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Whole-body CD8+ T-cell PET imaging in
patients with large B-cell lymphoma before
and during CD19-directed CAR T-cell
therapy: a phase 2 study

A list of authors and their affiliations appears at the end of the paper

Chimeric antigen receptor T-cell therapy (CART) has revolutionized the
treatment of patients with refractory/relapsed large B-cell lymphoma (R/R
LBCL). Limited biopsy data indicate that a higher activated CD8+ T-cell density
is associatedwith tumor response. However, tumor biopsies fail to capture the
systemic kinetics of CD8+ T-cells. Therefore, we conducted an exploratory
phase 2 single-arm trial utilizing a zirconium-89-labeled one-armed anti-CD8α
antibody (89ZED88082A) to enable whole-body imaging of CD8+ T-cells
through positron emission tomography (PET) (NL9034; EUCTR2020-004749-
35-NL). Imaging analysis was performed in 23 patients with R/R LBCL,
encompassing 251 lesions before (pre-CART) and after infusion (post-CART).
Primary endpoint was to determine the whole-body distribution of the tracer
in normal and tumor tissues before and after CART. 89ZED88082A uptake in
normal tissues varied over time. Tumor uptake was heterogeneous between
and within patients. At the lesion level, higher pre-CART 89ZED88082A tumor
uptake was associated with higher post-CART tumor uptake at day +2. As
secondary endpoints, no tracer-related side effects occurred and above
median pre-CART 89ZED88082A tumor uptake was associated with a longer
time to progression, while lesions that relapsed exhibited consistently low
uptake. Exploratory analysis showed a 42% tumor volume reduction from pre-
CART to post-CART day +7. In conclusion, 89ZED88082A has the potential to
detect lesions at risk for progression andworse patient outcome, emphasizing
the critical role of a CD8-permissive tumor microenvironment.

Autologous CD19-directed chimeric antigen receptor (CAR) T-cell
therapy has revolutionized the treatment of patients with refractory or
relapsed large B-cell lymphoma (R/R LBCL), increasing the 2-year
overall survival rate from20% to 54% in the third line1. Consequently, as
the target antigen recognitiondomainof the CART-cell can be altered,
this therapeutic approach has been explored in other hematologic and
even solid malignancies2–5. Yet, its full potential is limited by poor CAR
T-cell tumor trafficking, short persistence, intrinsic tumor resistance,

and an immunosuppressive microenvironment2,6. Despite consider-
able efforts, the (CAR) T-cell dynamics before and after infusion and
the tumor response shortly following infusion remain insufficiently
characterized to date.

The current understanding of CD8+ (CAR) T-cell behavior during
CAR T-cell therapy is primarily derived from single-lesion biopsies.
These biopsy data showed that a higher pre-treatment tumor density
of CD8+ T-cells with an activated phenotype and a relatively increased
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tumor influx of CD8+ T-cells post-treatment were associated with
objective tumor response7,8. Remarkably, in post-treatment samples,
only 1–12% of the tumor-infiltrating T-cells expressed the CAR, indi-
cating the majority consisted of bystander T-cells. These, like their
CAR+ counterparts, exhibited signs of activation8. Activated bystander-
phenotype-positive T-cells were capable of anti-leukemic cytotoxicity
in an in vitro model, suggesting a potential role for this subset in
enhancing the CAR T-cell response9,10.

However, a single-lesion biopsy fails to capture both the whole-
body systemic kinetics and heterogeneity of the CD8 +T-cell infiltra-
tion in all tumor lesions or the temporal dynamics of the tumor
response in the patient before and during CAR T-cell therapy.

In this work, we conduct a single-center trial using a zirconium-89
(89Zr)-labeled one-armed anti-CD8α antibody (89ZED88082A) for the
non-invasive whole-body visualization of CD8+ T-cells by positron
emission tomography (PET) in patients with R/R LBCL9. To study the
distribution of CD8 +T-cells in normal organs and tumor tissues both
before (pre-CART) and after CAR T-cell therapy (post-CART),
89ZED88082A-PET scans are performed first in the period between
apheresis and lymphodepletion (LD) and again within the first week
after axicabtagene ciloleucel infusion. Three patient cohorts are stu-
died at progressively shorter intervals betweenCART-cell infusion and
post-CART imaging, from post-CART day +7, to day +5, to day +2. We
show that 89ZED88082A tumor uptake is heterogeneous between and
within patients. In addition, higher pre-CART tumor uptake is asso-
ciated with higher post-CART day +2 tumor uptake. Furthermore, we
demonstrate that above-median 89ZED88082A tumor uptake before
CAR T-cell therapy is predictive for lesions at risk of progression and,
as a result, worse patient outcome, confirming the importance of an
immune-permissive tumor microenvironment in CAR T-cell therapy.

Results
Trial population and safety
From June 2021 to October 2023, 35 consecutive patients were asses-
sed for eligibility (Fig. 1a). Of the 27 patients included, three patients
withdrew informed consent before the first tracer infusion. One
patient was non-evaluable due to CAR T-cell production failure.
Twenty-three patients underwent pre- and post-CART 89ZED88082A
administrations (37mBq, 10mg) and subsequent PET scans in three
consecutive cohorts (Table 1). Cohort 1 consisted of seven patients,
and cohorts 2 and 3 each consisted of eight patients. The median age
of patients was 64 years, ranging from 39–80. Among them, 10

patients (43%) were diagnosed with diffuse LBCL, not otherwise spe-
cified (DLBCLNOS), while six patients (26%) had transformed follicular
lymphoma (tFL). Additionally, five patients (22%) were classified with
high-grade B-cell lymphoma, and two patients (9%) with EBV-positive
DLBCL. Before apheresis, 17 patients (74%) had stage III–IV disease,
including four (17%) with secondary central nervous system (CNS)
involvement. Eighteen patients (78%) received bridging therapy to
reduce tumor burden before CAR T-cell infusion and/or disease-
related clinical symptoms, including radiotherapy (n = 10, 44%), sys-
temic therapy (n = 6, 26%), or a combination (n = 2, 9%). All patients
were treated with axicabtagene ciloleucel (Yescarta®), an autologous
CART cell product generated ex vivo by retroviral transduction and
comprising a CD19-directed CAR construct, the complete transmem-
brane and intracellular signaling domains of CD28, and the cyto-
plasmic portion of CD3-ξ.

