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ABSTRACT
The chemokine receptor CXCR4, which is overexpressed in many solid and hematologic malignancies, can be

targeted for radiopeptide therapy via the antagonist Pentixather®. Biokinetics and dosimetry of *’Lu-Pentixather

and *°Y-Pentixather were analyzed.

Methods: This retrospective study is a standardized reevaluation of data collected for treatment planning.
Nineteen patients with complete sets of planar whole-body scans over at least four days and a single SPECT/CT
after 200 MBq '"’Lu-Pentixather were included. Kinetics were measured in the whole body, in tissues with
activity retention, and in 10 individuals in the blood. Time-integrated activity coefficients and tissue absorbed
doses were derived.

Results: Increased uptake of Pentixather was observed in kidneys, liver, spleen, and bone marrow, inducing
median (minimum-maximum) absorbed doses of 0.91 (0.38-3.47), 0.71 (0.39-1.17), 0.58 (0.34-2.26), and 0.47
(0.14-2.33) Gy per GBq '"Lu-Pentixather and 3.75 (1.48-12.2), 1.61 (1.14-2.97), 1.66 (0.97-6.69), and 1.06
(0.27-4.45) Gy per GBq *Y-Pentixather, respectively. In most tissues, activity increased during the first day after
the administration of *’’Lu-Pentixather and afterwards decayed with mean effective half-lives of 41 + 10 (range:
24-64) hours in kidneys and median half-lives of 109, 86, and 92 hours in liver, spleen, and bone marrow,
respectively. Maximum uptake per kidney was 2.2% * 1.0% (range: 0.6%-5.1%). In organs showing no specific
uptake, absorbed doses exceeding 0.3 Gy per GBq *Y-Pentixather are estimated for the urinary bladder and for
tissues adjacent to accumulating organs such as the adrenal glands, bone surface, and gallbladder. Dose estimates
for tumors and extramedullary lesions ranged from 1.5 to 18.2 Gy per GBq *°Y-Pentixather.

Conclusions: In patients with hematologic neoplasms, absorbed doses calculated for bone marrow and
extramedullary lesions are sufficient to be effective as an adjunct to high-dose chemotherapies prior to stem cell

transplantation.
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INTRODUCTION

The chemokine receptor 4 (CXCR4) influences the development of malignant diseases by activating various
signaling pathways that influence cell proliferation, angiogenesis, metastasis, and therapeutic resistance (1). On
the other hand, being overexpressed in many solid and hematological neoplasms, CXCR4 is a promising target
structure for radioligand therapy (2). A CXCR4 antagonist that has already been used in the therapy of various
malignant diseases is the peptide Pentixather labeled with ’Lu or *°Y (3-8). Pentixather and its Lu- and Y-
complexes exhibit high selectivity and specificity as well as good binding affinities to human CXCR4 (4). In
blood, ""Lu-Pentixather shows high binding to serum albumin, CXCR4-mediated binding to leukocytes and
platelets, and excellent metabolic stability with virtually no tracer degradation (4).

The present report provides results of a uniformly performed dosimetric re-evaluation of measurements after
pre-therapeutic administration of *’’Lu-Pentixather to 19 patients. This compound was originally intended to be
used for both dosimetry and therapy. Since *Y-Pentixather proved to be preferable for therapy, pretherapeutic
dosimetry with low Y activities is not possible, and Pentixather labeled with a diagnostic nuclide such as **!In
has not yet been produced and tested, the nuclide *""Lu was continued to be used for dosimetry and *°Y for

therapy.

MATERIALS AND METHODS
Patients

All patients with dosimetric studies with ”’Lu-Pentixather and measurements up to at least 4 days after the
administration from June 2014 to December 2019 were considered for this retrospective analysis. A boy aged 8
years was excluded, although no obvious differences in activity kinetics were apparent as compared with adults.
After excluding one study that had to be repeated, 19 studies were eligible for inclusion. The patients (11 females,
8 males; age: 40-75y, mean: 60 +9y) suffered from multiple myeloma (n=9), acute myeloid leukemia (3),

diffuse large B-cell lymphoma (n=2), pre-B acute lymphoblastic leukemia (n=1), T-cell leukemia (n=1),



adrenocortical carcinoma (n=2), or thymoma (n=1) and had been treated before by multiple lines of chemotherapy
(n=19), stem-cell transplantation (autologous n=10; allogeneic n=5), and external beam radiation therapy (n=9).

One patient (P7) had only one kidney. Details on the included individuals are shown in Table 1.

At the time of study inclusion, all patients were refractory with exhausted standard treatment options. Based
on German Drug Law, 813(2b), and after evaluation by an interdisciplinary panel of specialists, the potential
benefit of CXCRA4-targeted endoradiotherapy in combination with high-dose chemotherapy and stem-cell
transplantation was investigated. All patients signed written informed consent and the local ethics committee
expressed no objections to the retrospective evaluation and publication of the data in accordance with data

protection regulations (reference number 20200915 01).

Radiochemistry

For pre-therapeutic dosimetry, 1’Lu-Pentixather is synthesized by adding a solution of 75_ug Pentixather
(PentixaPharm, Wirzburg, Germany) and 3.5_ug gentisic acid in 525 I sodium acetate buffer solution (0.4_M,
pH_5.2) to a vial containing about 300 MBq no-carrier-added *”’LuClsz (ITG, Garching, Germany; isomeric purity:
<107 ¥™™Lu) in 200 pl 0.04 M HCI, and heating the vial for 35 min at 100°C. After cooling, the solution is
diluted with saline, passed through a 0.22 mm sterile filter, and tested for radiochemical purity by gradient high-
performance liquid chromatography and thin layer chromatography. Bubble point and pH-value are determined
before releasing the product.

