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Abstract

CD8 lymphocytes are considered key effectors cells of immunotherapy-induced anti-tumour response
and immune-related adverse events (irAEs). Local CD8 lymphocyte activity in tissues results from a
multi-step process requiring trafficking of CD8 lymphocytes across several body compartments. Hence,
in vivo distribution of CD8 lymphocytes is a critical asset of ensuing immune responses. Anti-CD8a PET
imaging enables non-invasive, quantitative evaluation of systemic CD8 lymphocyte distribution in vivo.
This study investigated CD8 lymphocyte distribution in relation to occurrence of immune checkpoint
inhibitor (ICI) therapy related irAEs. A cohort of 97 patients with metastatic cancer underwent PET/CT
imaging 24 hours post injection of [2°Zr]Zr-crefmirlimab berdoxam, a CD8a PET tracer, at baseline and
after two courses of ICI therapy. Baseline CD8 lymphocyte distributions showed that lower lymph node
uptake of uptake [2°Zr|Zr-crefmirlimab berdoxam correlated with increasing age. Upon treatment,
different uptake patterns were observed. An increase in liver uptake was associated with occurrence of
irAEs, independent of the affected organ. Prediction models trained on anti-CD8a PET-derived features
predicted irAEs with high accuracy. In this largest anti-CD8a imaging cohort to date, we demonstrate that
anti-CD8a PET can capture shifts in whole body CD8 lymphocyte distribution in immune relevant organs
and in organs affected by irAEs, providing new insights in CD8 lymphocyte biology during anti-cancer
immunotherapy.

INTRODUCTION

Current anti-cancer immunotherapies, including immune checkpoint inhibitors (ICls), adoptive T cell
transfer and cancer vaccines mediate their cytotoxic effects in the tumour immune microenvironment
(TIME) via CD8 lymphocytes as their critical effector cell population [1-4]. Local immune activity is
determined by lymphocyte trafficking and successive immune-interactions in lymphoid organs and the
TIME [5-8]. Compelling evidence in preclinical models demonstrated the crucial role in immune
induction at immune relevant tissues at sites distant from the tumour, including tumour-draining lymph
nodes [9-14] and spleen [15-17]. The pivotal role of efficient CD8 lymphocyte trafficking is mainly
investigated in multicompartmental mathematical models describing the effect of immune cell
trafficking on the development of immune responses [18, 19], or in multiplex immunohistochemistry
studies small tissue samples obtained via invasive biopsies [20]. Large scale real-life in vivo data on
whole-body CD8 cell distributions in cancer patients has not been published yet.

The systemic distribution of lymphocytes is dynamic over a life-time. Transcriptomic analyses of post-
mortem tissue samples demonstrated the impact of host factors including age and disease status on
residency and circulation of lymphocyte subsets [21-24]. The lymphocyte biodistributions described in
these studies are in line with the concepts of immune aging [25-27] and exhaustion [28, 29]. These
concepts are increasingly recognized to affect immune therapy induced anti-tumour responses [16, 30—
32]. Furthermore, immune related adverse events (irAEs) resulting from immune therapies are
associated with infiltration of CD8 lymphocytes in affected tissues [33-36] and might be related to
aberrant peripheral CD8 lymphocyte trafficking.
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Notwithstanding the invaluable contributions of preclinical models and the molecular level
characterization of CD8 lymphocytes in tissue biopsies or blood samples, these technologies have
limited potential to study CD8 localization and its dynamics in the context of immunotherapy induced
effects in clinical studies. CD8 targeted PET/CT imaging with [8°Zr]Zr-crefmirlimab berdoxam provides
whole body quantification of CD8 lymphocyte presence [37-39]. CD8 PET imaging has been applied for
investigating tumour infiltrating lymphocytes in different tumour types [40—-43]. Its non-invasive nature
allows detection and quantification of longitudinal changes of CD8 lymphocyte presence at organ-levels.
Here, we investigated which temporal changes on anti-CD8a PET-derived CD8 lymphocyte localization
may associate with the development of irAEs in a cohort of patients with metastatic cancer, combined
from two multi-centre studies (NCT03802123 and NCT05013099). In addition, we investigate how CD8
lymphocyte distributions differ between ICI therapy regimens and which host factors associate with in
vivo CD8 cell distributions at baseline.

