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89Zr-immuno-PET is a promising noninvasive clinical tool that mea-
sures target engagement of monoclonal antibodies (mAbs) to pre-
dict toxicity in normal tissues and efficacy in tumors. Quantification
of 89Zr-immuno-PET will need to move beyond SUVs, since total
uptake may contain a significant non-target-specific contribution.
Nonspecific uptake is reversible (e.g., blood volume) or irreversible
(due to 89Zr-residualization after mAb degradation). The aim of this
study was to assess nonspecific uptake in normal tissues as a first
critical step toward quantification of target engagement in normal
tissues and tumors using 8Zr-immuno-PET. Methods: Data from
clinical studies with 4 89Zr-labeled intact IgG1 antibodies were col-
lected, resulting in a total of 128 PET scans (1-7 d after injection
from 36 patients: 89Zr-obinutuzumab [n = 9], 89Zr-cetuximab [n = 7],
897Zr-hud591 [n = 10], and 8%Zr-trastuzumab [0 = 10] [denoted
as 89Zr-anti-CD20, 89Zr-anti-EGFR, 89Zr-anti-PSMA and 89Zr-anti-
HER2, respectively]). Nonspecific uptake was defined as uptake
measured in tissues without known target expression. Patlak graph-
ical evaluation of transfer constants was used to estimate the re-
versible (V) and irreversible (K;) contributions to the total measured
uptake for the kidney, liver, lung, and spleen. Baseline values were
calculated per tissue combining all mAbs without target expression
(kidney: 89Zr-anti-CD20, 89Zr-anti-EGFR, and 89Zr-anti-HER2; liver:
89Zr-anti-CD20; lung: 89Zr-anti-CD20, 89Zr-anti-EGFR, and 89Zr-
anti-PSMA; spleen: 89Zr-anti-EGFR and °Zr-anti-HER2). Results:
For the kidney, liver, lung, and spleen, baseline V; was 0.20, 0.24,
0.09, and 0.24 mL-cm~3, respectively, and baseline K; was 0.7, 1.1,
0.2 and 0.5 pL-g~"-h~7, respectively. For 89Zr-anti-PSMA, a 4-fold
higher K; was observed for the kidney, indicating target engage-
ment. In this case, nonspecific uptake accounted for 66%, 34%,
and 22% of the total signal in the kidney at 1, 3, and 7 d after
injection, respectively. Conclusion: This study shows that nonspe-
cific uptake of mAbs for tissues without target expression can be
quantified using 89Zr-immuno-PET at multiple time points. These
results form a crucial base for measurement of target engagement
by therapeutic antibodies in vivo with 89Zr-immuno-PET. For future
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studies, a pilot phase including at least 3 scans at 1 or more days
after injection is required to assess nonspecific uptake as a function
of time, to optimize study design for detection of target engagement.
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In vivo assessment of target engagement is of interest to un-
derstand efficacy (tumor selectivity) and toxicity (due to target
expression in normal tissues) of treatment with monoclonal anti-
bodies (mAbs) or mAb conjugates. Currently, only plasma con-
centrations of mAbs can be easily measured in vivo by obtaining
blood samples. Direct measurement in tissues is difficult, as this
requires invasive tissue sampling, limiting clinical application.
89Zr-immuno-PET is a noninvasive, whole-body technique with
the potential to measure target engagement of therapeutic anti-
bodies (or mAb conjugates) in vivo (/). Future applications of this
clinical tool are selection of mAbs during drug development and
selection of patients who are likely to benefit from treatment (2).
Currently, it is common practice to report a single uptake value,
expressed as SUV or percentage injected activity per milliliter, for
897r-immuno-PET. However, the measured uptake in tissue is the
sum of specific uptake (target engagement by the therapeutic an-
tibody) and nonspecific uptake (i.e., activity in the blood vessels or
in the interstitial space that does not interact with the target and
therefore has no pharmacologic effects). The ratio between spe-
cific uptake and nonspecific uptake is expected to be time-depen-
dent. Measured uptake at early time points consists mainly of the
blood volume fraction, whereas specific uptake increases over
time. If specific uptake dominates, a single uptake value is an
appropriate estimate to assess target engagement (3). This mea-
surement is then expected to correlate with target expression in
biopsies (determined by immunohistochemistry) and treatment
outcome. However, biopsy sampling also has several limitations,
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such as sampling error and heterogeneity in target expression.
Although biopsy may not provide a true gold standard for target
engagement, it is the commonly available comparator. So far,
clinical Zr-immuno-PET studies have reported equivocal results,
sometimes suggesting a correlation and sometimes not (4-7).
These results indicate that a single uptake value could be insuffi-
cient because of the contribution of nonspecific uptake. Therefore,
knowledge of nonspecific uptake is required to optimize study
design.