The radiosynthesis of *°Y-Pentixather for therapy follows the same protocol but using higher amounts of

Pentixather (200 ug), gentisic acid (7_pg), and radioactivity (2-10 GBq *YCls).

Measurements and Data Evaluation

Each patient received about 200 MBq '"’Lu-Pentixather (Supplemental Table 1) for pre-therapeutic
dosimetry in order to confirm eligibility for treatment and to determine the maximum therapeutic activity. The
radiopharmaceutical was administered without concomitant medication to protect the kidneys. Activity kinetics

were analyzed in whole body, kidney, liver, spleen, red marrow, and tumorous lesions from repeated whole body



scans and a SPECT/CT for normalisation to absolute activity concentrations.

Whole body scans were performed with the same dual head gamma camera and identical camera settings at
0.1h, 4h, 1d, 2d, and at 4.d or later after the activity administration. Additional scans after 1. h or 3.d were
included if available. For accumulating tissues, net counts were extracted from appropriate regions of interest and
fitted by a decay function using ordinary least squares regression. For details see Supplemental “Whole body
scans” with Supplemental Figures 1 and 2.

Total body net counts were normalized to the net counts observed in the first scan at 0.1 h. For other tissues,
estimates of time-integrated activity coefficients and the specific absorbed doses, i.e. the absolute absorbed doses
per unit administered activity, were deduced by normalizing the Kinetics to activity concentrations measured one
day (two days in patient P9) after the administration by SPECT/CT (see Supplemental “Tomographic imaging”
with Supplemental Figure 3).

When possible, activity in organs was entirely quantified in SPECT/CT. In large organs, livers and enlarged
spleens, activity was quantified in a partial volume and activity was scaled to the complete mass measured by CT.
For the red bone marrow, the activity time function was determined in the planar images with a large region of
interest over pelvis and spine and normalized to the activity measured in SPECT/CT in L2-L4 in the lumbar spine,
which was assumed to contain 6.7% of the total red marrow activity (9).

In a subgroup of 10 patients, blood samples were collected concomitantly with the whole body scans. The
whole blood activity concentrations were measured and the time-integrated activity coefficients per liter of blood

were calculated by integration of a tri-exponential fit function over time.

From the kinetics measured with *"’Lu-Pentixather, those expected for “Y-Pentixather were calculated by

converting the decay constants to the shorter physical half-life of **Y (64.0 h instead of 159.5 h for *"Lu).

The free internal dosimetry software IDAC-DOSE 2.1 (10) was used to determine specific absorbed doses in
evaluated tissues from the measured time-integrated activity coefficients per unit mass scaled to the gender
specific reference masses and multiplied by the organ and gender specific S-values in IDAC-DOSE 2.1. The

software was also used to estimate absorbed doses in unevaluated tissues from the medians of the measured time-



integrated activity coefficients and the kidney-bladder model as describes in (11) with 3.5_h voiding interval. The
percentage of total body activity not located in the evaluated accumulating tissues was attributed to the remainder

of the body.

The free software JASP (12) was used for statistical analyses. The distributions determined in this study were
tested for normal distribution using the Shapiro-Wilk test with rejection of the null hypothesis for p<0.05.
Parameters of normally distributed data are reported as mean * standard deviation (range: minimum to

maximum), otherwise median (quartiles: minimum, 1% quartile, 3" quartile, maximum) are shown.

RESULTS

The biokinetics of *'’Lu-Pentixather was heterogeneous in the group of included patients. Figure 1 shows the
whole body scans two days after the administration of the diagnostic activity in three of the patients: patient P7
with only one kidney showed the highest specific absorbed doses measured for kidneys and livers, P15 with pre-B
acute lymphoblastic leukemia the highest specific absorbed dose observed in red marrow and spleens as well as
the highest whole body time-integrated activity coefficient, and P2 with multiple myeloma presented the highest
specific absorbed dose in an extramedullar lesion and the highest time-integrated activity coefficient per liter of
blood.

Tables 2 and 3 list the time-integrated activity coefficients and specific absorbed doses for the evaluated
tissues for "’Lu-Pentixather and *°Y-Pentixather, respectively. Figure 2 shows typical time functions of activity
retention in organs and tissues exemplified by patient P3.

The red bone marrow is the dose-limiting organ when the absorbed dose is limited to 2. Gy to preserve
function. The mean effective half-life in the bone marrow was 97_h + 31 h (range: 39_h to physical half-life) after
Y7y (kinetics decay corrected to *°Y: 50 + 9 h; range: 29 h to physical half-life). In 14 patients, the red marrow
activity concentration initially increased and reached a maximum at 23 +11 h after the administration before

decreasing.



If stem cell support is available and myeloablation is tolerated or intended, the therapeutic activity is not
limited by the red marrow but the absorbed dose to the kidneys (23 Gy). This would have increased the tolerable
activity by a median factor of 4.9 (range: 1.6 to 70.9) after ’Lu and a factor of 2.8 (range: 1 to 34.7) after *°Y
even without renal protective medication. Uptake per kidney generally increased at 4 h and later up to a mean
maximum of 2.2%_+ 1.0% (range: 0.6% to 5.1%) of the administered activity at 18 + 7_h after the administration
and a subsequent decrease with a mean effective half-life of 41 +.10_h (range: 24_h to 64_h). The fitted half-life of
the increasing component was 27 h in Patient P7 and a median 7.8 h (quartiles: 2.4 h, 4.9 h, 12.2 h, 15.4 h) in
patients with two kidneys. Decay-corrected to *°Y, the mean maximum uptake would have been 1.9% +0.9%
(range: 0.5% to 4.0%) after 14 + 6 h and the mean effective half-life 29 + 5 h (range: 20_h to 40.h).