RESULTS

Study population
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Table 1

Baseline characteristics of the study population

Age, years

Mean (range)

Sex

n (%)

M

F

Tumour types

n

RCC

Melanoma
NSCLC

Merkel cell
Esophagogastric
Bladder

HNSCC
Sarcoma

ICI regimen

n

Anti-PD-1 & anti-CTLA-4
Anti-PD-1

+ TKI

+ chemo

+ anti-LAG-3
Anti-PD-L1

+ anti-VEGF

+ chemo

Interval between CD8 PET scans, days

mean (range)
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Sample (total n = 97)
64.9 (34-95)

65 (67.0%)

32 (33.0%)

45
31
14

40
26
18

40.3 (27-63)




Age, years Sample (total n = 97)
Mean (range) 64.9 (34-95)
mean (range)

RCC, renal cell carcinoma. NSCLC, non-small-cell lung cancer. HNSCC, head and neck squamous cell
carcinoma. BMI, body mass index.

The multi-centre phase Il iCorrelate trial (NCT03802123) and phase IIb iPREDICT trial (NCT05013099)
included a total of 122 patients. Of these enrolled patients, 97 underwent two anti-CD8a PET scans and
were included in this analysis (Figure S1). The majority of patients had renal cell carcinoma (RCC, n = 45),
melanoma (n = 31) or non-small cell lung cancer (NSCLC, n = 14) as primary tumour (Table 1). Inclusion
was limited to patients scheduled for initial (combination) ICI therapy, with previous other treatments
allowed. The most prevalent ICI regimens were anti-PD-1 in combination with anti-CTLA-4 and anti-PD-1
monotherapy. The interval between the baseline and on-treatment scan ranged from 27 to 63 days,
which was influenced by timing of baseline imaging and therapy interval, however all on treatment scans
were performed before initiation of the third course of ICI treatment.

Baseline uptake in normal tissues

We quantified uptake of [8°Zr]Zr-crefmirlimab berdoxam in 10 normal organs on 194 scans of 97 patients
using both automated and manual segmentations, to correct for respiratory motion artifacts and exclude
primary and metastatic tumour lesions. The pituitary was not in field of view in 4 patients. Inguinal and
axillary lymph nodes that were not radiologically suspect or histologically confirmed metastatic sites
were considered normal lymph nodes. On all PET images, uptake in bone marrow, healthy lymph nodes
(LN), spleen and liver was pronounced (Fig. 1A-B). Spleen displayed the highest quantified uptake values
(SUV,pean range 21.2-99.3) in all patients. The lowest uptake values were found in muscles (SUVean

range 0.13-0.68). Baseline [2°Zr]Zr-crefmirlimab berdoxam uptake displayed heterogeneity among
patients and specifically varied among different age groups. With increasing age, lymph node uptake
decreased (Fig. 2A), the correlation between uptake in LN and age was stronger in females compared to
males (Figure S3A). Increase in lymph node uptake upon ICI therapy was not correlated with age (figure
S3B). The same pattern was seen for bone marrow uptake and patient age (Fig. 2C), but to a lesser
extent. Baseline lymph node uptake was higher in patients with melanoma and renal cell carcinoma (in
total n =76) compared to other tumour types (in total n =21). Despite that the melanoma and RCC
groups contained the youngest patients, the observed age-related effect persisted across all tumour
types (figure S3C). Blood pool uptake was positively and significantly correlated to uptake in well-
perfused organs such as kidney, muscle and lungs, but not with total lymphocyte counts in peripheral
blood (Fig. 2E-F). No trend related to patient sex or time of day of the scan acquisition was observed on
SUVjean ©f immune relevant organs (Figure S3, S4).
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On-treatment changes in normal tissue uptake upon ICI treatment and corticosteroids