In the first cohort, post-CART 89ZED88082A-imaging was per-
formed +7 days after CAR T-cell infusion. As ultrasound-guided biop-
sies revealed an unexpectedly rapid tumor response at day +7 post-
CART, the protocol was amended to perform 89ZED88082A-PET at day
5 in cohort 2 to optimally study the (CAR) T-cell influx in the tumor
lesions and subsequently in cohort 3 at days +2, +4, and +7 after CAR
T-cell infusion (Fig. 1b, Supplementary Table 4). The median time
between pre-CART and post-CART imaging was 30 days for cohort 1
(day +7), 24 days for cohort 2 (day +5), and 21 days for cohort 3 (day
+2). To exclude the influence of tracer kinetics on SUVmean and SUVpeak

values, the presented analyses include 89ZED88082A uptake measures
extracted from PET scans that were performed two days after
89ZED88082A-tracer infusion, unless otherwise noted (e.g., for cohort
3, only day +2 after CAR T-cell infusion).

No side effects associated with 89ZED88082A were observed
(secondary endpoint). Adverse events of grade ≥3 due to CAR T-cell
therapy were consistent with reports from previous studies10,11 (Sup-
plementary Tables 1, 2).

Normal tissue distribution
Primary endpoint of this study was to determine the whole-body dis-
tribution of the tracer in normal tissue and tumor lesions before and
after CAR T-cell therapy. Regarding the normal tissue distribution, the
highest uptakewasobserved in the spleen,whichwas lower post-CART
day +7 than pre-CART (mean standardized uptake value (SUVmean)
19.6, 95%CI [14.6–24.7] and 26.1, 95%CI [23.3–28.9], respectively;
P =0.06; Fig. 2a–f, Supplementary Fig. 1). Similarly, lower uptake in the

Fig. 1 | CONSORT flow and study design. a CONSORT flow diagram summarizing
patient selection and inclusion. A total of 35 patients were assessed for eligibility;
six declined participation, and two were excluded for other reasons. Of the 27
included patients, three patients withdrew consent, and one patient was non-

evaluable due to CAR T-cell production failure. This resulted in 23 evaluable
patients with the following cohort distribution: cohort 1 (n = 7), 2 (n = 8), and 3
(n = 8). b Schematic of the study design visualizing the trajectory for all the 3
cohorts.
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liver and small intestine was observed post-CART day +7 compared to
pre-CART (SUVmean 3.6, 95%CI [3.1–4.1] to 2.2, 95%CI [1.4–3.0]; P < 0.01
and 1.6 to 1.1; P =0.01, respectively), along with decreased bone mar-
row uptake (SUVmean 2.4, 95%CI [2.0–2.8] to 1.8, 95%CI [1.1–2.5];
P =0.07; Fig. 2g). For healthy lymph nodes, the geometric mean
SUVmean over time ranged from0.45 to 0.72 (all P > 0.40; Fig. 2h). After
CAR T-cell infusion, the brain showed an increase in 89ZED88082A
uptake from pre-CART to day +5 (SUVmean 0.18, 95%CI [0.12–0.24] to
0.35, 95%CI [0.26–0.44]; P <0.01). Blood pool uptake showed an
increase frompre-CART today+2, beforedeclining topre-CARTvalues
again. To investigate, as a secondary endpoint, whether blood pool
89ZED88082A uptake reflected circulating CD8+ T-cell levels and
potential CAR T-cell expansion, we compared 89ZED88082A uptake to
CD8 DNA levels from venous blood samples. Pre-CART or post-CART
SUVmean in the aorta did not correlate to the circulating CD8+ T-cells
(n = 18; P = 0.76 and n = 4; P =0.65, respectively). This most likely is
caused by the availability of unbound 89ZED88082A in the circulation,
compromising PET-sensitivity in the vascular components. Levels of
unbound 89ZED88082A are likely to be higher at day +2 due to the
short timeframe after lymphodepleting chemotherapy and CAR T-cell
infusion, resulting in a limited recovery in T-cell levels and CAR T-cell
expansion.

89ZED88082A uptake in tumor tissue before CAR T-cell therapy
With respect to the primary endpoint, we next evaluated the whole-
body distribution of the tracer in tumor lesions before and after CAR
T-cell therapy. In 23 patients, 251 tumor lesions were included for PET
analysis, which revealed that peak and maximum standardized uptake
values (SUVpeak and SUVmax) were highly correlated (r: 0.95; Supple-
mentary Fig. 2). Thereafter, SUVpeak was considered as the primary
89ZED88082A tumor uptake metric. Lesions were generally small in

size (median diameter 1.8 cm [Interquartile range (IQR) 1.3−2.9]), and
the median number of lesions per patient was 11 [IQR 3–14]. A partial
volume correction (PVC) was applied to all lesions to compensate for
the systematic underestimation of the SUVpeak in small lesions, as pre-
defined in the statistical analysis plan (Supplementary Fig. 3). The
median per patient geometric mean SUVpeak pre-CART was 4.8 [IQR
3.0–6.4]. No substantial differences were observed between the
cohorts in the median number of lesions per patient, lesion diameter,
or geometric mean SUVpeak.

Heterogeneity in tumor tracer uptake was evident across and
within individual patients (Fig. 3a, c), with a higher uptake in patients
with EBV+ compared to EBV- DLBCL (geometricmean SUVpeak 11.3, 95%
CI [5.6–22.6] vs 4.1, 95%CI [3.2–5.1]; P < 0.01; Fig. 3d). EBV+ DLBCL is
associated with a higher presence of CD8+ T-cells in an immunosup-
pressive tumor microenvironment, resulting in a dysfunctional
exhausted T-cell population12. Therefore, these patients (n = 2) were
excluded for further tumor tissue analyses.

89ZED88082A tumor uptake did not differ between nodal and
extranodal lesions (geometric mean SUVpeak 3.8, 95%CI [2.9–5.0] vs
4.2, 95%CI [3.0–5.6]; P = 0.58; Fig. 3e). Spleen lesions (n = 4) were not
considered for this specific analysis to more accurately estimate nodal
and extranodal lesion 89ZED88082A uptake, as spleen tissue exhibits a
distinct uptake pattern compared to other lesion sites, potentially
because of spill-in effects from high background uptake. Geometric
mean SUVpeak in nodal lesions ranged from 2.9 to 7.0 (P =0.02; Sup-
plementary Fig. 4a), and in all nodal and extranodal lesion locations
from 3.1 to 38.8 (Supplementary Fig. 4b). Interestingly, brain lesions
showed similar tracer uptake (SUVpeak 3.2, 95%CI [1.7–5.9]) as other
extranodal lesion sites (P = 0.36; Fig. 3f).