Compared to kidneys, kinetics in livers was retarded with a later maximum of retention (6.1%_+_1.8%; range:
2.2% to 10.0%) after 35.+.11 h and a longer median effective half-live of 109.h (quartiles: 77_h, 92_h, 146.h,
physical half-life) after 1’Lu. Respective data for “°Y-Pentixather would have been 4.9% + 1.6% (range: 1.8% to
8.6%) retention after 23 +.7.h and a median effective half-life of 54 h (quartiles: 45_h, 49 h, 54 h, physical half-
life).

High values of the time-integrated activity coefficient for the spleen (Tables 2 and 3) were associated with
splenomegaly due to malignant infiltration. In affected patients, a high absorbed dose to the spleen is considered a
desirable therapeutic effect. Measured spleen masses in patients P14, P15 (Figure 1), and P16 were 824 g, 530 g,
and 539_g, respectively. Fifteen patients showed a delayed retention maximum. The mean effective half-live in
spleen was 99 + 36_h (range: 51 h to physical half-life) after *""Lu (°*Y: 50 + 9 h; range: 35 h to physical half-life).

In malignant extramedullary lesions, activity initially almost always increased, reaching a maximum after a
median of 11 h and then decreasing with effective half-lives of 122 + 32 h (range: 78 h to physical half-life) after
Y7y (°°Y: 56+ 7 h; range: 45 h to physical half-life). The calculated values for the tissue absorbed doses per unit
administered activity ranged from 0.7 Gy to 6.9 Gy per GBq "’Lu and 1.5 Gy to 18.2 Gy per GBq Y.

Estimates of absorbed doses in organs apparently without specific activity accumulation are shown in

Supplemental Table 2. Absorbed doses of about 0.05Gy/GBq !’Lu-Pentixather and 0.2 Gy/GBgq %°Y-



Pentixather are expected in most organs. Somewhat higher values are estimated for the urinary bladder and for

tissues adjacent to accumulating organs such as adrenals, bone surface, and gallbladder.

DISCUSSION

High and long-lasting retention of Pentixather in the bone marrow leads to high specific absorbed doses to
the hematopoietic system. The estimates for the bone marrow absorbed dose indicate that the safety limit of 2. Gy
is usually reached after about 4 GBq *"’Lu or 2.GBq *°Y. The absorbed doses achievable in malignant tissues with
these activities are considered insufficient to achieve an adequate therapeutic effect on malignant tissue,
especially in solid tumors with moderate CXCR4 expression. In hematologic neoplasms, on the other hand,
therapy with Pentixather can be a reasonable complement to high-dose chemotherapy regimens followed by
subsequent hematopoietic stem cell transplantation with the potential to effectively fight radiation-sensitive
lesions.

With the exception of P11, P14, and P15, who experienced unexpected obstacles regarding stem cell
availability, and P5, whose health deteriorated, all patients with hematologic diseases received therapy. Patients
P17, P18, and P19 with adrenocortical carcinoma or thymoma remained untreated. Patients P1to P4 received
177_u-Pentixather for treatment (see Supplemental “Post-therapeutic measurements” with Supplemental Figures 4
and 5), all others *°Y-Pentixather. *"Lu-Pentixather for therapy has the advantage that its gamma radiation can be
used scintigraphically for the verification of the activity distribution and for dosimetry, but has an unfavorably
long half-life in the bone marrow. With therapeutic doses of 10_.Gy or more to the red bone marrow, the activity in
the marrow must decay for at least 4 to 5 half-lives before stem cell transplantation in order to safely avoid
compromising engraftment. While this is ensured 2 weeks after *°Y-Pentixather, a time interval up to 4 weeks
may be necessary for "’Lu-Pentixather. The longer time span between ”’Lu-Pentixather treatment and
transplantation is disadvantageous as the prolonged phase of aplasia poses an increased risk of infectious
complications.

Since Pentixather, as other radiolabeled peptides, is filtered through the kidneys, activity retention in renal

tubules must be considered. It is not yet known whether, as with somatostatin receptor agonists, *°Y has higher



renal toxicity because of its higher beta energy and dose rate, and which renal dose limits are appropriate for
Pentixather labeled with *’Lu or Y. The limit of 23.Gy for the tolerable absorbed dose, which is often used for
the kidneys (13), is reached after 20-30 GBq *"Lu-Pentixather or 5-8 GBq *°Y-Pentixather in most patients. While
10 GBq *Y-Pentixather could have been safely administered in 20% of patients, the specific absorbed dose
determined for the patient with only one kidney (P7) was 12.2 Gy per GBq, limiting the safely administerable
activity to 1.9.GBqg. In patients with two kidneys, who were not included in this study because dosimetric
measurements were performed over three days only, the highest calculated dose was 12.7.Gy per GBq Y-
Pentixather.

Concomitant medication with amino acids, such as that recommended for somatostatin receptor therapy with
radiolabeled peptides (13), also reduces retention of Pentixather in the kidneys (Supplemental Table 3). The
reduction factor of 64% .+ 13% (range: 50% to 80%) reported in (8) was derived from only six treatments with
Y77_u-Pentixather and remains to be validated.

The above figures indicate that, in an approach of myeloablative therapy with fixed activities, hardly more
than 2.5.GBq Y-Pentixather can be administered without exceeding a kidney dose of 23 Gy in individual
patients. The estimated specific absorbed doses to bone marrow and lesions indicate that this is likely to leave
many patients inadequately dosed, which strongly supports the theragnostic approach with pretherapeutic
dosimetry.

