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‘ 1. Introduction |

The success of checkpoint-inhibition immunotherapy
in cancer patients hinges on the presence of CD8+
(“cytotoxic™) T cells in tumors, and a variety of radio-
labeled anti-CD8 PET tracers are currently being devel-
oped for evaluating individual chances of success by
non-invasively detecting binding to CD8 in tumors[1-5].
The radioactivity detected In tumors, however, repre-
sents bound and unbound tracer so that it can reflect
binding to CD8 as well as mere distribution of unbound
tracer, even in the absence of CD8. The distinction
of target binding and non-specific distribution of PET
tracers in tissues has successfully been achieved in
the development of CNS drugs, typically by compar-
ing tracer kinetics between a brain region containing
the target receptors and a "reference” region devoid of
the receptors, with presumably the same parameters of
non-specific tracer distribution[6,7]. No such reference
tissue exists for individual malignant tumors. Instead,
we are developing a non-binding control tracer, ['°F]-
2C8v145 (“C”), which is structurally almost identical to
our anti-CD8 tracer [!°F]-2C8v144 (binding tracer, “B”),
in order to monitor first C, second B in blood and tu-
mor, and compare the kinetics of C and B in tumor by
assuming the same parameters of non-specific distri-
bution and systemic elimination for both tracers[8-10].

The purpose of our PK study in non-human primates
was 1) to assess exposure to radioactivity of C and
B from PET sessions, and 2) to derive the plasma
concentration-time course of C and of unbound B, i.e.
the vascular input functions for analyzing the kinetics
in malignant tumors.

‘ 2. Theoretical |

The PK model for C was a linear three-compartment model (Fig. 2,
black boxes) while the PK model for B was a variant of the clas-
sical TMDD model[11] with completely reversible target binding
within and outside of circulating blood (Fig. 2, black + red boxes).
The parameters of non-specific distribution and elimination were
assumed to be the same for C and B. The model also assumes
that: 1) there is no non-specific uptake of C or B into cells dur-
ing the one-hour measuring period, 2) binding of B is completely
reversible (no internalization of receptor-ligand complex [8,9]);
3) all target receptors on circulating CD8+ cells are available to
B in plasma for binding:
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where Cu;, Cus, Cus are unbound tracer concentrations in com-
partments 1-3 with volumes V;, V,, Vj; I(t) is the rate of tracer
input; C'L is elimination clearance, C'L,5;, C'Lq3; are distribution
clearances (C'L151 > CLq3;), and A4(t), A,(t), Ry, Ry are the mo-
lar amounts of bound B and of the target receptors, respectively,
outside the circulation and in blood plasma. %, , was assumed to
be equal to k,,, determined in vitro by SPR (0.50/(nM-min)[9]), and
was fixed. k,,..4, konp, = O for tracer C. Initial condition = 0 for all
compartments.

Individual volume and clearance parameters, and individual
amounts of target receptors were assumed to vary in proportion to
individual body weight’*” where Pwr =1 for Vi, Vi, Vi3, R4, R,
and Pwr = 0.75 for CL, CL121, CL131[12,13]. The eqUiIibrium
dissociation constant of B (Kp) was assumed to be the same
throughout the bOdy so that ktoff.4 = Kp-kona, koff.b = Kp-kynp-
The parameters fitted for target binding of B were: the total
amount of CD8 in the body (R;;, = R4+ R}), the fraction present in
blood (be — Rb/Rtb)s kon.45 and KD-

Measurement model: Tracer concentration in plasma (Cpiasma(t))
represents the sum of the unbound concentration in the central
compartment and, in the case of B, the bound concentration in
plasma:

Chiasma(t) = Cui(t) + App(t) /Viiasma (6)

where A, ;(t) is the bound amount of B in plasma (same as in
whole blood) and A, ,(t) = 0 for C. V,;4sma Was calculated by mul-
tiplying the reported normal blood volume in monkeys, 0.0734 L/kg
14], by (individual body weight x (1 - hematocrit)).