Upon ICI therapy, when patients underwent imaging after two courses of ICI, we observed differential
changes in [3°Zr]Zr-crefmirlimab berdoxam uptake among ICI regimen groups. Patients who received
anti-PD-1 monotherapy showed a general trend of a stable mean uptake in most organs of interest.
Regarding spleen uptake, patients treated with anti-PD-(L)1 and TKI exhibited significantly higher change
in SUV j,ean cOMpared to patients on anti-PD-1 in combination with anti-CTLA-4. In patients treated with

PD-1 inhibitors combined with chemotherapy, a trend towards increased uptake was observed in lymph
nodes, blood pool, bone marrow and spleen. Lymph node change in uptake was significantly higher in
patients treated with anti-PD-1 and chemotherapy compared to those treated with anti-PD-(L)1 and TKI.

At baseline, four patients were on corticosteroids and continued this medication use throughout the
study. These included three patients on dexamethasone for brain metastases or pain from metastases
(2 or 4 mg bidaily) and one patient on 20 mg prednisone daily, indicated for adrenal insufficiency. Eleven
patients started corticosteroid use between the two imaging timepoints. This included five patients
starting dexamethasone at 4 mg for brain metastases (n = 4) or metastatic pain (n = 1). Six patients
started prednisone at different dosages, which were all indicated for irAEs except one patient with
biopsy complications. All patients who started use of dexamethasone after the first, but before the
second scan, showed a reduction in mean bone marrow (p < 0.05) uptake values compared to those who
did not use immunosuppressants (n = 80), or used immunosuppressants during both imaging timepoints
(n =4) (Fig. 3B). A non-statistically significant trend was observed for reduction in blood pool and spleen.
This effect was not observed for patients using prednisone during the second imaging timepoint.

Correlations with immune-related adverse events

During the course of treatment, 78 irAEs of any grade were reported in 43 patients, of which 23 were
grade 2 or higher and occurred within 33 days after the second scan. Of those, 14 were labelled as
clinically relevant because they were either grade 3 or resulted in treatment discontinuation or initiation
of immunosuppressive treatment. Most reported irAEs (any grade) were skin-related toxicity, hepatitis,
gastrointestinal toxicity and/or endocrine toxicity. Visible increase in uptake in affected organ was
observed in several cases of any grade irAEs, including a case of uveitis (Fig. 4A). In all cases except one
patient with hyperthyroidism (CTCAE grade 1), increase in SUV,.4, in the involved organ was detected.
However, similar increases in uptake were also observed in some patients for whom the irAE was not
reported within 33 days after last imaging timepoint (Fig. 4B).

The abovementioned analyses on group-level illustrate the multifactorial interplay between [2°Zr]Zr-
crefmirlimab berdoxam PET features of CD8 cell distributions and host factors, therapy and type of irAE.
Using [8°Zr]Zr-crefmirlimab berdoxam PET-derived metrics, we employed machine learning to predict the
occurrence of irAE on an individual patient level. To this end, we developed an explainable machine
learning model to investigate the associations between uptake in immune relevant organs and clinically
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relevant irAEs within 30 days after the second imaging timepoint, to explore which features that
contribute most to prediction accuracy.

Machine learning model development

Three increasingly complex models were trained with a selection of 32 imaging derived and 5 clinical
features (sex, tumour type, age, therapy and BMI, Table S1). In addition to organ volumes, imaging
features included both baseline SUV,,,.,, values for organs of interest and the engineered feature

ASUV ,0an Of the same organs. Intercorrelations between the features was tested by a multicollinearity
test, but none were excluded for passing the Variance Inflation Factor (VIF) threshold of 10. As the
distribution of most feature values was skewed, Youden-optimal thresholds were calculated per model,
resulting in improved specificity measures (Fig. 5B). Model performance was evaluated by AUC, the best
AUC retrieved was 0.793, by the RF classifier. Classifier XGB performed best in terms of F1-score,
balancing precision and recall (Fig. 5B).