The aim of this study was to assess nonspecific uptake for tissues
without target expression, as a first step toward quantification of
target engagement using 8°Zr-immuno-PET.

Nonspecific uptake is due to the blood volume fraction of the
tissue, as well as antibody distribution (entering the tissue interstitium
through paracellular pores and through endothelial cells medi-
ated by the neonatal Fc-receptor, and leaving the tissue by
convective transport through lymph flow) (Fig. 1A) (8). At equi-
librium, this physiologic component is linear with the plasma
concentration (9) and is characterized as reversible uptake. In
addition, nonspecific catabolism of antibodies occurs by pinocy-
tosis (e.g., in endothelial cells) and subsequent lysosomal pro-
teolytic degradation (10,11). After the antibody is degraded, 8Zr
residualizes, leading to another component of nonspecific uptake
(Fig. 1B) (11-13). This component is proportional to the area
under the plasma time—activity curve from the time of injection
up to the scan time point and is characterized as irreversible up-
take. For tissues without target expression, this uptake is solely
due to residualization of 8°Zr after non—target-mediated degrada-
tion of the mAb.

These 2 components of nonspecific uptake can be quantified
using graphical evaluation of transfer constants, commonly known
as the Patlak linearization approach, as used for '8F-FDG PET
(14). For tissues without target expression, we expect transfer con-
stants in agreement with known literature for nonbinding mAbs.
For tissues with target expression, transfer constants would poten-
tially differ because of target engagement (Fig. 1C) (15).

MATERIALS AND METHODS

Data Collection

89Zr-immuno-PET scans and blood sample data were obtained for
89Zr-obinutuzumab (16), 8°Zr-cetuximab (17), 8°Zr-huJ591 (I18), and
89Zr-trastuzumab (Table 1) (19). In the remainder of this report, the
897r-labeled mAbs used in these studies will be denoted as $°Zr-anti-
CD20, 8%Zr-anti-EGFR, 8Zr-anti-PSMA, and 3°Zr-anti-HER2, respec-
tively. Data selection was based on the availability of scans at multiple
time points (at least 3) for each patient, including plasma or serum activity
concentrations from venous blood sampled at each scan time point.

Data were collected from Amsterdam UMC, CHU Lille, and
Memorial Sloan Kettering Cancer Center. All studies were approved
by an institutional review board and ethics committee. At CHU Lille
and Memorial Sloan Kettering Cancer Center, PET scans were
acquired on a Discovery PET/CT scanner (GE Healthcare). At
Amsterdam UMC, PET scans were acquired on a Gemini TF-64
or Ingenuity TF-128 PET/CT scanner (Philips Healthcare). For all
procedures, a low-dose CT scan was used for attenuation and scatter
correction. Volumes of interest of the kidney, liver, lung, and spleen
were manually delineated on each scan and characterized by the mean
radioactivity concentration in Bq-cm™3. All radioactivity concentra-
tions were decay-corrected to the time of injection.

For each antibody, the Human Protein Atlas (20) was used as a
reference for lack of target antigen expression in tissues of interest.
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FIGURE 1. Biodistribution of 89Zr-labeled mAb: physiologic compo-
nents. (A) Reversible nonspecific uptake due to antibody in vascular
tissue compartment and antibody entering tissue interstitium through
paracellular pores, and through endothelial cells mediated by neonatal
Fc-receptor, leaving tissue by convective transport through lymph flow.
(B) Irreversible nonspecific uptake due to mAb degradation in lysosome,
followed by residualization of 89Zr. (C) Specific uptake due to target
engagement (target binding and internalization of mAb-target antigen).
(Adapted from Lobo et al. (8) and Chen et al. (70).)
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TABLE 1