To assess the effect of bridging radiation therapy on the CD8+

T-cell infiltration within the tumor as a secondary endpoint, we com-
pared irradiated and non-irradiated lesions in patients receiving
radiotherapy (n = 9; 77 lesions). Lesions receiving target dose radiation
had pre-CART a larger volume thannon-target lesions (21.3mL (n = 20)
vs 2.4mL (n = 57); P < 0.01; Fig. 3g). Geometricmean pre-CART SUVpeak

(volume-adjusted) did not differ between target radiotherapy lesions
and non-irradiated lesions (3.9, 95%CI [2.5–6.2] and 4.3, 95%CI
[2.9–6.5], respectively; P =0.61; Fig. 3h, Supplementary Fig. 5).

89ZED88082A in tumor lesions from pre-CART to post-CART
Among the 21 evaluable patients, 89ZED88082A tumor uptake first
declined from a geometric mean SUVpeak of 4.0 (95%CI [3.3–4.8]) pre-
CART to 2.4 (95%CI [1.8–3.3]) post-CART day +5, whereafter an
increasing trend to 3.6 (95%CI [2.8–4.7]) post-CART day +7 was
observed (P < 0.01; Fig. 4a, Supplementary Fig. 6a). Within and
between patients, tumor heterogeneity was observed for post-CART
SUVpeak, and in the dynamics from pre-CART to post-CART as well
(Fig. 3b, Fig. 4b, d and Supplementary Movie 2).

Tumor lesions in cohort 3 were used to study the primary objec-
tive at the lesion-level, the relation of CD8+ T-cell infiltration between
pre-CART and post-CART day +2 after CAR T-cell infusion. A higher
pre-CART SUVpeak was associated with a higher post-CART SUVpeak

(β =0.71, 95%CI [0.54–0.88] (log-scale); P < 0.01), where 47% of the
variability in the post-CART SUVpeak was explained by the pre-CART
SUVpeak (Fig. 4c). Additionally, in cohort 3, specific 89ZED88082A
tumor uptake pre-CARTwas also present post-CARTday +2, +4, and +7
(Fig. 4d). To illustrate pre- and post-CART uptake among different
patient tumor responses, a case series is represented in Supplemen-
tary Fig. 7.

As an explorative analysis in addition to the above-described
primary endpoint analysis, we aimed to determine the observed rapid
volume reduction post-CART, which hampered the feasibility of
biopsies. Delineated tumor volume across all lesions reduced from
pre-CART to post-CART day +7 by 42% (P =0.02; Fig. 4a, Supplemen-
tary Fig. 6b).

Table 1 | Characteristics of eligible patients at study entry

Total (n = 23)

Age, median years (range) 64 (39–80)

Sex, male, n (%) 17 (74)

Histological subtype, n (%)

DLBCL 10 (43)

HGBCL with MYC and BCL2 and/or BCL6 5 (22)

tFL 6 (26)

EBV +DLBCL 2 (9)

Disease stage III-IV, n (%) 17 (74)

CNS involvement, n (%) 4 (17)

ECOG performance status, n (%)

0 13 (56)

1 8 (35)

2 2 (9)

Previous lines of therapy, median (range) 2 (2–3)

Primary refractory to first-line therapy, n (%) 15 (65)

Primary refractory to second-line therapy,
n (%)

20 (87)

Prior autologous SCT, n (%) 6 (26)

Bridging therapy, n (%)

No bridging 5 (22)

Radiotherapy 10 (44)

Systemic therapy 6 (26)

Combination therapy 2 (9)

BCL2, BCL2 apoptosis regulator. BCL6, BCL6 transcription regulator. CNS, central nervous
system. DLBCL, Diffuse Large B-cell lymphoma. EBV, Epstein-Barr virus. ECOG, Eastern Coop-
erative Oncology Group. HGBCL, High-grade B-cell lymphoma. MYC, myelocytomatosis onco-
gene. SCT, stem cell transplantation. tFL, transformed follicular lymphoma.
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In the available pre-CART tumor biopsies from seven patients
(one collected before 89ZED88082A tracer infusion and six after),
analyzed as a secondary endpoint, localized CD8+ T-cell expression as
determined by immunohistochemistry (IHC) correlated slightly with
the SUVpeak of the same lesion (Pearson correlation 0.65; P =0.11;
Fig. 5c). In tissue samples, Kist de Ruijter et al. already confirmed the
correlation of CD8+ T-cell density by IHC and autoradiography signal
magnitude in tumor tissues9. In our cohort, 89ZED88082A auto-
radiography signalmatched visually with performed CD8+ IHC in three
patients (pre-CART n = 2; post-CART n = 1; Fig. 5a, b, Supplementary
Fig. 8). Limited CAR T-cell infiltration was observed in this post-CART
biopsy.

Clinical outcome and CAR T-cell related toxicities
Additional secondary endpoints of this study included the association
between 89ZED88082A uptake and the response to CAR T-cell therapy,
CAR T-cell related toxicity and cytokine levels.

The median follow-up was 8.8 months (range 2.4–30.0), with the
data cut-off onMarch 26, 2024. The overall response rate in 21 patients
was 95%, 16 (76%) experienced a complete response (CR), four had a
partial response (PR), and oneprogressive disease (PD). The 4.3 (95%CI
[3.3–5.7]) geometricmeanSUVpeak of the tumor lesions in patientswho
obtained a CR was 23% higher than the geometric mean SUVpeak 3.5

(95%CI [2.2–5.6]) in patients with no CR (P =0.36; Fig. 6b). When
considering only PD or disease-related death as events, patients with
an above-median pre-CART geometric mean 89ZED88082A tumor
uptake (≥3.9) had a longer time toprogression (TTP) thanpatientswith
belowmedian uptake (P = 0.02; Fig. 6a). These patients with an above-
median pre-CART geometric mean 89ZED88082A tumor uptake had a
fivefold lower hazard of progression compared to patients with a
below-median uptake (hazard ratio (HR) 0.21 95%CI [0.04–0.80];
P =0.02). Although two patients died from infections, the association
between pre-CART 89ZED88082A uptake ( ≥ 3.9) and progression-free
survival (PFS) was comparable to TTP (P =0.02; Supplementary Fig. 9),
with an HR of 0.25 (95%CI [0.06–0.82]; P = 0.02). For overall survival,
above-median pre-CART geometric mean 89ZED88082A tumor uptake
showed a similar pattern (P =0.25; Fig. 6a), with an HR of 0.46 (95%CI
[0.11–1.75]; P =0.26).