IrAEs were labelled clinically relevant when they were grade 3 or were grade 2 and resulted in medication
changes. Evaluation of models that predict clinically relevant labelled irAEs compared to overall
occurrence of any grade = 2 irAE outcome, learned that the same features were relevant for both
outcomes, but with lesser magnitudes (Figure S5). Furthermore, as the dataset was imbalanced in group
size between the two clinically relevant irAE groups (n = 14 clinically relevant irAEs versus n = 83 no
clinically relevant irAEs), we evaluated the effect of data augmentation, which showed only minor effects
on AUCs (figure S4A).

Model outcome

To learn which anti-CD8a PET/CT derived features and clinical features are most predictive in our model,
Shapley Additive Explanations was applied, showing that ASUV,,.,, features — particularly for blood

pool, lymph nodes, bone marrow, and spleen — ranked among the most important predictors (Fig. 5C).
Baseline SUV, .4, of lymph nodes, bone marrow and spleen contributed to the prediction of the
occurrence, suggesting pre-treatment CD8 lymphocyte distribution patterns modulate clinically relevant
irAE risk. Additionally, baseline spleen volume was also identified as a positive predictor of irAE risk,
whereas younger age was related to lesser risk of developing clinically relevant irAE. Upon treatment
initiation, increased uptake in liver and lungs contributed to the development of irAE. Interestingly, an
increase in SUV ., Of the blood pool, and to much lesser extent an increase spleen uptake, were
negative predictors for clinically relevant grade = 2 irAEs. Unlike baseline SUV o, of the lymph nodes,
changes in tracer uptake in lymph node did not contribute to the prediction of irAE risk. Baseline uptake
or changes upon treatment in endocrine organs showed ambiguous impact on prediction outcome, as
observed from the cohort analyses; increased uptake values in thyroid gland or pancreas also occurred
in patients who did not develop clinically relevant irAE. From the clinical factors, receiving combined PD-
1 and CTLA-4 inhibition positively contributed to irAE risk, in line with clinical trials reporting increased
irAE occurrence in combination treatments as compared to monotherapy anti-PD-1 [44].
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DISCUSSION

CD8 lymphocytes are associated with ICI therapy related irAEs [34, 36, 45], and assessment of their in
vivo distribution across body compartments can be highly informative for understanding aberrant
immune responses. In the current study we show the potential of anti-CD8a PET imaging to quantify
inter- and intra-patient variation of CD8 lymphocyte systemic distribution patterns associated with irAEs
related to ICI treatment. By employing explainable machine learning models, we show that both baseline
and changes in SUV ,o,, features in normal, immune relevant, organs are predictive the likelihood of
clinically relevant irAE development. Additionally, increase in tracer uptake in organs affected by irAEs
compared to baseline was shown in all cases except one case of thyroiditis. However, this extent of
increase in PET uptake in irAE cases was also observed in some patients who did not develop clinically
apparent toxicity within the reporting period.

Our machine learning analysis revealed baseline healthy lymph node and bone marrow SUV ¢4, @S
potential predictive features for subsequent clinically relevant toxicity, which suggest that already before
treatment initiation, CD8 lymphocyte signatures may be present that co-determine irAE risk. In addition,
change in organs including liver and bone marrow SUV,,.,, Were associated with grade = 2 clinically
relevant toxicity suggesting that dynamics of CD8 lymphocytes upon ICI treatment indeed play a role in
irAE development. Interestingly, this association between increased liver uptake and occurrence of irAEs
was irrespective of the organ involved, which could be explained by CD8 lymphocyte infiltration in the
liver parenchyma or an increased tracer retention in the liver due to perfusion or increased clearance rate
of the radiopharmaceutical. Despite possible clinical variables that were unaccounted for in the current
prediction modelling analysis — which include previous treatment lines, on-study radiotherapy or co-
medication — our models perform reasonably well with anti-CD8a PET and CT derived features alone,
especially considering the relatively small study size for machine learning models.

