
Unmethylated 6 (50)

*Layer of tracer-avidity confined to tumor periphery

Table 2  18F BMS-986229 biodistribution in brain tumors and 
cranial structures

Time post-injection
60 min 90 min

Metric Avg ± SD (range) Avg ± SD (range)
Tumor SUVmax 1.0 ± 0.4 (0.6–1.7) 1.7 ± 1.2 (0.8–3.1)
Tumor SUVpeak 0.6 ± 0.3 (0.3–0.9) 0.9 ± 0.4 (0.5–1.2)
Blood SUVavg 0.8 ± 0.2 (0.6–1.1) 0.8 ± 0.1 (0.8-1.0)
Normal brain SUVavg 0.1 ± 0.0 (0.1–0.2) 0.1 ± 0.0 (0.1–0.1)
Choroid plexi SUVavg 0.7 ± 0.2 (0.6-1.0) 0.6 ± 0.4 (0.3–1.1)
Bone SUVavg 0.8 ± 0.4 (0.4–1.5) 0.9 ± 0.1 (0.8-1.0)
Muscle SUVavg 0.9 ± 0.3 (0.5–1.3) 0.9 ± 0.3 (0.7–1.3)
Lacrimal gland SUVavg 1.8 ± 0.6 (1.4–3.1) 1.9 ± 1.0 (0.8–2.6)
Pituitary SUVavg 6.5 ± 1.7 (4.8–9.7) 5.2 ± 3.7 (3.0-9.5)
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Discussion
Our pilot study is, to best of our knowledge, the first 
report of 18F-BMS-986229 PET, as well as of imaging 
tumor PD-L1 expression, in patients with GBM. We 
demonstrate the feasibility of detecting PD-L1 tracer-
binding at postsurgical GBM tumor sites via same-day 
quantitative PET imaging. Negligible radiotracer accu-
mulation in the normal brain enables high target-to-
background ratios, increasing the contrast and lesion 
detectability. Tumor PD-L1 expression often predicts 
response to PD-L1 targeted pharmacotherapeutics (e.g., 
atezolizumab, durvalumab and avelumab) in various can-
cer types [28–30].

The patients were imaged ~ 1 month following initial 
tumor resection, as no delays in surgery and other treat-
ment were tolerable. 18F-BMS-986229 appears to bind 
to tumor sites with low-to-nil avidity; the patients in our 
cohort had low-to-nil ex vivo PD-L1 expression in their 

resected tumors (Table 3). Some patients with no detect-
able tumor PD-L1 expression ex vivo demonstrated low 
uptake by PET, possibly representing tracer-binding to 
infiltrates of inflammatory cells that can express PD-L1 
[31]. Alternatively, low PET signal may reflect infiltrative 
tumor cells, potentially indicating early recurrence not 
visible on standard MRI. The highest observed tumor site 
radiotracer uptake occurred in one of three patients with 
detectable tumor PD-L1 expression and a subtotal resec-
tion. Two other patients had detectable tumor PD-L1 
expression ex vivo: one had an aborted PET study (due 
to bladder urgency); the other patient had only mini-
mal uptake following a gross total resection, similar to 
patients with no detectable tumor PD-L1 expression on 
ex vivo IHC.

Peptide-based imaging agents typically have restricted 
access to the central nervous system due to the selective 
nature of the blood-brain barrier (BBB). In pathological 

Fig. 2  72 year old female [Patient #8]. 18 F-BMS-986229 PET/MRI fusion (left) of a single axial plane focusing on tumor in the left cerebral hemisphere. 
MRI demonstrates uniform contrast-enhancement around surgical cavity. Nodular tissue enhancement along anterior margin of the cavity demonstrates 
prominent tracer-avidity, with minimal avidity in other enhancing tissues. Contrast-enhancing inflammation around craniotomy showed tracer-avidity. 
SUV display intensity scale (0.0-2.5). H&E sections (middle) demonstrate malignant astrocytic cells with readily identifiable mitoses, consistent with glio-
blastoma. Membranous labeling of tumor cells by PDL1 immunohistochemical stains was 0% (negative; right). Scale bar (bottom left) = 100 μm