In order to assess the data shown here, the following comments should be made:

The data included in the present study were not collected prospectively in an optimized study design. The
dosimetric measurements were performed with the lowest activity that seemed necessary, which limits the
accuracy of the scintigraphic imaging and its evaluation (see Supplemental “Uncertainties”). Some estimate of the
dosimetric accuracy is provided by the intraindividual comparison of the absorbed doses determined for the right
and left kidneys after *’’Lu-Pentixather, which incorporates the uncertainties of both volume segmentation and
measurement and fit of activity kinetics. The dose derived for the right kidney was 108% + 14% (range: 78% to

128%) of that for the left kidney.



In tissues with delayed retention maximum and a long half-life of the retained activity, namely liver, spleen,
and red bone marrow, measurements over four days are often not sufficient to be able to determine the half-life
with good accuracy. Later measurements, however, were not necessary to estimate the absorbed doses to the
kidneys and would have required an additional patient visit and the use of higher activities, which was avoided to
minimize the risk of affecting kinetics by the dose administered pretherapeutically. For therapy with Y-
Pentixather, scans over three days are sufficient to measure the kinetics in the kidneys (see Supplemental
“Uncertainties”).

For the °Y-Pentixather kinetics data shown here, it should be emphasized that these were generally
calculated by converting the '’Lu-Pentixather results assuming comparable kinetics for "™Lu and "™,
Comparison of kinetics during therapy with prediction has not been technically possible in our patients treated
with *°Y-Pentixather, but is intended in the future by quantification of the positrons of the *°Y decay with a
PET/CT of higher sensitivity. Since the metal used affects the CXCR4 affinity and thus potentially biokinetics,
deviations of actual absorbed doses from estimates are possible. The binding affinity of "'Y-Pentixather to
CXCRA4 is slightly lower than that of "™Lu-Pentixather (4), which is most likely to affect binding in target tissues.
Also an influence on excretion and Kinetics in healthy organs cannot generally be excluded.

An interesting alternative for the treatment of hematological malignancies could be the labeling of
Pentixather with an alpha emitter to effectively target smaller cell clusters. "™Bi-Pentixather has a higher binding
affinity to CXCR4 than "*Lu-Pentixather (4), but even for the most suitable isotope ?**Bi, the half-life of only
46 min is likely to be too short.

Bone marrow dosimetry is uncertain even in healthy individuals. In patients with malignant transformation of
the hematologic system, the bone marrow may be severely modified in an individualized manner. The activity
pattern in the medullary spaces is often very inhomogeneous and the assumption of 6.7% bone marrow content in
the evaluated vertebrae is even more uncertain than in healthy subjects. The doses mentioned should therefore

rather be regarded as calculated values for estimating the approximate magnitude.



CONCLUSION

The radiation absorbed doses achievable with labeled Pentixather are often insufficient for radiological
destruction of solid tumors. In hematologic neoplasms, however, “Y-Pentixather can be effective against
radiosensitive lesions and as a useful adjunct to the conditioning regimen prior to stem cell transplantation. While
the kidneys are the dose-limiting organ in myeloablative therapy, high exposures also occur in the liver and
spleen. Of the remaining organs, absorbed doses exceeding 0.3 .Gy/GBq are estimated for the urinary bladder and

for tissues adjacent to accumulating organs such as the adrenal glands, bone surface, and gallbladder.
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KEY POINTS

Question How do the biokinetics of the CXCR4 antagonist Pentixather® affect endoradiotherapy?

Pertinent findings Dosimetric studies with 200 MBq *'’Lu-Pentixather in 19 patients demonstrated very
heterogeneous absorbed doses per administered activity in organs and tissues and identified the red bone marrow
and kidneys as dose-limiting organs.

Implications for patient care Therapy with *Y-Pentixather may be considered if the malignant tissue is
radiosensitive, myeloablation is accepted, and excessive renal absorbed dose is avoided by pretherapeutic

dosimetry.
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Figure 1: Examples of different activity distributions after ’’Lu-Pentixather in patients with multiple
myeloma, P2 and P7, and patient P15 with pre-B acute lymphoblastic leukemia. While the uptake in the single
kidney of patient P7 was 5%, sum of uptakes in both kidneys of patient P15 was only 1.1%. In contrast,
retention was 3-fold higher in the bone marrow and 11-fold higher in the spleen of P15.
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Figure 2: Regions of interest used to derive the time functions of activity retention in the whole body (black
dots), red bone marrow (red dots), liver (green circles), right (purple dots) and left (purple circles) kidneys,
and spleen (blue dots) in patient P3 with respective fit functions. The scintigram shows the posterior image of
the whole body scan 24 hours after 197 MBq *"’Lu-Pentixather. The grey dots with fit function represent the
activity retention per liter of whole blood.



Table 1: Patient characteristics at time of dosimetric assessment with *’’Lu-Pentixather

Sex Age Weight Height eGFR Disease since c r auto allo
) (kg) (cm) (mo) Tx Tx Tx Tx

P1 M 61 60 158 99 MM 18 X 1
P2 F 66 64 163 100 MM 54 X 3
P3 F 53 74 165 54 MM 123 X 3
P4 M 65 93 192 46 MM 101 X 2
P5 M 74 60 173 54 MM 22 X X 2
P6 M 71 80 175 79 MM 77 X X 2
P7 F 66 60 166 40 MM 138 X X 1
P8 F 57 104 157 96 MM 49 X X 1
P9 M 59 77 172 50 MM 23 X X 2
P10 M 46 70 183 92 AML 7 X 1
P11 M 60 78 182 82 AML 19 X 1
P12 F 54 62 168 67 AML 27 X 1
P13 F 64 80 163 85 DLBCL 42 X 1
P14 F 59 68 172 20 DLBCL 32 X X 1
P15 F 75 75 168 59 pre-B ALL 15 X
P16 F 50 78 172 54 TCL 21 X 1
P17 F 55 64 160 96 ACC 46 X X
P18 M 55 90 175 92 ACC 14 X X
P19 F 40 52 163 n/a Thymoma 37 X X

eGFR: CKD-EPI glomerular filtrate rate estimate in ml/min per 1.73 m2; n/a: not available;
MM: multiple myeloma; AML: acute myeloid leukemia; DLBCL.: diffuse large B-cell lymphoma; pre-B ALL:
pre-B acute lymphoblastic leukemia; TCL: T-cell leukemia; ACC: adrenocortical carcinoma; Tx: previous
therapies (c: chemo; r: irradiation; auto: autologous stem-cells; allo: allogeneic stem cells)