Our data also shows that different ICI regimens impact distribution of CD8 lymphocytes in lymph nodes
and spleen. It is known that chemo-immunotherapy combinations associate with more toxicity likely due
to the combination of tissue damage resulting in increased antigen presentation. This might result in
increased CD8 trafficking, which is consequently reflected in increased SUV,, .4, in healthy lymph nodes
in chemo-immunotherapy treated patients compared to anti-PD-1 and TKI treated patients in our
analysis. However, as chemo-immunotherapy is indicated only for NSCLC in the current cohort, it is
unknown to what extent the tumour type plays a role in this effect. Additionally, our data suggest impact
of dexamethasone use on change in bone marrow uptake. We found that concomitant dexamethasone
use (4 mg/day) during the second scan was associated with a decrease in uptake in bone marrow, which
is in line with the known effects of dexamethasone on lymphocytes [46, 47]. In patients who used
prednisone during the second, but not first scan, this effect was not observed, suggesting differential
effects between dexamethasone and prednisone. Others have previously shown dexamethasone and
prednisone modulate T cells differently [47, 48]. However, clinical confounders cannot be ruled out; the
dexamethasone-treated group possibly represents a more advanced disease state as dexamethasone
was indicated for brain metastases and pain relief. Beyond these available clinical parameters, our
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immune system is shaped over time by many other factors, such as infections and vaccinations [49],
which could not be accounted for. In addition, host factors including the composition of the gut
microbiome are known correlates of irAEs [34, 50—52], which were not taken into account in this
analysis. We did not observe any apparent sex differences, apart from a stronger decline in baseline
lymph node uptake with increasing age in females, which aligns with known age-related sex differences
[53].

The discrepancy between anti-CD8a PET uptake and reported irAEs in some cases can partly be
explained by the fact that presence of CD8 lymphocyte in organs and tissues does not per se reflect their
effector function. CD8 lymphocytes traverse through tissues, but to unleash their cytotoxic capacity
requires sufficient stimulation of the T-cell receptor, both in magnitude and duration [54, 55]. In this
respect, the development of tracers targeting the activation [13] or release of effector molecules such as
granzyme B [56, 57] or interferon [58] can be complementary to localizing and quantifying CD8
lymphocytes. Moreover, CD8 lymphocytes are considered critical actors, but not the sole contributors of
irAEs as other cell types are reported to be involved [59-61] opening doors for radiotracers targeting
other immune cells [62-64].

At baseline, we demonstrate higher peripheral lymph node uptake in patients of younger age. It is
generally acknowledged that immune function declines with age [65, 66], which is reflected in lower CD8
lymphocyte numbers in peripheral lymph nodes [22, 23]. We found that baseline blood uptake correlates
with uptake in kidney and muscle; as these organs in general normally contain little to no lymphocytes,
this most likely reflects the blood pool in these organs. Additionally, due to hepatic excretion of [8°Zr]|Zr-
crefmirlimab berdoxam, uptake in liver cannot be exclusively attributed to CD8a target presence but
includes a component of tracer excretion and metabolism as well. To avoid misinterpretation due to
spill-over from excreted activity in faecal content, the intestinal wall was not included in our analyses
although it represents a large mucosal surface harbouring a significant proportion of the total
lymphocyte pool [67]. Likewise, quantification of PET uptake in skin was not included in our analysis
while skin events were the most often reported irAE in our dataset.

Another limitation of this study is the predefined imaging timepoints after two courses of treatment,
which may not capture transient ICl-induced inflammatory events between scan timepoints (i.e. 4-6
weeks) or cover the temporal heterogeneity in immune induction between and within patients in general.
Although there is a peak in irAE occurrences during the first 6 to 12 weeks of treatment [68, 69],
corresponding with the time frame of this study, events occurring longer after treatment initiation are
also reported [70-72].