Higher pre-CART 89ZED88082A tumor uptake at the lesion level
was associated with a longer time to progression, with an HR of 0.52
per 10-unit increase in SUVpeak (95%CI [0.19–1.49]; P =0.22). Addi-
tionally, in cohort 3, both pre- and post-CART 89ZED88082A uptake in
almost all of the relapsed lesions was below median uptake (n = 6 out
of 7 lesions in 3 patients; SUVpeak < 3.9 for pre-CART; SUVpeak < 2.9 for
post-CART; Supplementary Table 3).
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Metabolic active tumor volume (MATV) at baseline and before
lymphodepleting therapy, determined on 18F-Fluorodeoxyglucose
([18F]FDG) PET/CT scans, is a known predictor for CAR T-cell
outcome13,14. Therefore, we aimed to allow a comparison of MATV to
89ZED88082A uptake. Using previously determined cut-offs (480mL)
to identify patients with a highMATVbefore lymphodepleting therapy
(approximately 6 days before infusion)15, these patients had a shorter
time to progression than patients with a low MATV (P =0.02; Supple-
mentary Fig. 10a–c). There was no evident relation between pre-CART
MATV and pre-CART 89ZED88082A SUVpeak (β =0.0, 95%CI
[−0.05–0.6]; P =0.96; Supplementary Fig. 10d).

Twelve patients (57%) experienced grade ≥2 CAR T-cell-related
cytokine release syndrome (CRS), of which nine (43%) had also grade
≥2 immune effector cell-associated neurotoxicity syndrome (ICANS).
ICANS grade ≥2 was observed in three patients (14%). Tocilizumab and
steroids were administered in eleven patients (52%), whereas tocili-
zumab and steroids alone were prescribed in respectively four (19%)
and three (14%) patients. Pre-CART tumor SUVpeak did not differ
between patients with CRS grade <2 and grade ≥2 (4.2 95%CI [2.9–6.2]
and 4.0 95%CI [2.9–5.5], respectively; P = 0.84; Fig. 6c). Pre-CART

SUVmean of the brain tissue was 0.16 (95%CI [0.07–0.25]) in patients
with ICANS grade <2, and 0.22 (95%CI [0.01–0.42]) in thosewith ICANS
grade ≥2 (P = 0.30; Fig. 6d). No substantial differences between
patients with ICANS grade <2 and ≥2 were observed for post-CART
brain SUVmean (0.29 95%CI [0.18–0.40] and 0.33 95%CI [0.08–0.59],
respectively; P = 0.56; Fig. 6e).

Analysis of pre-CART 89ZED88082A uptake in relation to cytokine
levels over time showed no clear pattern (Supplementary Fig. 11).

Discussion
Capturing the dynamics of the CD8+ T-cell distribution before and
during CAR T-cell therapy is essential in understanding its complex
mechanism of action and identifying patients at risk for non-response
to CAR T-cell therapy. This first whole-body 89ZED88082A PET imaging
study in the setting of CAR T-cell therapy demonstrated that the high
89ZED88082A uptake in spleen tissue decreased over time after lym-
phodepleting therapy and CAR T-cell infusion. A similar decreasing
pattern was observed for bone marrow, while lymph nodes remained
stable over time. Interestingly, brain 89ZED88082A uptake increased
from pre-CART to post-CART day +5. We observed heterogeneity in
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tumor 89ZED88082A uptake between and within patients, both pre-
andpost-CART, and in thedynamics frompre-to post-CART. At a lesion
level, higher 89ZED88082A uptake pre-CART was associated with
higher uptake post-CART day +2. An overall 42% tumor volume
reduction from pre-CART to post-CART at day +7 was noticed. Overall,
patients with above median geometric mean pre-CART tumor
89ZED88082A uptake had a longer TTP and PFS.

This study demonstrated that an overall CD8+-involved tumor
microenvironment prior to CAR T-cell therapy was associated with
improved patient outcomes and showed an unexpectedly rapid clin-
ical response post-CART, hampering the feasibility of performing
biopsies in the first cohort. At the lesion level, the CD8+ T-cell infil-
tration varied per tumor lesion, and a CD8-permissive tumor micro-
environment before CAR T-cell therapy resulted in a higher infiltration
after CAR T-cell infusion and a lower hazard of disease progression at
that site, emphasizing the added value of evaluating the CD8+ T-cell
microenvironment more comprehensively. By enabling serial, sys-
temic assessment of lymphoma lesions, 89ZED88082A-PET may serve
to identify patients with specific lesions at risk of disease progression
in the context of CAR T-cell therapy that would not be feasible with
biopsy-based methods.

The first-in-human study using 89ZED88082A in patients with solid
tumors treated with immune checkpoint inhibitors showed high spe-
cificity and sensitivity of this Zirconium-labeled one-armed antibody
tracer, including the ability to characterize the complex dynamics of
CD8+ T-cells in the context of immunotherapy. These characteristics
and the availability of a feasible, reproducible, and in-house acquired
imaging protocol, including optimal “cold” dosage and imaging
time point, supported the use of 89ZED88082A in our patient
population9,16,17. In that study, high 89ZED88082A uptake at baseline
was also associated with improved OS9. Additionally, 68Ga-grazytracer
PET, targeting granzyme B secreted by activated CD8 T-cells, showed

superior predictive value for PFS in patients with solid tumors and
lymphoma compared to RECIST, PERCIST, or Lugano response
criteria18. This approachmayoffer anopportunity to relate total T-cells
versus active effector T-cells in patients and contribute to identifying
patients or lesions at risk for CAR T-cell therapy failure at baseline18. In
addition, strategies have emerged that aim to directly image the CAR
T-cells. While these approaches remain largely investigational, they
offer great potential for specificmonitoring of CAR T-cell proliferation
and persistence in vivo after CART-cell infusion, rather than predictive
capacity prior to CAR T-cell infusion19–22.

Part of the improved response to CAR T-cell therapy in a high
CD8-infiltrated tumor microenvironment might be explained by the
role of bystander T-cells amplifying the response to CAR T-cell
therapy8,23–25. Our data support this hypothesis, as do earlier but more
limited studies based on single-lesion biopsies7. An immune-inflamed
tumor microenvironment, consisting of a high T-cell infiltrate of CD4+

and/or CD8+ T-cells, may preserve essential chemokines and cytokines
to support T-cell function7,25,26. Besides the reported improved T-cell
function in such an immune-inflamed tumor, the influx and activation
of CART-cells within the tumormicroenvironment result in interleukin
(IL)−2 and IL–15 secretion, which can serve as a spark that sets the fire
for bystander T-cell activation8,23. In a nonhuman primatemodel, these
activated bystander T-cells were capable of TCR-independent killing of
tumor cells, potentially contributing to the overall cytotoxic effect of
CAR T-cell therapy23.