Table 2: [*""Lu-Pentixather time-integrated activity coefficients () in whole body (WB), organs and
tumorous lesions, red marrow (RM), and blood as well as tissue absorbed doses per
administered activity (D/A) in organs and lesions.

wB Kidneys Liver Spleen RM Lesion  Blood
a a D/A a D/IA a D/A a IA D/A a
(h) (h) (Gy/GBg)  (h) (Gy/GBq) (h) (Gy/GBq) (h) (Gy/GBq) (Gy/GBq) (h/l)
P1 51.6 4.39 1.01 3.8 039 2.06 0.58 40 014 2.2 0.21
P2 56.1 2.42 071 144 0.82 2.49 155 8.1 0.37 6.9 0.58
P3 55.3 4.85 210 152 0.93 1.27 0.72 14.3 0.66 0.48
P4 97.6 4.61 148 162 0.80 2.03 0.70 13.7 0.48 0.28
P5 87.7 1.92 087 122 091 3.71 1.59 16.8 0.59 1.7
P6 62.1 1.74 050 11.7 0.62 0.63 0.34 11.8 041 3.1
P7 111.0 6.25 347 150 1.17 134 1.12 10.6 0.48
P8 61.6 5.28 121 100 0.39 0.90 0.38 9.4 043
P9 111.6 4.76 112 132 0.67 1.18 0.47 13.6 0.47
P10 50.5 451 0.90 9.0 043 247 040 99 0.35 0.32
P11 55.9 4.34 1.14 80 042 143 0.48 9.1 0.32 0.34
P12 77.8 2.03 079 139 071 3.46 0.75 21.3 0.97 1.1
P13 114.9 7.87 091 219 0.67 2.65 0.35 228 1.04 2.1
P14 83.6 1.63 059 16.7 0.88 115 1.20 16.4 0.75
P15 140.9 1.04 038 155 0.71 140 2.26 51.0 233
P16 108.8 3.22 1.07 141 050 6.51 1.03 12.2 0.56 1.6 0.28
P17 73.6 1.93 052 201 0.92 2.38 0.56 55 0.25 2.3 0.28
P18 51.6 3.47 067 120 041 3.30 042 40 014 1.1 0.32
P19 48.0 5.23 1.96 94 081 0.44 0.48 85 0.39 0.7 0.44
SWp 0.03 0.31 <01 09 021 <01 <01 <01 <.01 <.01 0.23
minimum  48.0 1.04 0.38 3.7 039 0.44 0.34 40 014 0.7 0.21
1t quartile  55.6 1.98 070 109 047 130 0.45 8.8 0.36 1.2 0.28
median 73.6 4.34 091 139 071 2.38 0.58 11.8 047 1.9 0.32
3 quartile  103.2 4.80 118 154 0.85 3.38 1.08 154 0.62 2.3 0.42
maximum  140.9 7.87 3.47 219 1.17 140 2.26 51.0 2.33 6.9 0.58
mean 79.0 3.77 113 133 0.69 3.36 081 13.8 0.59 2.3 0.35
stdev 27.9 1.82 0.73 42 022 3.61 052 10.4 0.49 1.8 0.11

SW p: p-value of Shapiro-Wilk test of normality; stdev: standard deviation



Table 3: PY-Pentixather time-integrated activity coefficients (&) in whole body (WB), organs and
tumourous lesions, red marrow (RM), and blood as well as tissue absorbed doses per
administered activity (D/A) in organs and lesions (recalculated from kinetics measured with
7L_u-Pentixather).

WB Kidneys Liver Spleen RM Lesion  Blood
a a D/A a D/A a D/A a D/A D/A a
(h) (h) (Gy/GBq)  (h) (Gy/GBq) (h) (Gy/GBq) (h) (Gy/GBq) (Gy/GBq) (h/l)
P1 315 3.03 3.91 1.9 118 1.05 1.66 23 034 6.1 0.19
P2 33.6 1.90 3.16 58 191 0.95 3.30 40 0.77 18.2 0.48
P3 35.1 2.95 7.32 6.0 212 0.53 1.70 74 142 0.42
P4 51.6 2.97 5.36 6.3 1.80 0.82 1.58 6.0 0.88 0.28
P5 50.8 1.22 3.10 6.1 2.65 1.26 3.04 84 123 4.1
P6 40.1 131 2.12 52 161 040 1.20 74 109 9.2
pP7 54.2 3.87 12.2 6.6 297 0.69 3.22 65 1.25
P8 34.5 3.74 4.85 54 122 045 1.07 51 0.98
P9 58.5 3.22 4.29 6.1 177 0.67 151 72 1.06
P10 32.8 3.32 3.75 46 129 1.07 0.97 49 0.72 0.28
P11 35.7 2.83 421 3.8 116 0.76 1.42 47 0.69 0.30
P12 47.2 141 3.16 54 161 2.06 251 101 194 3.4
P13 59.3 4.89 3.21 85 151 142 1.05 89 172 4.7
P14 49.6 1.04 2.15 76 232 6.63 3.85 96 1.85
P15 67.7 0.71 1.48 6.0 157 740 6.69 232 445
P16 63.8 2.38 4.50 78 159 3.04 270 71 136 4.2 0.26
P17 41.1 1.39 2.15 87 231 141 1.88 3.1 059 5.4 0.44
P18 34.5 247 2.67 57 114 158 1.13 18 0.27 3.6 0.28
P19 29.9 3.53 7.52 3.6 180 0.25 153 35 0.68 15 0.40
SWp 0.08 053 <0.01 055 013 <01l <.01 <.01 <.01 <.01 0.31
minimum  29.9 0.71 1.48 20 114 0.25 0.97 1.83 0.27 15 0.19
1t quartile  34.5 1.40 2.88 53 140 068 1.31 435 0.71 3.7 0.28
median 41.1 2.83 3.75 6.0 161 1.05 1.66 6.50 1.06 4.5 0.29
3 quartile  52.9 3.27 4.67 6.4 202 150 2.87 7.88 1.39 5.9 0.41
maximum  67.7 4.89 12.2 8.7 297 740 6.69 232 445 18.2 0.48
mean 44.8 2.54 4.27 59 177 171 221 6.90 1.22 6.0 0.33
stdev 12.0 1.14 2.52 1.7 051 1.99 1.39 461 0.91 4.7 0.10