Quantification of 8°Zr-immunoPET images requires consideration of the properties of the radioisotope

897r which includes image noise due to the combination of low positron emission yield and gamma
scatter, limited spatial resolution, as well as consequences of uneven distribution across organs, in
addition to respiratory artifacts [73-77]. We choose SUV,, .., as it is least sensitive to reconstruction

settings [78]. Additionally, for smaller organs, such as lymph nodes and the pituitary gland, partial
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volume effects can impact uptake values [79]. Alternative measures may be considered, for example
relative distributions or total tracer uptake per organ to quantify the total pool of CD8 lymphocytes in the
body [67], and deserve exploration in future studies.

[89Zr]Zr-crefmirlimab berdoxam is currently under investigation in phase | and Il clinical trials such as
NCT07030712, NCT06534190, NCT06650163 and NCT06863233 and has proven CD8 specificity and
safety [37, 41, 80]. Other tracers targeting CD8 lymphocytes have different kinetics and perhaps whole-
body distribution, but this has not yet been systematically investigated [40, 81, 82]. The long half-life of
897r would also allow acquiring images at repeated timepoints after a single injection, providing insights
in the kinetics of in vivo labelled CD8 lymphocytes. Longitudinal quantitative evaluation of CD8
lymphocyte distribution in this setting relates closest to studying CD8 lymphocyte trafficking, which is
inherent to lymphocyte function. Smaller radiopharmaceuticals, such as nanobodies [81], are favourable
in terms of effective dose and rapid background clearance. This allows repeated injections and
longitudinal evaluation of CD8 lymphocyte distributions by providing serial snapshots over time. IrAEs
are driven by aberrant trafficking of lymphocytes to normal organs, and both these imaging protocols
can contribute to understanding the dynamics of immune trafficking during immunotherapy treatment.

This study evaluated whole-body CD8 lymphocyte distributions at baseline and early on-treatment with
[89Zr]Zr-crefmirlimab berdoxam PET/CT imaging in the largest oncological cohort to date. We
demonstrate associations of uptake in peripheral lymph nodes with age at baseline and increased liver
uptake with the occurrence of irAEs. Our explainable machine-learning approach to use the
multidimensional data derived from anti-CD8a PET scans for predicting irAEs indicates that anti-CD8a
PET imaging has potential as a biomarker technology to understand host CD8 immunotypes.

METHODS
Study design

Data from patients from two multi-centre clinical trials (NCT03802123, phase 2a and NCT05013099,
Phase 2b) were included. The study protocols were approved by the review boards from all institutions
involved and patients provided written informed consent. Eligible patients had histopathological
confirmed advanced or metastatic solid tumour (including melanoma, non-small cell lung cancer, renal
cell carcinoma, Merkel cell carcinoma) and were scheduled to start immune checkpoint inhibitor (ICI)
therapy. This includes EMA- and FDA-approved standard-of-care regimens with anti-CTLA-4 or anti-PD-
(L)1 agents, either as a monotherapy or combined with another ICI, chemotherapy or a tyrosine kinase
inhibitor (Table 1). All adverse events were prospectively reported for at least 33 days after the last
897r]Zr-crefmirlimab berdoxam PET imaging (Figure S1B). Adverse events were identified and reported
as immune-related adverse events by experienced oncologists using Common Terminology Criteria for
Adverse Events version 5.0 (CTCAE v5.0).

[89Zr]Zr-crefmirlimab berdoxam administration and PET/CT image acquisition
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PET images were acquired at 21 centres. A third-generation Cancer Therapy (CTN3) Oncology phantom
was scanned in all centres to allow for calibration between centres. Patients underwent PET imaging
twice; maximum 14 days before initiation of ICI therapy and after two courses of ICI therapy. PET images
were acquired 24 + 3 hours after intravenous administration of [89Zr]Zr-crefmirlimab berdoxam at 1.5
milligram protein dose. Planned radioactivity dose was 37 MBq, a cohort of n = 16 patients received 111
MBq, as per specific study protocol. Low-dose CT images were acquired with the PET images for
anatomic localization and attenuation correction. PET and CT scans were acquired from skull to mid-
thigh, with 6—8 minutes per bed position for the 37 MBq injected patients, and 4 minutes for the 111
MBq administered cohort. PET reconstruction settings were compatible with EANM guidelines and
considered differences in acquisition times, attenuation corrected PET images were used for analysis.
On the day of baseline [89Zr]Zr-crefmirlimab berdoxam administration or PET image acquisition, a
venous blood sample was acquired and processed for analysis of total lymphocyte counts, according to
local laboratory protocols.