Data Characteristics

Characteristic 89Zr-anti-CD20 89Zr-anti-EGFR 89Zr-anti-PSMA 897Zr-anti-HER2
mAb Obinutuzumab Cetuximab Hu-J591 Trastuzumab
Type Humanized Chimeric Humanized Humanized
IgG subclass IgG1 1gG1 1gG1 19gG1
Target expression (20)
Kidney Absent Absent Present Absent
Liver Absent Present Present Present
Lung Absent Absent Absent Present
Spleen Present Absent Absent* Absent
Center Amsterdam Amsterdam UMC Memorial Sloan Memorial Sloan
UMC (n = 4); Kettering Cancer Kettering Cancer
CHU Lille (n = 5) Center Center
Patient category Non-Hodgkin Colorectal Prostate cancer Gastric cancer
lymphoma carcinoma
Number of patients 9 7 10 10
Injected activity/mAb dose 37 MBg/10 mg; 37 MBg/10 mg; 185 MB@g/1.7 mg; 185 MBqg/3 mg;
1,000 mg 500 mg/m?2 total mass of total mass of
unlabeled mAb unlabeled mAb 25 mg mAb 50 mg mAb
Administrationt Predose Predose Coinjection Coinjection
PET scan time points 1h,72h,144 h 1h,72h,144 h 2-4 h, 24 h, 48-120 h, 4 h, 24 h, 48-96 h,
after injection after injection 144-168 h 120-192 h

Blood samplet

Blood sampling
time points

Reference

Plasma
5, 30, 60, 120 min;
241, 72,144 h

after injection

Jauw et al. (76)

Plasma

1-2, 24, 48,
72,144 h

Menke et al. (717)

after injection

Serum

5, 30, 60, 120-240 min;
24, 48-120, 144-168 h
after injection

Pandit-Taskar et al. (78)

*Expression of prostate-specific membrane antigen in spleen has been reported (24).
TPredose = 89Zr-mAb within 2 h after administration of unlabeled mAb.
*Blood samples consisted of plasma or serum samples, assuming no practical difference between these assays for our purposes

because mAb binding does not occur to coagulation factors (difference between plasma and serum).

after injection

Serum

5, 15, 30, 60 min;
2, 24,48-96, 120-192 h
after injection

O’Donoghue et al. (79)

IBlood samples obtained at 24 h after injection at CHU Lille (n = 5); no 24-h sample obtained at Amsterdam UMC.
Coinjection = unlabeled mAb infused intravenously over 5 min followed immediately by 1 min infusion of radiolabeled mAb.

Patlak Linearization

Patlak linearization applied to multiple-time tissue activity concen-
tration measurements allows an estimate of the reversible and irre-
versible contributions to measured activity. The method was initially
applied to blood-to-brain transfer and considered the fate of a test
solute to obtain transfer constants (1/4,21). For 8Zr-immuno-PET, we
used this method to determine reversible and irreversible nonspecific
uptake of therapeutic antibodies. This analysis was performed per
patient, for each tissue (liver, spleen, lung, and kidney).

Input data consisted of the activity concentration in plasma (AC, in
Bg'mL™") and in tissue (AC, in Bq-cm™3) as a function of time after
injection. The data were plotted as

AC, K.JléACp('T)dT
AC, ' AC,

+ Vr,

with AC,/AC,, along the y-axis and JAC,,( 7)d1/AC,, along the x-axis
(commonly known as a Patlak plot).
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The fACP( T)dT term represents the area under the plasma curve from
the time of injection to the time of measurement and will be referred to as
AUC,™". The offset of the Patlak plot represents the distribution volume,
Vr (in mL-cm™3), and the slope of the Patlak plot represents the net rate
of irreversible uptake, K; (in mL-g~!-min1).

Late time points (defined as =1 d after injection) were included in the
linear fit, because an equilibrium state was assumed for these time points (/).
Early time points (scans at 1 h after injection) were therefore not included.

The quality of the linear fit was assessed if at least 3 late time points
were available. An r value more than 0.9 was considered acceptable.
Linear fits with an r value of less than 0.9 were excluded from the analysis.

The reversible and irreversible contributions to the uptake of 89Zr-
mAb (AC) at each time point were calculated as

AC] =V -AC,, and AC| = K;-AUC,) ",

with superscript r for the reversible and i for the irreversible component.
In addition, the percentage difference between fitted (AC" = AC" + ACY)
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and measured tissue activity concentrations per time point was calcu-
lated as (AC/ — AC")/AC" X 100 (%).

