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Introduction

In the last decade, immunotherapy has revolutionized the 

some cancer types [1]. However, variations in therapy 

2]. Diagnostic imag-

3]. 
-

years.
Among the key players in immunotherapy responses, 

cytotoxic CD8+ T cells have received particular attention 
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immune activation. CD8+
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[4]. Indeed, CD8+ T cell presence and cell density dur-

therapy response [5, 6]. As a result, several PET imaging 

CD8+

4, 7–10

radionuclides and potentially raising concerns regarding 
radiotoxicity [3

+ 
T cells [11, 12].

camelidae heavy chain-only anti-

13

14]. This results in rapid tumor 
-

15].
-

+

to CD8+ T cells and ideal in vivo pharmacokinetics. Fur-

-
+

+ T-cell dynamics.

Materials and methods

Cell culture

-
-

in the supplementary material and methods section.

Animal models

-

tumor growth was measured using a caliper. Tumor volume 
× width2

young adult male cynomolgus macaques (Macaca fascicu-
laris

Nanobody generation and production

16]. More details can 
-

17].

Surface plasmon resonance

-

-

material and methods section.

Affinity determination using flow cytometry

-

-

Fluor® -
-

-
ing was determined using the FACS CANTO II analyser 

-

Affinity determination using ELISA

-

washed with PBS-T (PBS + -
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-

-

-

-

2.6H2

Thermal shift assay

-
nal was measured during increasing temperature steps rang-

-

Boltzmann equation.

Nanobody binding and T-cell activation assay using 

primary PBMCs

-

material and methods section.

Immunofluorescence staining of non-human 

primate tissue

®-647 

section.

Dendritic cell/T cell restimulation experiments

18].

99mTc-labeling of nanobodies

-
19 -

plementary material and methods section.

SPECT-CT imaging and image analysis

20
supplementary material and methods section.

Alphafold nanobody binding prediction

21 -
cles were set to 6 while all other standard parameters were 

NOTA-conjugation of nanobodies

p-SCN-Bn-

some adaptations [22
supplementary material and methods section.

68Ga-labeling of nanobodies

23 -
tary material and methods section.

PET/CT imaging and image analysis in mice

-
± -

-
-

-

and organs were collected. Radioactivity in each organ was 
measured using a Wizard2

-
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a 256 ×

were semi-automatically contoured according to anatomical 

to cover the entire organ or anatomical structure. Mean 
-

±

Results

The anti-human CD8β nanobody has ideal in vitro 

characteristics

-

-
1a and 

2 -

multiple myeloma M protein (Fig. 1
1

1 and Supplemental 
2

1
-

teins were seen (Supplemental Fig. 1
-

1 2
±

-
1

-

Fig. 2

+ T cells ex vivo (Fig. 2

+

Processing organs and flow cytometry analysis

24

1 -

64Cu-labeling of nanobodies

Copper-64 (64 -

-

64Cu]
CuCl2

-

mM citric acid as eluent, to monitor the reaction. Full con-
=

64
=

PBS. The reaction mixture was loaded on the column and 

-
®, 

-

PET/CT imaging and image analysis of macaques

-

saturation, and temperature. The CT detector collimation 
used was 64 ×

64Cu]
via the saphenous vein (230 ± 23 
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-

(Fig. 3

+

assessed. As negative and positive controls, we took along 

[99mTc]Tc-anti-human CD8β nanobody non-

invasively images CD8+ T cells in naïve and tumor-

bearing mice

visualize hCD8+ T cells in vivo. To this end, the irrelevant 

with technetium-99m (99m

2c and Supplemental Fig. 3 -

+ T cells. Next, 

-
tochemistry (Fig. 2

+ T cells 
present in the lymph node tissue.

-

marker (Fig. 3 3 -
-

Fig. 1
(a) -

(b)

(c)

-

as mean ± S.D. (d)
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13]. The [99m

as compared to the [99m

(Fig. 4 4 -
99m

3 99m

assessed in CD8+

4 99m

Fig. 2
CD8+ T cells. (a)

+ T cells (CD45+ -, CD19-, 
CD3+

(b) + T cells. 