[89Zr]Zr-crefmirlimab berdoxam PET/CT image analysis
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Organ Segmentation
(system) method
Automatic Manual Methods

Blood 1 Combined segmentation of aorta, vena cava,

pool atria, ventricles and iliac veins and arteries

Spleen )

Muscle 1 Combined segmentation of gluteus, iliopsoas
and autochthonous back musculature

Lungs 1 Automated correction: All lung lobes 10 voxels
medial direction, lower lung lobes 10 voxels
from the inferior direction, middle lung lobe 5
voxels inferior direction.
Combined segmentation of the 5 lung lobes.

Kidneys 1 Automated correction: erosion of 3 voxels from
superior direction

Lymph 1 3 lymph nodes selected per region (axillary and

nodes inguinal left and right), individual nodes linked
baseline and on treatment

Bone 1 Combined segmentation of all vertebrae,

marrow sternum, hips and 1st through 6th ribs

Liver 1

Pituitary 1 10mm sphere

gland

Thyroid 1

Segmentations of regions of interest were generated using both automatic and manual segmentation
methods (Table 1). Multiple-organ objective segmentation (MOOSE) software version 3.1 [83] was
applied to generate automated segmentations. To prevent overestimation of activity in lung and kidney
segments, corrections for motion artefacts and spillover from mediastinal lymph nodes, spleen and liver
were made by adjusting the automated segmentations (Figure S2, Table 1). Researchers were blinded for
irAEs during analyses of the images. All segmentations were visualized in 3D Slicer software version
5.8.1 superimposed on the PET and CT images and checked visually case by case. Reported tumour
lesions were manually excluded from the segmentations. Bone marrow, muscle and blood pool
segmentations were combined from multiple segmentations (Table 2).

Table 2. Methods of segmentation of the organ groups of interest

In addition to automated segmentations, the pituitary gland and a selection of lymph nodes were

manually segmented using Segment Editor tool in 3D Slicer in the following way. In order to quantify the

uptake in peripheral lymph nodes, in the left and right inguinal and axillary regions, 3 lymph nodes per
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region were segmented. This was done while assuring the same lymph nodes on baseline and follow up
scan were selected. Of patients for whom the pituitary gland was in field of view, a sphere of 10 mm was
drawn that contained the gland. Of all resulting segments, PET uptake was assessed and standardized
uptake values (SUV) were calculated from mean absolute uptake values using a custom R script,
corrected for body weight.

Machine learning model development

Toxicity outcome was defined as reported grade 2 or higher irAE with clinical consequences, and with
start date between baseline scan and 33 days after follow-up scan. Univariate logistic regression was
performed to assess associations between individual PET derived features and toxicity. Patient level PET
parameters and clinical parameters were modelled using three classification algorithms with the
following parameters. (1) Logistic Regression (LR) (L1/L2, C € {0.0001-10}); (2) Random Forest (RF)
(n_estimators € {100,300,500}, max_depth € {3,5,7,10,None}); (3) XGBoost (RandomizedSearchCV, 150
iterations, continuous distributions for learning rate, subsample, colsample_bytree, reg_alpha,
reg_lambda; discrete for n_estimators, max_depth, min_child_weight). All models: inner 5-fold stratified
cross-validation (CV) for hyperparameter selection (AUC-ROC criterion); outer 5-fold stratified CV for
unbiased performance estimation. SMOTE variants used 75 XGBoost random iterations and full grids for
LR/RF.