3. Methods I

Each of three rhesus monkeys underwent ['*F]-PET two times to
monitor first C and, three days later, B in arterial blood. Individ-
ual mass doses of both tracers varied 5-fold. C and B are hy-
drophilic VHH peptides with MW = 14 kDa. B binds monovalently
to CD8, without cellular internalization of receptor-ligand com-
plex[8,9]. The in-vitro equilibrium dissociation constant (K ) of
B with CD8 is 0.13 nM, as determined by SPR[9]). Both VHH tracer
molecules were radiolabeled with AI['®*]F using RESCA as chela-
tor[15], as described elsewhere[9]. Dynamic scans were obtained
on the primate mini-EXPLORER [16] for 60 min at a single bed po-
sition.

NONMEM, version 7.50[17] was used for model fitting. Graphical
and statistical analyses were done in R[18].

‘ 4. Resulis I

The model for C fitted the data nearly perfectly (Fig. 3a). The esti-
mated mean residence time (with body weight = 2 kg) was 26 min.

The estimated specific binding parameters of B were as follows:
Ry, 1.7 nmol/kg

fRy 0.027

kon.4a 0.00975 1/(nM-min)

konp 0.50 1/(nM-min) (fixed)

Kp 0.23 nM
The mixed-effects predictions of the data of B were almost as
perfect as those for C (Fig. 3b) (facilitated by estimated inter-
individual random coefficients of variation of 22%, 92%, 42% for
R;,, fRb, k,,.4, respectively[10]). Total body receptor occupancy
by B (ROw(t) = (A4(t) + Aps(t)/Ruw), predicted for a 20 second
I.v. infusion of 16, 4, 1 nmol, at body weight = 2 kg, was still higher
than 90%, 70%, 20% at one hour after the beginning of the infu-
sion[10].

5. Discussion I

Dividing the estimates of mean R;, and fRb by re-
ported humbers of CD8/cell yields estimates of CD8+
cell numbers which can be related to reported CD8+
cell numbers in humans suggesting only minor differ-
ences between rhesus monkeys and humans[10]. The
fact that the estimate of K of B in vivo, 0.23 nM, is
similar to the SPR estimate of 0.13 nM while the esti-
mated k,,, 4, 0.00975/(nM-min), is more than 50 times
lower than k_,,;, (0.50/(nM-min) implies that the ap-
parent delay of association outside the circulation, as
manifested by its impact on the plasma kinetics of B,
is paralleled by a similar apparent delay of dissociaton,
suggesting the same rate-limiting step outside of the
circulation in the forward and backward directions.

The difference between the PK profiles of B and C
(Fig. 1) is in part due to higher mass doses of C in all
animals. Fig. 4 shows the plasma concentrations of C
scaled down in proportion to dose(B)/dose(C) to reveal
the “net divergence” of B versus time from C due to the
reversible target binding of B outside of and within the
circulation. The divergence vanishes with increasing
dose of B (Fig. 4, left to right) suggesting gradual satu-
ration of the target receptors so that total radioactivity
detected by PET is increasingly dominated by unbound
B. The same phenomenon must be expected when the
radioactivity-time course of B and C is monitored in
malignhant tumors and the target receptors of B are tem-
porarily saturated by excessive concentrations of un-
bound B. Thus, it will be necessary to analyze tracer
kinetics in tumors to extract the time course of bound
B and derive the desired information on local CD8 den-
sity by comparison with the time course of C.

‘ 6. Conclusion |

Critical preclinical information as well as interesting
parameter estimates regarding total body CD8+ T cell
physiology could be obtained by this pilot study in just
three non-human primates, thanks to 1) the novel con-
trol/binding tracer study design, 2) extremely precise
PET measurements of arterial blood tracer concentra-
tions, and 3) mixed-effects modeling with a parsimo-
nious semi-physiological structural model.
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Figure 1: Arterial plasma concentrations of C (black
circles) and B (red circles) versus time after the begin-
ning of i.v. injection. y-scale logarithmic.

Figure 2: Linear three-compartment model for C (black
circles), and non-linear five-compartment model for un-
bound and bound B (black + red circles) (explanation of
symbols: section 2).
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Figure 3: Observed and predicted plasma concentra-
tions versus time. Each set of points and curves repre-
sents one PET session in one animal. y-scale logarith-
mic. (Residual errors: 1.1% for C, 2.4% for B!)
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Figure 4: Arterial plasma concentrations of C (black
circles) and B (red circles) versus time after the
beginning of I.v. Injection where the concentrations
of C have been multiplied by the scaling factor
sc.f.=dose(B)/dose(C). y-scale logarithmic.
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