Interestingly, following CAR T-cell infusion, a rapid change of
immune tumor microenvironment features but a marked paucity of
CAR T-cells compared to total intratumoral CD3+ T-cells was observed
after day +5 or later in biopsies from DLBCL patients following axi-
cabtagene ciloleucel infusion7,8. In addition, a low number of cells
expressing the CAR transcript was noted, suggesting no decrease in
the CAR surface protein due to receptor internalization upon
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recognition. In contrast, peak expansion of CAR T cells in peripheral
blood is typically observed between days +7 and +14 with reduced
detection of activation markers on peripheral CAR T-cell before day
+58,11,27. This provides evidence for the rapid antitumor activity of axi-
cabtagene ciloleucel in a “hit-and-run” model, supported by the rapid
tumor volumedecrease frompre-CART to post-CARTday +7 observed
in this study. Definitive evaluation of this hypothesis requires future
investigations, including biopsies obtained at earlier post-CART
intervals or employing in vivo CAR T-cell imaging to delineate the
CAR T-cell dynamics.

In this cohort, two patients with EBV+ DLBCL were included. EBV+

DLBCL is a very rare disease entity with a prevalence of only 4.1% of the
subtype DLBCL not otherwise specified in Western countries28. It is
characterized by a higher presence of CD8+ T-cells in an immunosup-
pressive tumor microenvironment, resulting in a dysfunctional
exhausted T-cell population12. Therefore, this disease entity presents
as a distinct subtype of DLBCL with a mechanistically different disease
biology, and therefore also impacts both CD8+ T-cell tumor presence
and CAR T-cell outcomes (CR rates of 55% in EBV-related LBCL com-
pared to 64% in EBV− LBCL)29,30. The higher CD8+ T-cell tumor infil-
tration in patients with EBV+ DLBCL was also observed within our
study, as the pre-CART SUVpeak in these patients was significantly
higher compared to the remainder of the cohort. Given the abbre-
viated increased CD8+ T-cell presence caused by a different disease

biology and consequently higher tracer uptake, these patients (n = 2)
were omitted in the primary tumor analyses in accordance with the
predefined statistical analysis plan. As a result, the presented study
findings arenot fully generalizable to this specificpopulation, and EBV-
related LBCL should be studied separately.

This study has limitations. The used 89ZED88082A-tracer provided a
comprehensive overview of the total CD8+ T-cell compartment and its
application, both pre-and post-CART, enabled direct comparison
between these settings. However, specific CAR T-cell behavior could not
be extrapolated from these data, as CD8+CAR+ T-cells could not be
distinguished fromCD8+CAR- T-cells. After the studybegan, the protocol
was amended to shorten the interval between CAR T-cell infusion and
post-CART 89ZED88082A scans to better assess T-cell influx. As a result,
each cohort consisted of a limited number of patients, consequently
precluding bold conclusions based on the post-CART imaging results.
However, linear mixed models were utilized to mitigate this limitation,
which are designed to incorporatemultiple observations at various time
points for each patient. Also, multiple comparisons across tissues, time
points, and outcomes were performed, which may increase the risk of
false-positive findings. As initial response rates, but not the PFS and OS,
were high in this cohort, the analysis between patients with a complete
response compared to no complete responsemay have been influenced
due to reduced statistical power. In addition, we observed a high pre-
valence of small lesions ( < 4.2mL), which are prone to partial volume
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effects such as underestimation of the SUVpeak. To address this, we
applied a previously established data-driven mathematical approach9,
prioritizing the inclusion of small lesions, given lymphoma’s character-
istic tendency to present in this way.

89ZED88082A imaging in the CAR T-cell therapy setting showed
potential for identifying early lesions at risk for relapsewhile also being
associatedwith longer TTP at the patient-level. This provides awindow
of opportunity to increase theCD8+ T-cell influx pre-CART and thereby
improve CAR T-cell outcome. Interestingly, lower pre-CART MATV at
the patient-level was associated with longer TTP as well. Pre-CART
89ZED88082Auptake andMATVwerenot correlated at the lesion level,
suggesting that these measures represent distinct mechanisms influ-
encing CAR T-cell outcomes and emphasizing the need to improve
both to optimize CAR T-cell therapy outcomes.

Several methods have been described to potentially induce CD8+

(CAR) T-cell influx, including microenvironmental alkalization,
armored CAR T-cells secreting cytokines, bispecific antibodies or
enzymes, and low-dose radiation therapy31–35. Repurposing the use of
radiotherapy is a compelling option. The addition of irradiation
(4–8Gy) prior to CAR T-cell infusion induced proliferation and infil-
tration of CAR T-cells and endogenous CD8+ T-cells in murine models
of pancreatic ductal adenocarcinoma and lymphoma34,35. Moreover, in
patients with ovarian cancer, low-dose irradiation (1Gy) increased a
Type 1 T-helper-, CD8+- and effector memory T-cell-signature and was
essential in establishing a response to a combinatorial
immunotherapy33. We observed, however, equal 89ZED88082A uptake
in lesions receiving target dose irradiation and non-irradiated lesions.
Notably, evaluating the impact of radiotherapy on CD8+ T-cell influx
was challenging, given the study design. No additional 89ZED88082A
infusion and PET scan was performed before radiotherapy, as the long
washout period of 89Zr precluded such evaluations. Recently, pre-
liminary results from a phase 1 dose-escalation study demonstrated
the safety of an 18F-labeled CD8-targeted PET tracer, which allows for
same-day imaging with rapid tracer clearance, enabling sequential
scans within a short timeframe21. Overall, serial CD8 PET imaging holds
the potential to evaluate the effectiveness of strategies aimed at
increasing the permissiveness of the tumor microenvironment, which
is especially essential in moving CAR T-cell therapy forward in solid
malignancies. However, validation studies mapping CD8+-behavior in
the context of CAR T-cell therapy and its relation to CAR T-cell out-
comes are crucial in achieving this.

In conclusion, 89ZED88082A PET imaging enabled systemic eva-
luation of the CD8+ T-cell distribution before and during CAR T-cell
therapy, revealing heterogeneity in CD8+ T-cell presence between and
within patients, including low uptake before and after CAR T-cell
therapy in lesions that subsequently relapsed. Early PET imaging
demonstrated the association between pre-CART 89ZED88082A lesion
uptake and post-CART uptake. In addition, major rapid tumor volume
reduction was observed following CAR T-cell infusion, implicating a
fast CAR T-cell therapy action mechanism. We demonstrated that
higher tumor 89ZED88082A uptake in tumor lesions before CAR T-cell
therapy is predictive for TTP and PFS, confirming the importance of an
immune-permissive tumor microenvironment in CAR T-cell therapy.