 

Fig. 1  68 year old male [Patient #1]. MRI (left) shows blood products within resection cavity and enhancing mural nodularity consistent with tumor which 
demonstrates avidity for 18 F-BMS-986229. SUV display intensity scale (0.0-2.5). H&E sections (right) demonstrate malignant astrocytic cells with readily 
identifiable mitoses, consistent with glioblastoma. Scale bar (bottom left) = 100 μm
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conditions where the BBB is compromised—such as in 
certain brain tumors or metastases—there may be local-
ized uptake of 18F-BMS-986229. We observed no tracer-
accumulation in healthy portions of the brains of our 
study population, where MRI visualized no abnormalities 
and the BBB is presumably intact. At brain tumor sites, 
even when no MRI contrast-enhancement is detect-
able, some degree of BBB breakdown is expected (18F-
BMS-986229 uptake was observed at tumor sites with 
no detectable MRI contrast-enhancement). As MRI 
contrast-enhancement correlates with BBB breakdown 
around tumors [32–35], the fact that we detected no cor-
relation between the degree of contrast-enhancement 
on MRI and tracer-accumulation on PET suggests that 
tracer-accumulation in brain tumors was not solely a 
function of BBB breakdown.

Pharmacokinetic data indicates that 18F-BMS-986229 
tracer-kinetics are well described by a single tissue com-
partmental model. SUV appears to be an adequate sur-
rogate measure of 18F-BMS-986229 distribution volume, 
thus facilitating the use of simpler and clinically more fea-
sible static PET acquisitions at a delayed time-point. This 
is in concordance with a report for another PD-L1 target-
ing investigational PET radiotracer 18F-BMS-986,192 in 
patients with advanced non-small cell lung cancer [36]. 

Fig. 3  57 year old F [Patient #2]. 18 F BMS-986229 PET/MRI fusion (top left) of a single axial plane showing tumor in right cerebral hemisphere. MRI demon-
strates uniform contrast-enhancement in tumor. Lateral subregion of enhancing tumor demonstrates prominent tracer-avidity, with minimal avidity in re-
mainder of enhancing tumor. SUV display intensity scale (0.0-2.5). Time-activity curves for structures of interest (top right). 18 F-BMS-986229 SUV as a function 
of imaging time post-injection for small intratumor area with higher uptake and for normal structures. Measured data (circles) are presented with fits from a 
1-tissue reversible compartment model. H&E sections (bottom left) demonstrate malignant astrocytic cells with readily identifiable mitoses, consistent with 
glioblastoma. Membranous labeling of tumor cells by PDL1 immunohistochemical stains was 0% (negative; bottom right). Scale bar (bottom left) = 100 μm

 

Fig. 4  69 year old female [Patient #10] with GBM status post resection 
with recurrent tumor (white arrow). 18  F BMS-986229 PET/MRI fusion. 
Radiotracer-avid tumor was non-enhancing on MRI. SUV display intensity 
scale (0.0-2.5)
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Additionally, plateau in 18F-BMS-986229 tumor time-
activity curves has also been reported in L2987 (PD-L1 
(+)) mice by Donnelly et al. [18].