SW p: p-value of Shapiro-Wilk test of normality; stdev: standard deviation
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Administered activities

Activities and nuclides administered for pretherapeutic dosimetry and therapy of the patients
included are listed in Supplemental Table 1. Dosimetry identified the kidneys as the dose-limiting
organ. To be conservative, especially for the early therapies, activity was chosen to target at 23 Gy in
the 1-mL volume with the highest activity concentration in SPECT/CT. Seven individuals remained
untreated. Patient P5 became medically ineligible for therapy. Patients P11, P14, and P15 experienced
unexpected problems with stem cell availability. Patients P17, P18, and P19 with solid tumors likely to
require absorbed doses of several 10 Gy for effective therapy showed inadequate uptake into target
tissue. All patients receiving therapy had hematologic neoplasms. Like the red marrow itself,
degenerate hematologic cells in the medullary cavity, extramedullary lesions, and affected organs such
as the spleen, if affected, are eliminated or at least significantly reduced at absorbed doses as low as

10 Gy and less.

Supplemental Table 1: Administered activities for pretherapeutic dosimetry and therapy

Disease Dosimetry Therapy
(MBg Y7Lu)  (GBg '"’Lu) (GBq %)

P1 Multiple myeloma 238 15.2

P2 Multiple myeloma 199 235

P3 Multiple myeloma 197 7.8

P4 Multiple myeloma 206 9.9

P5 Multiple myeloma 210 -

P6 Multiple myeloma 210 6.2
P7 Multiple myeloma 197 2.2
P8 Multiple myeloma 209 5.0
P9 Multiple myeloma 207 4.9
P10 Acute myeloid leukemia 209 4.7
P11  Acute myeloid leukemia 203 -

P12 Acute myeloid leukemia 205 5.6
P13 Diffuse large B-cell ymphoma 200 4.3
P14 Diffuse large B-cell ymphoma 212 -

P15 pre-B acute lymphoblastic leukemia 212 -

P16 T-cell leukemia 200 4.2
P17 Adrenocortical carcinoma 194 -

P18  Adrenocortical carcinoma 216 -

P19 Thymoma 199 -




Supplemental Table 2: Absorbed dose estimates in organs without specific accumulation of
Pentixather.

Absorbed dose in Gy/GBq

Female Male

Lu-177 Y-90 Lu-177 Y-90
Adrenals 0.09 0.52 0.08 0.57
Breast 0.06 0.22 0.05 0.18
Colon wall 0.05 0.15 0.05 0.12
Bone surface 0.24 0.72 0.19 0.56
Gallbladder wall 0.12 0.65 0.10 0.52
Heart wall 0.06 0.25 0.05 0.19
Lung 0.05 0.18 0.04 0.13
Oesophagus 0.06 0.20 0.05 0.15
Ovaries 0.07 0.22
Pancreas 0.07 0.23 0.06 0.16
Prostate 0.06 0.21
Salivary glands 0.06 0.23 0.05 0.18
Skin 0.06 0.16 0.05 0.14
Small intestine wall 0.06 0.16 0.04 0.12
Stomach wall 0.06 0.25 0.05 0.14
Testes 0.05 0.18
Thyroid 0.06 0.21 0.05 0.17
Urinary bladder wall 0.08 0.75 0.07 0.62
Uterus/cervix 0.07 0.24

Whole body scans

About 200 MBq Y"’Lu-Pentixather without concomitant medication to protect the kidneys were
administered to each patient for pre-therapeutic dosimetry. Activity kinetics were analyzed in whole
body, kidney, liver, spleen, red marrow, and tumorous lesions. Patient imaging included a series of
planar whole body scans and a SPECT/CT for normalisation to absolute activity concentrations.

All whole body scans were performed with the same dual head gamma camera (Siemens
Symbia E, Siemens Healthineers, Erlangen, Germany) equipped with 15.9 mm thick scintillator crystals
and medium energy collimators. Camera settings for whole body scans were 1024x256 acquisition
matrix, 20% energy window at 208 keV, 10 cm/min scan speed, and identical measuring distance for
all scans in a series.

All patients had whole body scans at 0.1 h, 4 h, 1 d, and 2 d post injection (p.i.) of the activity, all
but 4 (P2, P5, P17, P19) at 1 h p.i., and 10 patients at 3 d p.i. (P1 to P5, P12 to P15, P18). The last scan
was performed after 4 d except for P9 (5 d), P1 (6 d), and P4 and P14 (7 d). Supplemental Figure 1
shows a complete series of 7 whole body scans of patient P3.