Methods
Study design
The research was conducted in accordance with the Declaration of
Helsinki. All patients includedprovidedwritten informed consent. This
studywas approved by theMedical Ethics Committee of the University
Medical Center Groningen and the Central Committee on Research
Involving Human Subjects as competent authorities (METc 2020/559;
International Clinical Trials Registry Platform (ICTRP) NL9034;
EUCTR2020-004749-35-NL (accessible via the ICTRP search portal
(https://www.who.int/tools/clinical-trials-registry-platform/the-ictrp-
search-portal, first registration date 2020-11-04). First patient and the

last patient were included on 2021-06-11 and 2023-09-28, respectively.
The latest version of the study protocol is available as Supplementary
Note 1 in Supplementary Information.

Theprimaryobjectivewas to study thedistributionofCD8+ T-cells
in normal tissues and tumor lesions before and after CAR T-cell ther-
apy. Secondary objectives and endpoints included assessment of
safety, tumor heterogeneity, and the influence of irradiation on
89ZED88082A uptake, the correlation of 89ZED88082A uptake with
clinical outcomes, localized CD8 T-cell expression identified in a
biopsy, and CAR T-cell expansion and associated cytokines.

This single-center, single-armexploratory imaging trial comprised
three cohorts. Eligible patients had histologically confirmed relapsed/
refractory LBCL after at least two lines of therapy. They were accepted
for CD19-directed CAR T-cell therapy according to the criteria set by
the Dutch CAR-T tumor board10. To limit heterogeneity in CAR T-cell
dynamics caused by differences in the CAR T-cell product, only
patients who were planned to receive axicabtagene ciloleucel were
included. Eligible patients had measurable disease as defined by the
Lugano criteria, from which a biopsy could safely be obtained. In
cohorts 2 and 3, a biopsy was non-mandatory. Within this study, no
discrepancies between sex and gender were noted. Sex was extracted
from the electronic patient files and subsequently checked with the
treating physician for patient-reported difference on gender.

After apheresis (day −28) and optional bridging therapy, patients
received lymphodepleting chemotherapy with cyclophosphamide
(500mg/m2) and fludarabine (30mg/m2) for three consecutive days
(day −5 until day −3) before receiving a single infusion of CART-cells (day
0), according to standard practice. Baseline tumor burden before
apheresis and before lymphodepleting chemotherapy was evaluated
using [18F]FDG PET/CT scans assessed according to the Lugano criteria36.

Pre-CART 89ZED88082A-imaging was performed between optional
bridging therapy and the start of lymphodepleting chemotherapy in all
three cohorts. In the first cohort, post-CART 89ZED88082A-imaging was
performed +7 days after CAR T-cell infusion. As ultrasound-guided
biopsies revealed an unexpectedly rapid tumor response at day +7 post-
CART after the start of the study, the protocol was amended to optimally
study the (CAR) T-cell influx in the tumor lesions, and 89ZED88082A-PET
was performed at day 5 in cohort 2, and subsequently in cohort 3 at days
+2, +4, and +7 after CAR T-cell infusion (Supplementary Table 6).

89ZED88082A and [18F]FDG-tracer and PET procedures
Genentech Inc. supplied the DFO-conjugated one-armed antibody
CED88004S, which was subsequently radiolabeled (89ZED88082A) in
the UMCG, according to good manufacturing practice guidelines9,37.
89ZED88082A was stored until use at 2–8 °C for a max of 96 h. For all
three cohorts, 89ZED88082A-tracer injections (37 MBq, 10mg) were
administered 2 days before a PET scan9. For [18F]FDG-PET imaging,
patientswere instructed to fast and avoid exercise at least 4–6 hbefore
intravenous [18F]FDG injection (3 MBq/kg activity). Plasma glucose
levels were <198mg/dL before [18F]FDG administration, and imaging
was performed 60min ( ± 5min) after [18F]FDG administration.

Both 89ZED88082A- and [18F]FDG-PET scans with low-dose CTs were
performed on a Biograph Vision Quadra (128-slice)38, Biograph Vision
600 (128-slice)39, or Biograph mCT (40-slice)40; the scan procedure
consisted of the skull to mid-thigh or whole-body (skull-feet) up to 15
bed positions. 89ZED88082A-PET and [18F]FDG-PET scans with low-dose
CT were performed on a Biograph Vision Quadra (128-slice)38, Biograph
Vision 600 (128-slice)39, or Biograph mCT (40-slice)40; the scan proce-
dure consisted of the skull to mid-thigh or whole-body (skull-feet) up to
15 bed positions. PET images were reconstructed according to the Eur-
opean Association of Nuclear Medicine (EANM) Research Ltd. (EARL)
standard 1 compliant reconstruction, as reported by the EANM41,42. One
89ZED88082A-PET scan was reconstructed according to the EARL stan-
dard 2 compliant protocol; therefore, a 7-mmGaussian filter was applied
to convert EARL2 to EARL1-compliant data43.
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For the 89ZED88082A-PETs, normal tissues were delineated with
TotalSegmentator44 (for 3D Slicer v5.4.045) to assess tracer biodis-
tribution; in the case of apparent tumor infiltration, spherical
volumes of interest (VOIs) were drawn in a non-pathogenic tissue
region, where sphere size was dependent on the specific tissue.
Tumor lesions were identified on diagnostic CT and [18F]FDG PET
scans and then manually delineated on the 89ZED88082A-PET/CT,
with the assistance of semi-automated algorithms using the MUST-
segmenter if there was visible uptake13. In the case of no or limited
89ZED88082A-uptake, lesions weremanually delineated in RayStation
(v14.0.100.0; RaySearch Laboratories, Stockholm, Sweden) using the
corresponding low-dose CT. [18F]FDG PET tumor lesions were semi-
automatically delineated with an SUV threshold of 2.5 using the
MUST-segmenter, with manual adjustments for CNS localizations or
overflowing into healthy tissue to ensure only tumor lesions were
included13,15,46–48. For every patient, a maximum inclusion of 30 tumor
lesions was applied. Afterwards, delineated tumor volumes and SUV
metrics were extracted, where SUVs were calculated based on body
weight, net injected radioactivity dose, and radioactivity within a
tissue/lesion VOI.