A limitation of this trial is the ability of 18F-BMS-
986229 PET to detect residual PD-L1 expressing tumor 
likely being hampered by low tumor volume in the 
postresection setting. We also did not obtain biopsies 

of the enhancing brain tissue at ~ 1 month post-resec-
tion, to correlate with the PET signal, due to potentially 
introducing considerable risk to the patients. Addi-
tionally, precise anatomical localization of the biop-
sied areas could not be accomplished as intraoperative 
imaging was not performed. In future studies, it would 
be most valuable to include PET imaging prior to ini-
tial surgery with anatomical localization of tissue sam-
ples, as well as postoperatively, during treatment with 
checkpoint blockade, and at disease progression. Such 
adequately powered studies might discover stronger 
correlations when comparing pre-surgical / pretreat-
ment glioma tracer-avidity versus histology and out-
come. Patients in our cohort had relatively low PD-L1 
expression, confirmed by IHC and PD-L1 PET. GBM 
can demonstrate high PD-L1 expression [37], indicat-
ing the potential impact of this PD-L1 PET biomarker. 
Our pilot study was also limited in hypothesis-testing 
by its small study population, including our failure to 
detect correlations with patient outcomes. Four of the 
12 patients that were imaged withdrew from the study 
prior to initiation of treatment, additional four patients 
came off the study relatively quickly due to disease 
progression and the remaining patients did not have 
a durable response to treatment. Immunohistochem-
istry studies have found PD-L1 expression prognostic 
in glioblastoma [37]; our patients went on to various 
treatments after participating in this research PET 
study, and certain treatments can alter tumor PD-L1 

Table 3  Patient-specific data regarding tumor avidity on PDL1-targeted PET, tumor histology, and treatment course
Pt# Tumor 

SUVmax

Tumor SUVpeak Visually 
detectable?

Ex vivo PDL1 ex-
pression (IHC) †

Extent of 
Resection

MGMT methylation Dexa-
metha-
sone dose 
(mg)†

1 3.11 1.24 Y 2% STR Methylated 4
2 1.35 0.99 Y Negative STR Unmethylated 0
3* 0.24 0.10 N* 2% STR Unmethylated 4
4 0.78 0.54 Y N/A GTR Unmethylated 4
5 0.64 0.30 N Negative GTR Methylated 2
6 1.73 0.86 Y Negative STR Unmethylated 4
7 0.82 0.36 Y 3% GTR Methylated 0
8 1.34 0.75 Y Negative STR Unmethylated 3
9 0.88 0.40 Y N/A GTR Methylated 0
10 0.89 0.46 Y Negative STR Unmethylated 2
11 1.28 0.56 Y Negative STR Methylated N/A
12 1.27 0.57 Y Negative STR Methylated N/A
*PET was aborted prematurely. †PDL1 (clone E1L3N) expression. STR, subtotal resection. GTR, gross total resection. Slides were unavailable for patients #11 and #12

Table 4  Correlations between variables of interest and SUVmax
Variable Level SUVmax 

median
P-
value

MGMT Methylation Methylated 1.08 0.54
Unmethylated 1.34

PTEN Loss Oncogenic 
Mutation

1.27 0.84

Non-oncogenic 
mutation or WT

0.89

Tumor mutation burden continuous Spearman’s ρ: 
0.04

0.91

Time from resection to 
PET

continuous Spearman’s ρ: 
0.48

0.14

Table 5  Correlations between variables of interest and SUVpeak
Variable Level SUVpeak 

median
P-
value

MGMT Methylation Methylated 0.48 0.34
Unmethylated 0.75

PTEN Loss Oncogenic 
Mutation

0.56 1.00

Non-oncogenic 
mutation or WT

0.46

Tumor mutation burden Continuous Spearman’s ρ: 
0.15

0.68

Time from resection to 
PET

Continuous Spearman’s ρ: 
0.39

0.24

Table 6  Association between SUVmax and overall survival
Variable Level HR 95% CI P-value
SUVmax Continuous 0.83 0.23–3.02 0.78
SUVpeak Continuous 2.05 0.16–25.68 0.58
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expression [2], potentially limiting correlations with 
outcomes.

Conclusions
We present first results of 18F BMS-986229 PET in 
human glioblastoma patients, demonstrating its feasibil-
ity. The results encourage further clinical testing of PET 
radiopharmaceuticals as investigational biomarkers of in 
vivo tissue PD-L1 expression and as a companion diag-
nostic for PD-L1 targeted therapy.
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