Regions of interest (ROI) were drawn including the tissue under consideration, or part of the tissue
in case of overlapping accumulating tissues, and over an area with representative background adjacent

to the tissue ROI (Supplemental Figure 2).
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Supplemental Figure 1: Series of whole body scans of patient P3 after 197 MBq '"’Lu-Pentixather
performed with the same gamma camera and identical camera settings, scan speed (10 cm/min), and

measuring distance. The visible range of all images is 0 to 10 counts per pixel.
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Supplemental Figure 2: Tissue
and background ROIs in patient
P3 and corresponding
background-corrected net
counts in the whole body (black
dots), red bone marrow (red
dots), liver (green circles), right
(purple dots) and left (purple
circles) kidneys, and spleen
(blue dots) with respective fit
functions. Whole body data
were reduced by a factor of 100
for scaling.



Identical regions were copied to each scan in the series and background-corrected counts were
extracted without further corrections e.g. for attenuation or scatter. While for kidneys, spleen, and red
marrow net counts were derived from posterior images only, geometric mean of net counts in anterior
and posterior views were calculated for the whole body and liver. The view used for lesions depended
on the location and overlying accumulating structures. Given the long acquisition times, the net counts
in the ROIs were found to be statistically sufficient to fit activity kinetics. For single kidneys, a median
of 4980 net counts were registered in the scans after one day; 3 of 37 kidneys showed less than 2000
net counts (minimum: 932 in the right kidney of patient P15; Figure 1 in manuscript) and 3 more than
10000 net counts (maximum: 12248 in the right kidney of patient P19).

For most tissues, a bi-exponential decay function was fitted to the resulting net counts by ordinary
least squares regression. Another short-lived exponential function was added when necessary to
adequately reproduce the measured data up to 4 h (see spleen data in Supplemental Figure 2); the
contribution to the integral under the curve, probably due to the perfusion effect, remained small in
all cases. In the calculation of areas under the curves and from this time-integrated activity coefficients,

the fit functions were assumed to be valid also for the time after the last measured value.

Tomographic imaging

The total body time-integrated activity coefficient was deduced by normalizing all net counts to
those in the first scan at 0.1 h. For other tissues, kinetics were normalized to match the absolute activity
uptakes measured one day (two days in patient P9) after the administration by SPECT/CT.

Tomographicimages were acquired with a Siemens Symbia T2 or, in patients P1, P8, P12, P15, and
P18 a Siemens Intevo Bold (Siemens Healthineers, Erlangen, Germany) over a rotation of 180° with 3°
angular steps (= 2 x 60 frames) at 30 s per projection. For both dual head cameras used, data were
acquired with medium energy collimators and a central 20% photopeak window at 208 keV between
lower and upper 10% scatter windows. Data were reconstructed using an ordered subset expectation
maximization algorithm with depth-dependent 3D resolution recovery (Siemens Flash-3D) with 6
subsets, 6 iterations, and a 6 mm Gauss filter for a 128x128 matrix with corrections for scatter and
attenuation to obtain absolute activity quantification in voxels sized 0.11 cm3.

For both cameras, the detection efficiency under the aforementioned imaging and reconstruction
conditions was determined by measuring a large volume (6.9 L Jaszczak phantom) homogeneously
filled with a known *’Lu activity in a lutetium chloride carrier solution (10 ug inactive lutetium per g
dissolved in 0.1 mol per L hydrochloric acid). Extensive measurements with phantoms of different
volumes and shapes with and without scattering bodies and surrounding background activity indicated
typical accuracies of 10% or less for volumes as large as human kidneys, where partial volume effects

are of minor relevance.



Activity in accumulating tissues under consideration was typically entirely quantified in SPECT/CT
by including all activity in a volume interest (VOI) defined by an isocontour that exceeded the tissue
boundaries on CT by approximately 1 ¢cm in all dimensions. Supplemental Figure 3 shows the

boundaries of the VOlIs in the pre-therapeutic SPECT/CT for the kidneys in patient P3.

Supplemental Figure 3: Transverse plane
of a SPECT/CT measured 24.7 h p.i. of 197
MBq '”’Lu-Pentixather in patient P3.
SPECT image information was corrected
for scatter and attenuation. Activity
contents in the volumes of interest were
4.40 MBq for the left and 5.15 MBq *"’Lu
for the right kidney.

Alternatively, in livers and enlarged spleens, where adjacent tissues with high activity
concentration such as kidneys and tumorous lesions prevented the delineation of an isocontour VOI
around the complete tissue, activity was quantified in a large subvolume within the organ and activity
was scaled to the total mass measured by CT.

For the red bone marrow, the activity time function was determined in the planar images with a
large ROI over pelvis and spine and normalized to the activity measured in SPECT/CT in L2-L4 in the
lumbar spine, which was assumed to contain 6.7% of the total red marrow activity. In the absence of
evidence of activity accumulation in bone, it was assumed that the measured activity was entirely
located in bone marrow.

In order to estimate time-integrated activity coefficients, the activities measured by SPECT/CT
were used for normalization of the kinetics deduced from the whole body scans. For example, activity
in the right kidney of patient P3 was determined by SPECT/CT after 24.7 h to be 5.15 MBq *’Lu
corresponding to 2.23% of the administered activity. The fit function to the net counts of the right
kidney in the planar whole-body scans (Supplemental Figure 2) indicated 6367 net counts after 24.7 h.
The fit function to the net counts was normalized by a factor of 2.23% / 6367 to obtain the retention
function shown in Figure 2 of the main manuscript, which was then integrated to calculate the time-

integrated activity coefficient.