Bridging therapy
For all eligible patients, the Dutch CAR-T tumor board considered
bridging therapy comprising all therapies between apheresis and CAR
T-cell infusion, including local radiotherapy, systemic therapy (che-
motherapy, immunotherapy, corticosteroids), or a combination.
Bridging therapy was administered to control and/or reduce tumor
volume (debulking) and/or symptomatic relief, depending on indivi-
dual patient and disease characteristics. Radiotherapy doses were
delivered using intensity-modulated radiotherapy or volumetric-
modulated arc therapy and planned using RayStation (v 11B), ranging
from 8 to 20Gy in 2 to 5 fractions. All patients underwent a planning
CT, and the [18F]FDG PET/CT scan was matched, if applicable.

Tumor tissue analysis
For tumor tissue analysis, if considered feasible and safe, biopsies were
performed before and/or after CAR T-cell infusion. Seven biopsies
were obtained pre-CART (one before 89ZED88082A infusion, six after
89ZED88082A infusion) and four biopsies post-CART. Whenever pos-
sible, pre-treatment biopsies were performed, preferably two days
after tracer infusion, following the 89ZED88082A PET/CT scan. For
post-treatment biopsies, the procedure was conducted within five
days after the second tracer infusion and within three days of the
89ZED88082A PET/CT scan. The tissue was formalin-fixed and paraffin-
embedded. If a pre-treatment biopsy was not feasible, archival tissue
from the confirmed relapsed/refractory disease after progression on
two earlier immunochemotherapy treatments was used for analysis.
Before IHC staining for CD3-, CD8-, CAR T-, and CD19 expression, 4 µm
tissue sections were analyzed using autoradiography. When applic-
able, consecutively cut slides were used for autoradiography and IHC
to enhance results comparability.

Slides were exposed to a multipurpose phosphor storage plate
(PerkinElmer) for two to five days, and exposures were captured using
a Typhoon phosphor imager. Autoradiography images were scaled
and visibly matched to IHC staining results based on slide position.
CD3- and CD8-expression was determined with an automated stainer
(Ventana Benchmark Ultra, Ventana Medical Systems) using anti-CD3
monoclonal antibody 2GV6 (Ventana; ready-to-use) and anti-CD8
monoclonal antibody C4/144B (DAKO/Agilent; dilution 1:20), respec-
tively. CD8 T-cell density, expressed as an estimated percentage of the
total cell population based on a hematoxylin and eosin staining, was
scored by L.V., who was blinded for tracer uptake on the 89ZED88082A
PET/CT-scan and the outcome of CAR T-cell therapy. CD8 T-cell den-
sity in the biopsy was correlated with the SUVpeak of the corresponding
lesion.

Todetect infiltratingCART-cells inpost-treatment biopsies, slides
were stained with an anti-Whitlow KIP1 antibody, kindly provided by
Kite Pharma (dilution 1:400). To detect tumor presence, automated
CD19 IHC staining (LE-CD19 antibody, Thermo Fisher; dilution 1:1600)
was performed.

Measurement of circulating T-cells and cytokines
Plasma and serum were collected at days 0, +7, and +28. Plasma
samples were collected in EDTA tubes (BD Biosciences), and serum
samples were processed using standard serum separator tubes (BD
Biosciences). Samples were harvested after centrifugation for 10min
at 1500 g and stored at −80 °C. Before processing, serum or plasma
samples were thawed and analyzed using the following Simple Plex
cartridges (Bio-Techne): Cytokine panel 1 human (IL–1β/IL–1F2, IL–12
p70, IL–10, IL–2, interferon-gamma (IFN-γ), tumor necrosis factor
(TNF)-a, IL–4, IL–6) and a custom-built cytokine panel human (granu-
locyte-macrophage colony-stimulating factor (GM-CSF), IL–17A, IL–5,
C-X-C motif ligand 8/IL–8). Both panels were carried out according to
the manufacturer’s specifications. The cartridges were analyzed using
the Ella system (Bio-Techne), and data processing was performed
using the Simple Plex Runner software (Bio-Techne). Analyte values
were reported as pg/mL.

To determine circulating CD8+- and CAR T-cells, gDNA was
extracted using a QIAmp DNA Blood Mini kit (#51104, Qiagen GmbH)
from the same time points. The manufacturer’s instructions were fol-
lowed. The concentration of extracted gDNA was measured using
Multiskan Sky (Thermo Fisher). The PCR mixture of 25 µL, containing
0.75 µL mix of primers (80 µM) and probes (80 µM) targeting FMC63
(FWD: TGAAACTGCAGGAGTCAGGA, REV: CTGAGACAGTGCATGTGA
CG, Probe: FAM-CTGGCCTGGTGGCGCCCTCA-MGB/NFQ; generated
based on Schubert et al.49) or CD8 (FWD: GGGCCCTCTCCTAAATGTC
G, REV: TCGGGACTTACTGTGGTTGC, Probe: /56-FAM/CTACATCTG/
ZEN/GGCGCCCTTGGC/3IABkFQ/; generated with benchling.com and
ordered via Integrated DNA Technologies (IDT)) and GATA2 (FWD:
TGGCGCACAACTACATGGAA, REV: CGAGTCGAGGTGATTGAAGAAG
A, Probe: /5SUN/TGCTGCCTC/ZEN/CAGACGAGGTG/3IABkFQ/; gen-
erated with benchling.com and ordered via Integrated DNA Technol-
ogies (IDT)), 11.75 µL TaqMan fast advanced master mix (#4444557,
Thermo Fisher) and 100ng gDNA. A standard curve (101 to 106 copies/
ng gDNA) and a non-target control were included in all experiments.
All reactions were performed in triplicate.

The amplification conditions used were: 50 °C for 2min, 95 °C for
20 s, followedby40cycles at 95 °C for 5min, 58 °C for 5 s, and65 °C for
20 s. qPCRwas performed using a QuantStudio 5 real-time PCR system
(Applied Biosystems; Thermo Fisher).

The copy numbers were calculated using the formula: copy
number per cell = qPCRcopy#/µL of FMC63orCD8 / qPCR copy#/µLof
GATA2 x 2. Values were reported as copies/µL gDNA.

Clinical outcomes and toxicities
Tumor response evaluations were performed on day +28, months +3,
+6, and +12 after CAR T-cell infusion using [18F]FDG-PET/CT scans
assessed according to the Lugano criteria36. For the time-to-event
analysis, follow-up time started at CAR T-cell infusion. TTP was
determined from the time of CAR T-cell infusion to disease progres-
sion or death due to lymphoma as the definition of anevent. Censoring
was performed for the death of any other cause than PD or, in case of
no death, the last known follow-up date. OS and PFS were defined as
the time fromCART-cell infusion until death from any cause, as well as
PFS, PD, or death fromany cause. Censoringwas performed in patients
still alive at the last known follow-up date50. Safety was assessed
according to common terminology criteria for adverse events v5.0 of
the National Cancer Institute and followed until abated or a stable
situation. Monitoring of tracer-related adverse events will be executed
from the day of infusion until 30 days after tracer infusion. The CAR T-
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cell-related toxicities, CRS and ICANS, were graded according to the
American Society for Transplantation and Cellular Therapy criteria51.