Model performance was assessed using area under the receiver operating characteristic curve (AUC-
ROC), accuracy, precision, recall, and F1-score. Decision thresholds were optimised using Youden's J
criterion (maximising sensitivity + specificity - 1) derived from out-of-fold predictions. Feature
importance was evaluated using Gini importance (Random Forest with 200 trees, max depth 5 and
balanced class weights) and SHAP values (XGBoost, 100 estimators, max depth 4 and learning rate 0.1).
All analyses were performed in Python 3 using packages scikit-learn, XGBoost, imbalanced-learn, and
SHAP.

Statistical analyses

For all continuous variables, means and ranges were reported. Categorical variables were reported in
percentages of population total. All statistical analyses were performed using R version 4.4.1 or
GraphPad Prism software version 10 (GraphPad Software Inc., San Diego, CA), employing a P value
threshold of 0.05. Inter-group analyses and correlations were performed without assuming Gaussian
distributions. Kruskall-Wallis tests were run when comparing multiple groups, employing correction for
multiple testing with Dunn’s correction method. Mann-Whitney U test was performed when comparing
two group means.
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Figure 1 | [**Zr}Zr-crefmirlimab berdoxam PET imaging allows quantification of whole-body CD8 lymphocyte
distribution including spleen, bone marrow and healthy lymph nodes.

A: Maximum intensity projection of a representative baseline [39Zr]Zr-crefmirlimab berdoxam PET scan with visible uptake
in bone marrow, spleen, liver and axillary and mediastinal lymph nodes. B: Of the same patient, coronal PET/CT fused
image and CT image with projections of automated segmentations used to quantify per-organ uptake values.

Figure 1

See image above for figure legend
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Figure 2 | Baseline uptake of [**Zr]Zr-crefmirlimab berdoxam in healthy lymph nodes and bone marrow is
correlated with age and blood pool uptake correlates with uptake in muscle and kidney but not with peripheral
blood lymphocytes.

A, B: SUV,,.., in organs of interest for different age groups (A) and tumour types (B) of the baseline (pre-immunotherapy)

PET images of 97 patients, bars indicate group means and error bars standard deviations. C: Spearman correlations of

baseline lymph node and bone marrow SUV, ., against patient age, spearman Rand P values of correlations. D: Lymph

node and bone marrow uptake (SUV,,..,) per tumour type, black bars indicate group means. E: Spearman correlations

indicating intercorrelations between organ uptake (SUV,,,). Circle size represents —log10(p) values, color indicating
spearman R. F: Spearman correlation of blood pool SUV ..., and peripheral blood lymphocyte counts of n = 78 patients.
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Figure 3 | Upon therapy, patients on combination with TKI and chemotherapy display differential uptake in healthy
lymph nodes and dexamethasone use is associates with a decrease in uptake in bone marrow.

A & B: Changes in [#Zr]Zr-crefmirlimab berdoxam uptake upon two courses of treatment in a selection of immune
relevant organs expressed as percent change in SUV, ., in lymph nodes, bone marrow, spleen and blood pool per ICI
regimen group (A) and corticosteroid treatment group (B). Both with two-sided P values from Kruskall-Wallis tests with
Dunn’s multiple testing correction.
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Figure 4 | Increased uptake of [39Zr]Zr-crefmirlimab berdoxam in irAE affected organs was observed in most
cases.

A: PET/CT fusion images of organs affected by irAEs with visible increase in uptake compared to baseline image,
SUVmean was quantified using either automated (liver, thyroid) or manual segmentation metheds (eyes, pituitary). B:
Quantification of percent increase in SUV ., in affected and non-affected thyroid, pituitary and liver, respectively. P values
from Mann-Withney U tests.
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Figure 5 | Three machine learning prediction models predict grade 22 irAE clinically relevant with high accuracy,
revealing baseline lymph node SUVmean and ASUVmean of lungs and liver as predictive features.

A: Area Under the Curve (AUC) of the Receiver Operating Characteristic (ROC) for the three models. B: performance of
the three models employing the optimized Youden threshold. C: SHAP values for the top 15 predictive features indicating
the impact of high and low feature values on model output. LR = Linear Regression, RF = Random Forest, XGB =
XGBoost.
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