Uncertainties

The error to be assumed for the functions fitted to the whole body measurements depends on
the kinetics and the uncertainty of the measured values. For the functions shown in Supplemental
Figure 2, the fit yielded half-lives after Y’Lu-Pentixather of 47.5 h for the left kidney and 44.0 h for the
right kidney. Assuming 5% relative error in single net count values and taking covariances into account,
the statistical uncertainties are about 10% for the half-life values and about 5% for the areas under the
curves. The uncertainties are about 15% and 7%, respectively, with 10% relative error in single net
count values. Approximately one-third of the decays occur later than 72 h and one-fifth later than 96
h in a kidney with median kinetics parameters. Converted to *°Y with its shorter physical half-life of 64
h, only about 17% of the decays occur later than 72 h and 9% later than 96 h.

The kinetics in tissues with long effective half-lives can be determined less accurately from
measurements over four days. With 5% uncertainty in single net count values, the fit function shown
in Supplemental Figure 2 for the liver corresponds to an effective half-live of 145 h + 73 h for Y’Lu-
Pentixather and 36% uncertainty of the area under the curve. Converted to the kinetics of *°Y-
Pentixather, the uncertainty of the area under the curve is reduced to 10%. The expected contribution
from decays later than 96 h is 58% for Y’Lu and 23% for Y in a liver with median kinetics parameters.

The error in activity measurement in tomography is derived from the calibration error, which is
probably less than 10%, and statistical uncertainties in reconstruction and quantification. Measured
177y activity concentrations in the right and left kidneys in our patients were in good agreement in
most individuals. Only patients P17 and P18 with adrenocortical carcinoma showed large deviations
with right to left activity concentration ratios of 1.36 and 0.70, respectively. In the other patients with
two kidneys, this ratio was 1.03 + 0.07, indicating typical statistical quantification errors in the order

of 10%.

Post-therapeutic measurements

The first 4 patients P1 to P4 were treated with 7’Lu-Pentixather after pretherapeutic dosimetry
(Supplemental Table 1). Except for P2 who received 23.5 GBq ’’Lu, these patients underwent a similar
measurement program as in pretherapeutic dosimetry, but with shortened scan duration. The
radiosynthesis for therapy followed the same protocol as for pretherapeutic dosimetry using higher
amounts of Pentixather (200 pug) and gentisic acid (7 ug) per batch of 8 GBq *”’LuCls.

Patient P3 received treatment with 7.8 GBq ’Lu-Pentixather three weeks after pretherapeutic
dosimetry, with whole body scans after 1, 4, 22, 48, 144, and 309 hours and SPECT/CT after 23 h. The
posterior view acquired 1 day after the administration is shown in Supplemental Figure 4 together
with the corresponding image from pre-therapeutic dosimetry. Data evaluation using the identical
procedures as described above for pre-therapeutic dosimetry resulted in the retention values shown

in Supplemental Figure 5.



Supplemental Figure 4: Posterior whole body
views of patient P3 24.1 h p.i. 197 MBq Y’Lu-
Pentixather for pre-therapeutic dosimetry (left)
and 22.2 h p.. 7.8 GBg '’Lu-Pentixather for
therapy. Scanning speed was two times higher
during therapy.
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Supplemental Figure 5: Time functions of activity retention in the whole body (black dots), red bone
marrow (red dots), liver (green dots), right (purple dots) and left (purple circles) kidneys, and spleen
(blue dots) in patient P3. Large symbols indicate data measured after 197 MBq '"’Lu-Pentixather for
pre-therapeutic dosimetry, small symbols data measured during therapy with 7.8 GBq "’Lu-
Pentixather. Solid lines show functions fitted to the dosimetry data and extrapolated to later times.



Retention values measured by SPECT/CT during therapy were 91 % of the corresponding pre-
therapeutical values in liver, 99 % in spleen, 79 % in the spline, 60 % in left kidney, and 63 % in the right
kidney. The shapes of the retention functions during therapy are generally well predicted by the
dosimetric assessment, but the predictive power for late time points is limited, as expected.

Supplemental Table 3 lists the tissue absorbed doses per administered activity in patients P1, P3,
and P4 with complete dosimetry after therapy with Y’Lu-Pentixather. Most time integrated activity
coefficients are slightly reduced during therapy. Possible explanations are the higher injected activity
and peptide mass during treatment and the altered clinical conditions such as an increased fluid intake
and the infusion of amino acids. During dosimetry, no renal protective medication was administered
because of the associated side effects.

The more pronounced reduction in retention in the kidneys suggests an effect of the amino acid
infusion administered for renal protection. Since the effect of such a measure on a new radiopeptide
cannot be easily estimated theoretically, the use of the medication was purely empirical with one of
the most commonly used amino acid mixtures to competitively prevent reabsorption of the peptides
in the renal tubules. To date, no attempts have been made to optimize the kidney protection

medication for radiolabeled Pentixather.

Supplemental Table 3: Comparison of tissue absorbed doses per administered activity measured
in pretherapeutic dosimetry and during therapy with ’Lu-Pentixather in patients P1,
P3, and P4. T/D indicates the averaged ratio of therapy to pretherapeutic dosimetry.

7- Kidneys Liver Spleen Red marrow  Lesion

Patient Activity (Gy/GBq) (Gy/GBq) (Gy/GBq) (Gy/GBq) (Gy/GBq)
p1 238 MBq 1.01 0.39 0.58 0.14 2.2

15.2 GBq 0.59 0.38 0.49 0.11 2.5
p3 197 MBq 2.10 0.93 0.72 0.66

7.8 GBq 1.20 0.77 0.67 0.55
pa 206 MBq 1.48 0.80 0.70 0.48

9.9 GBq 1.01 0.64 0.69 0.39

T/D 51 61% 87% 92% 81% 114%