Predicted Values for Transfer Constants

The transfer constants obtained were interpreted in terms of physio-
logic components of antibody biodistribution. A literature search was
performed to obtain predicted values for these physiologic compo-
nents for a nonbinding intact IgG1 mAb.

To predict the value for the reversible component for a nonbinding
mADb, we used the proportionality constant between the tissue and
plasma concentration, referred to as the antibody biodistribution coef-
ficient (ABC). ABCs for various tissues were obtained by a physiolog-
ically based pharmacokinetic model of mAbs and validated with
experimental data (9). The reported ABC for brain was 0.004 (9), in-
dicating that the plasma volume fraction of 0.02 (22) was not included.
Therefore, we defined the predicted value for Vas the ABC plus the
plasma volume fraction (within a 2-fold error margin, as reported for
all ABCs). The volume fraction was calculated as the plasma volume
of the tissue (in mL) divided by the total volume of the tissue (in mL).
Plasma and total tissue volumes were obtained from previously pub-
lished physiologic model parameters for humans (22). For example,
for the kidney, the reported ABC was 0.137 and the plasma volume
fraction 0.055 (22), leading to a predicted V7 of 0.19. The predicted
values for V7 for liver and spleen were 0.21 and 0.25, respectively
(9,22). The ABC for lung requires special consideration, since lung
has a density of about 0.3 g/mL. Volumes of distribution are in
mL-cm™3; therefore, the ABC for lung was divided by 3 to compare

with V; values derived from #Zr-immuno-PET. For lung, the pre-
dicted value for V;was 0.10 (9,22).

For tissues without target expression, the entire irreversible
component is due to non—target-mediated mAb degradation (and sub-
sequent residualizing of 3°Zr). Endosomal mAb degradation is a non-
specific catabolic mechanism for all intact IgG molecules. Per day,
6.3% of the intravascular IgG pool is catabolized (23). Therefore, the
whole-body catabolic rate was estimated at 7.8 mL-h~!, using a ref-
erence total plasma volume (22). The contribution of individual tis-
sues (experimentally determined in mice) was 6%, 30%, 1.3%, and
2.8% for kidney, liver, lung, and spleen, respectively (/7). These
values were used to predict the irreversible component for tissues
without target expression.

To compare the 3°Zr-immuno-PET-derived value for the net rate
of irreversible uptake in wL-g~!-h~! to the catabolic rate in mL-h~!,
K; was multiplied by tissue volume (22).

Predicted values for Vyand K;, including literature values used, are
presented in Supplemental Table 1 (supplemental materials are avail-
able at http://jnm.snmjournals.org).

Statistical Analysis

Values for V;and K; are presented per tissue and per 3°Zr-mAb.
Median values and interquartile ranges (IQs) are reported because of
the small sample size per group.

In addition, a baseline value was obtained by combining the n
values for tissues without target expression. For example, no target
expression in the kidney was reported for CD20, EGFR, and HER2
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FIGURE 2. Transfer constants for 89Zr-anti-HER2 in kidney. (A and B) Example for 1 patient in 89Zr-anti-HER2 study, with measured activity
concentrations in serum (A) and measured activity concentrations in kidney (B). (C) Patlak linearization to determine offset (V1) and slope (K)) of linear
fit to last 3 time points (same data). (D) Reversible and irreversible contributions to total measured signal. No target expression has been reported for
HER2 in normal kidney. Therefore, we hypothesize that total signal consists of nonspecific uptake. After 100 h after injection, total uptake pre-
dominantly consists of irreversible nonspecific uptake due to 89Zr-residualization after mAb degradation. p.i. = after injection.
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TABLE 2

Vi
Site 89Zr-anti-CD20 89Zr-anti-EGFR 89Zr-anti-PSMA 89Zr-anti-HER2 Baseline
Kidney 0.18 (0.15-020) 0.25 (0.23-0.29) 0.28 (0.21-0.32) 0.19 (0.15-0.25) 0.20 (0.16-0.25)
Liver 0.24 (0.21-0.28) 0.64 (0.54-0.91) 0.29 (0.23-0.43) 0.24 (0.22-0.29) 0.24 (0.21-0.28)
Lung 0.08 (0.08-0.10) 0.11 (0.09-0.13) 0.07 (0.06-0.09) 0.08 (0.05-0.11) 0.09 (0.07-0.10)
Spleen 0.20 (0.18-0.21) 0.23 (0.20-0.27) 0.22 (0.20-0.28) 0.24 (0.18-0.27) 0.24 (0.20-0.27)

V; (mL-cm™3) is presented as median followed by IQ in parentheses.