Statistical analyses
Statistical analyses followed a pre-defined statistical analysis plan
(SAP). Standard descriptive statistics summarized key patient, tissue,
and tumor characteristics. No sex- or gender-based analyses were
performed, as this was not considered a confounding factor in the
normal organ and tumor tissue CD8+ T-cell distribution. Primary
results and conclusions were based on excluding EBV-positive lym-
phomas, according to the SAP. The relationshipbetween 89ZED88082A
uptake in normal tissues and tumor lesions and various study factors
(e.g., imaging time points post-CAR T-cell infusion, adverse events,
prior irradiation, and treatment response) was assessed using linear
mixed-effect models. As input, we used the values measured at pre-
CART (full cohort) and post-CARTdays +2 (cohort 3), +5 (cohort 2) and
+7 (cohort 1), which all were collected 2 days after 89ZED88082A tracer
injection. These models included random intercepts to account for
repeated measurements within individual patients. Random slopes
were evaluated to determine whether their inclusion would improve
model fit. Additionally, Pearson correlation coefficients were applied
to clustered data52.

For normal tissue analyses, the SUVmean (average SUV value across
the delineated volume) was used as the 89ZED88082A uptakemeasure;
for tumor tissue analyses, the SUVpeak (average SUV valuewithin a 1mL
region of highest uptake across the delineated volume) was preferred
over the SUVmax (maximum single-voxel SUV value within the deli-
neated volume), as the SUVpeak is reported to be (slightly) more
robust53,54. Next, SUVpeak was naturally log-transformed to account for
the skewness of the distribution. Results were back-transformed to
retrieve estimated geometric means. Normal tissue SUVmean was ana-
lyzed without transformation. 89ZED88082A uptake model estimates
were obtained under restricted maximum likelihood, with 95% CIs
based on Satterthwaite denominator degrees of freedom and Wald-
based P-values (under restricted maximum likelihood) for factor-level
comparisons ( > 2-factor levels) and likelihood ratio test (under max-
imum likelihood) P-values for variable-level comparisons.

For normal tissue visualizations over time frompre- to post-CART,
temporal uptake curves were fitted using imaging time points as a
continuous variable, where the best fit (linear, log-linear, or quadratic)
was selected using Akaike’s Information Criterion under maximum
likelihood55. To compare 89ZED88082A uptake between the different
timepoints, the linearmixedmodel approachwas applied asdescribed
earlier, in addition to a likelihood ratio test undermaximum likelihood
to obtain a variable-level P-value, also using Wald statistics under
restricted maximum likelihood.

For the analysis of 89ZED88082A tumor uptake, a mathematical
correctionwas applied to addressmeasurement errors caused by partial
volume effects, aiming to mitigate potential underestimations of
SUVpeak in smaller lesions. This was performed under the assumption
that, on average, low-volume lesions and high-volume lesions have equal
CD8 cell numbers, resulting in, on average, identical true (geometric)
mean SUVpeak values and that any differences in (geometric) mean
SUVpeak are due to partial volume effects. For this, the volume-SUVpeak

relation using pre-CART data only from lesions without radiotherapy
bridging was assessed (170 lesions in 17 patients) by using a 4-knot
restricted cubic spline. This revealed that lesions ≥5mL showed no
relation between SUVpeak and volume, while lesions <5mL showed a
decrease inmeasured geometric mean SUVpeak with decreasing volume.
Todetermine the expected SUVpeak of each lesion relative to the average
lesion of 5mL, the SUVpeak of each lesion was first expressed as the
difference from the estimated geometricmean SUVpeak for lesions of the
same volume. This difference was adjusted by adding the geometric
mean SUVpeak of 5mL lesions. Pseudocode for partial volume correction
calculation is provided in Supplementary Note 2.

This volume-adjusted SUVpeak was analyzed for all primary and
secondary endpoints, assuming the relation between volume and
89ZED88082A uptake in the pre-CART data covers the partial volume
effect complications. The described approach for linearmixedmodels
was applied to investigate the dose-response relation for individual
tumor lesions in patients who received bridging radiotherapy. Still, a
non-linear relation using a restricted cubic spline was also assessed.

To assess the relation between patient-level 89ZED88082A SUVpeak

and TTP, PFS, and OS, tumor SUVpeak was summarized per patient by
calculating the geometric mean SUVpeak of all lesions within each
patient. Geometric mean SUVpeak was analyzed both categorically
based on a median-split and continuously (assuming linearity). More
optimal cut-offs were not investigated due to the small sample size.
Kaplan-Meier curves and log-rank tests were employed, while Firth-
penalized Cox models were used to calculate hazard ratios (HRs) and
C-indexes, assessing the ability of pre-CART SUVpeak to differentiate
between patients with a short versus long event-free duration. Stan-
dard univariable analysis was used to correlate 89ZED88082A tumor/
tissue uptake with adverse events, ICANS and CRS. Because of the
small sample size and, therefore, limited statistical power, no multi-
variable analysis was conducted.

Statistical analysis was performed using R v4.3.3. All P-values were
retrieved without correcting for multiple testing, and P-values ≤0.05
were considered significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
De-identified data not subject to privacy concerns, including (unad-
justed) SUV metrics extracted from the 89ZED88082A PET-scan, are
provided in the SourceData File. Due to the sensitive nature of the data
and the potential risk of participant re-identification inherent in this
small cohort, the clinical data and detailed lesion characteristics can-
not be made publicly available. This restriction is in accordance with
the informed consent provided by study participants, UMCG guide-
lines, and relevant Dutch legislation (GDPR/AVG, WMO). Data may be
made available to qualified researchers upon reasonable request to the
corresponding author, subject to completion of a data sharing agree-
ment. All requestswill be reviewedwithin fourweeks.Datawill become
available upon publication of this manuscript and will remain available
for ten years. Data will likely be shared electronically. The study pro-
tocol is available as Supplementary Note 1 in Supplementary Infor-
mation. The remaining data are available within the Article,
Supplementary Information or Source Data file. Genentech developed
CED88004s and is the owner of its intellectual property. Source data
are provided with this paper.

Code availability
Pseudocode to calculate the partial volume correction is provided as
Supplementary Note 2 in Supplementary Information.
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