(Table 1) (20). Therefore, 89Zr-anti-CD20, 89Zr-anti-EGFR, and 39Zr-
antiHER2 data were combined to determine the baseline value for V,
and K; for kidney tissue without target expression. Baseline values for
liver consisted of 8°Zr-anti-CD20. For lung, data on 8°Zr-anti-CD20,
897 r-anti-EGFR, and 3°Zr-anti-PSMA were combined to obtain the
baseline value. For spleen, the baseline value consisted of 3°Zr-anti-
EGFR and 3°Zr-anti-HER2.

The Wilcoxon signed-rank test was used to determine whether the
n values for Vy for tissues without target expression (baseline values)
differed from the predicted value. A P value of less than 0.05 was
considered statistically significant. Statistical tests were performed in
GraphPad Prism, version 6.02.

RESULTS

Patlak Linearization

Per patient, Patlak linearization was conducted for each tissue
(kidney, liver, lung, and spleen) (Fig. 2). An r value of more than
0.9 was obtained for 71 of 80 linear fits for 3Zr-anti-PSMA and
897r-anti-HER2 (3 late time points available). Therefore, we as-
sumed that data for 8Zr-anti-CD20 and 8°Zr-EGFR were consis-
tent with the assumptions under the Patlak method. For these
datasets, the r value for the linear fit could not be obtained (only
2 late time points available). For 8Zr-anti-HER2, an r value of
less than 0.9 was obtained for 1 of 10 fits for kidney uptake, 2 of
10 for liver, 4 of 10 for lung, and 2 of 10 for spleen. The mean
percentage difference between fitted and measured tissue activity
concentrations per time point for all fits through 3 time points with
an r value of more than 0.9 was *+4%, except for 3°Zr-anti-PSMA
in the kidney (Supplemental Table 2).

Vr

Values for V; per mAb are presented in Table 2. Nonspecific,
reversible uptake is reflected by baseline values for V for tissues
without target expression. For the kidney, liver, lung, and spleen,

respectively, measured median baseline values for V were 0.20
IQ, 0.16-0.25), 0.24 (IQ, 0.21-0.28), 0.09 (IQ, 0.07-0.10), and
0.24 (1Q, 0.20-0.27) mL-cm 3. For these tissues, the predicted
values for V7 (ABC + plasma volume fraction) were 0.19, 0.21,
0.10, and 0.25, respectively. No differences were observed be-
tween the measured baseline value for V;and the predicted value
for kidney (P = 0.24; n = 25), liver (P = 0.07; n = 9), and spleen
(P = 0.12; n = 15). For lung, the measured baseline value for V,
(0.09, 0.07-0.10) was statistically different (P < 0.02; n = 25)
from the predicted value of 0.10 but within the 2-fold error range
(0.05-0.20) of the predicted value.

Ki

Values for K; per mAb are presented in Table 3. Nonspecific,
irreversible uptake is reflected by baseline values for K; for tissues
without target expression. For kidney, liver, lung, and spleen, re-
spectively, measured baseline values for K; were 0.7 (IQ, 0.4-1.3),
1.1 dQ, 0.8-2.1), 0.2 (IQ, 0.1-0.3), and 0.5 (IQ, 0.3-0.7)
pL-g1h~1. For kidney, the baseline catabolic rate was 0.23
mL-h™1, equal to 3% of the whole-body catabolic rate (predicted
value, 6%). Fractional catabolic rates of liver, lung, and spleen
were 30%, 3%, and 1%, respectively (predicted values were 30%,
1.3%, and 2.8%).

Detection of Target Engagement

In cases of target engagement (Fig. 1C), we expect to observe
an increased rate of irreversible uptake compared with the baseline
value. Expression of PSMA was reported for the kidney (/8), and
target engagement of 3°Zr-anti-PSMA is therefore expected in this
tissue. Patlak linearization for 3°Zr-anti-PSMA was performed
(Fig. 3). In this case, a 4-fold increased K; (2.8 vs. 0.7) was
obtained compared with the baseline value for the kidney, indi-
cating target engagement by irreversible uptake. For liver, an in-
creased K; was observed for 8Zr-anti-EGFR, 3°Zr-anti-PSMA,

TABLE 3
Ki
Site 897r-anti-CD20 897r-anti-EGFR 897r-anti-PSMA 897r-anti-HER2 Baseline
Kidney 0.4 (0.2-0.6) 0.7 (0.4-1.2) 2.8 (2.4-3.1) 1.5 (0.9-1.8) 0.7 (0.4-1.3)
Liver 1.1 (0.8-2.1) 3.8 (1.9-5.8) 5.7 (4.9-8.4) 1.7 (1.4-2.0) 1.1 (0.8-2.1)
Lung 0.2 (0.1-0.3) 0.4 (0.2-0.6) 0.1 (0.0-0.2) 0.2 (0.0-0.5) 0.2 (0.1-0.3)
Spleen 0.6 (0.5-0.8) 0.5 (0.3-0.5) 1.5 (1.2-1.7) 0.7 (0.4-0.8) 0.5 (0.3-0.7)
K; (uL-g™"-h7") is presented as median followed by IQ in parentheses.
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FIGURE 3. Transfer constants for 8Zr-anti-PSMA in kidney. (A and B) Example for 1 patient in 89Zr-anti-PSMA study, with measured activity
concentrations in serum (A) and measured activity concentrations in kidney (B). (C) Patlak linearization to determine offset (V1) and slope (K)) of linear
fit to last 3 time points (same data). (D) Total reversible and total irreversible contributions to measured signal. Dashed lines represent estimated
values for nonspecific reversible uptake (calculated as baseline V7-ACp) and nonspecific irreversible uptake (calculated as baseline K,-~AUCE§’*).
Nonspecific uptake accounts for 66%, 34%, and 22% of total measured signal at 1, 3, and 7 d after injection, respectively. Difference between total
irreversible uptake and estimated nonspecific irreversible uptake indicates target-mediated uptake. p.i. = after injection.

and 8Zr-anti-HER2 (3.8, 5.7, and 1.7, respectively, compared with
1.1), corresponding to known target expression (20). No increased
K; was observed for lung or spleen (Table 3).

DISCUSSION

89Zr-immuno-PET is a promising noninvasive clinical tool to
measure antibody target engagement in vivo. As a first step toward
quantification of target engagement, nonspecific uptake for tissues
without target expression was assessed for 4 8Zr-labeled mAbs.
This study showed that nonspecific, reversible uptake (Vy) was
similar to the predicted value for a nonbinding mAb. Nonspecific,
irreversible uptake (K;) corresponded to the predicted value for the
fractional catabolic rate of IgG. Patlak linearization is applied to
data obtained from a single subject. The range of values observed
for the baseline transfer constants reflects interpatient variability.
This method allows, for a single subject, assessment of whether
target-mediated binding does occur in a certain normal tissue for
the antibody under investigation. Similar to the pharmacokinetic—
pharmacodynamic type of analysis, Patlak linearization can be
applied with sparse temporal sampling but does not require
assumptions that underlying parameters are the same among
patients. Moreover, it uses the individually measured input func-
tions, that is, bioavailability of the tracer in blood over time, and it
can therefore account for interindividual variability of the tracer
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bioavailability in the central compartment (i.e., blood). For these
reasons, this method was applied in our present study. An increase
in K; indicates target engagement, as was observed for, for exam-
ple, #¥Zr-anti-PSMA in the kidney. In this study, baseline values
for K; and V were tissue-dependent. Especially for the liver, rel-
atively high nonspecific, irreversible uptake was observed com-
pared with other tissues, indicating that this organ is strongly
involved in mAb catabolism. Therefore, detection of target en-
gagement with a single uptake value is expected to be more dif-
ficult in the liver.

Study design can have a significant impact on the ability to
detect target engagement. For example, for 8Zr-anti-CD20, no
increase of irreversible uptake (K;) was observed in the spleen,
although expression of CD20 in the spleen is known to be high
(20). A plausible explanation for this observation is saturation of
the CD20 receptors due to a high dose of unlabeled anti-CD20
(1,000 mg), which was administered before the radiolabeled anti-
body. So, antibody dose is a parameter to be considered in assess-
ment of target engagement. Another important consideration for
design of 3°Zr-immuno-PET studies is that scans obtained at mul-
tiple late time points are required for the Patlak linearization to
determine reversible and irreversible uptake. At least 3 late time
points are required to assess whether the data can be fitted to a
straight line.
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In some cases (9/80), the data could not be described by a linear
fit. Especially for the lung (4/9), this finding could be explained by
an unfavorable signal-to-noise ratio (low signal and relatively low
tissue density). The observed overestimation of fitted uptake data
at 24 h after injection accompanied by an underestimation of the
uptake at 48-120 h after injection for 3°Zr-anti-PSMA in the
kidney only may indicate that the reversible uptake processes were
not yet in the equilibrium state at 24 h after injection. From a
methodologic perspective, collection of more data points would be
preferred. This method could be further validated in future pre-
clinical 8°Zr-immuno-PET studies in which scans at more time
points are acquired, including invasive tissue sampling to assess
target expression by immunohistochemistry.

Usually, 3°Zr-immuno-PET scans are analyzed at a single time
point, representing the sum of all physiologic components of an-
tibody distribution, being either target-specific or nonspecific. This
study showed how the various physiologic components of anti-
body distribution contribute to the measured SUV (Figs. 2 and
3). For the kidney, as an example, an SUV of around 2.5 was
measured for 8°Zr-anti-PSMA at 1-7 d after injection. Nonspecific
uptake was estimated to account for an SUV of 1.6 (66%) at 1 d
after injection. The contribution of nonspecific uptake decreased to
an SUV of 0.6 (22%) at 7 d after injection.

Detection of target engagement in normal tissues is of interest
to assess which mAb has potential for further development into an
antibody—drug conjugate (ADC). For an ADC, absence of target
engagement in normal tissues is considered important to limit po-
tential toxicity.

To understand and predict the efficacy of mAb-based treat-
ments, measurement of target engagement in tumors is essential.
However, the method described in this paper cannot be directly
applied to tumors, as these are expected to be more complex than
normal tissues. Nonspecific, reversible uptake in tumors (blood
volume fraction and non—target-mediated antibody distribution to
tumor tissue [“tight” or “leaky” tissue]) may be more variable
between tumors and between patients. In addition, nonspecific,
irreversible uptake may be increased by the rate of protein catab-
olism in the tumor and uptake in tumor immune filtrates (e.g.,
macrophages). In future work, we aim to explore which method
can be applied to measure target engagement for tumors. Espe-
cially target-negative tumors are of interest to study factors that
influence nonspecific uptake.

In the present study, 8°Zr-immuno-PET was used as a noninva-
sive clinical tool to assess physiologic components of antibody
distribution in vivo, and target engagement of therapeutic anti-
bodies was observed. For future studies to assess target engage-
ment for other 3°Zr-labeled mAbs, a multiple time point pilot
study (with at least 3 late time points) is advised to determine
the contribution of nonspecific uptake as a function of time and
mAb dose. This knowledge can be used to optimize study design
and assess whether single time point scanning to detect target
engagement is feasible and at which time point.

This concept is widely applicable because mAbs and mAb
conjugates against many target antigens are developed for a broad
range of clinical indications.

CONCLUSION

This study shows that nonspecific uptake of mAbs for tissues
without target expression can be quantified using 3°Zr-immuno-
PET at multiple time points. These results form a crucial base for

897r-MAB PET TO MEASURE TARGET ENGAGEMENT

measurement of target engagement by therapeutic antibodies in
vivo with 8Zr-immuno-PET. For future studies, a pilot phase in-
cluding at least 3 scans at 1 or more days after injection is required
to assess nonspecific uptake as a function of time and optimize
study design for detection of target engagement.
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KEY POINTS

QUESTION: Can we move quantification of 89Zr-immuno-PET
beyond SUV, since total uptake may contain a significant non—
target-specific contribution?

PERTINENT FINDINGS: In this retrospective analysis of clinical
89Zr-immuno-PET studies, nonspecific uptake was quantified in
normal tissues without target expression. The magnitude of non-
specific uptake in normal tissues was related to its physiologic
basis (i.e., blood volume, mAb biodistribution, and 89Zr-residualization
after mAb degradation).

IMPLICATIONS FOR PATIENT CARE: Nonspecific uptake of
897r-labeled mAbs in normal tissues can be quantified to opti-
mize detection of target engagement of therapeutic antibodies in
vivo.
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