(c)

(CD45+ -, CD19-, CD3+ + -, CD19-, 
CD3-, CD56+ +, CD19-, CD3-, CD56-

(d)

+ T cells were 

presented as mean ±

with Šídák’s multiple comparisons test. ns, p > 0.05; ****, p < 0.0001
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was assessed in a MC38 tumor model. The [99mTc]Tc-anti-

tumor compared to the [99m 4
and Supplemental Fig. 6 99mTc]Tc-anti-

ratio compared to the [99m 4l and 
Supplemental Fig. 6

+ T cells.

4
The [99m -
mulation in either mouse. In contrast, the [99mTc]Tc-anti-

25]. Again, these data 

(Fig. 4 5
the [99m

Fig. 3 -
vation. (a) + T 

(b)
CD69+ CD8+ 

(c)

d-e) Stimulation indices 
d e +

presented as mean ±
p > 0.05; ***, p < 

0.001; ****, p < 0.0001
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+ T cells (Fig. 6d-e 
and Supplemental Fig. 9

+ T cells, 

using the [68

T-cell dynamics in the lymph nodes. Baseline PET scans 
+ T cells 

in the tumor-draining lymph node compared to the oppos-
ing inguinal lymph node (Fig. 6

-

(Fig. 6

in the tumor-draining lymph nodes relative to the contralat-

cervical lymph nodes during the whole experiment. Finally, 
68Ga]Ga-NOTA-

6
+ T cells present at 

at endpoint (Fig. 6 -

68Ga]

+ T cells at early timepoints.

64

-
7

64

7 -

64

primary and secondary lymphoid organs, such as thymus, 
-

64Cu-

The anti-human CD8β PET tracer visualizes human 

CD8+ T-cell dynamics in vivo

-
-

68

-
3 68

-
mental Fig. 7 -

5
4

68

5
68Ga]Ga-NOTA-

6
CD8+

6 -
ingly, PET imaging with the [68

human CD8+ 6c 
and Supplemental Fig. 8
uptake in the tumor on the PET images nicely correlated 

Fig. 4 99m

(a)

99m

(b)
99m

(c) Tumor-
99m

(d)
+

(e) Representa-

99m

are highlighted. f-i) f
spleen (g h i
with 99m j)

99m

k)
99m l) Tumor-

99m

All data are presented as mean ± S.D.. Statistical analyses were per-
p > 0.05; **, p < 0.01; 

***, p < 0.001; ****, p < 0.0001
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to detect human CD8+

13]. Our study also 

CD8+

isotopes such as technetium-99m, gallium-68 or copper-64. 

27, 28]. Finally, we 
visualized human CD8+

Discussion

+ T-cell dynamics. In-depth char-

towards human CD8+

T-cell dynamics with high sensitivity.

-

3
CD8+ T cells has received attention [3, 26].

Fig. 5 68 -
(a)

(b)

-
-

(c)
68

(d)
68 -

as mean ± S.D.
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Fig. 6 + T-cell dynamics with the 68Ga-
(a)

mice. Mice were inoculated with MC38 cells at day 0. (b) MC38 tumor 
growth curves in hCD8 transgenic mice. (c)

-
ing hCD8 transgenic mouse with low and high hCD8+ intratumoral 

d-e)
-
-

d + e

f)

g) Ratio 

ROIs. h) +

+ T cells were deter-
68 -

sured via PET image analysis using a ROI. Tumor growth is presented 

data are presented as mean ± S.D.. Correlations were determined via 

p < 0.05; ***, p < 0.001, 
****p<0.0001

 

1 3



European Journal of Nuclear Medicine and Molecular Imaging

6, 7, 9, 10, 37]. While these tracers have shown 
-

The larger 89

detect CD8+ 9, 10, 37]. 
-

+ T cells may hold predictive 
value in therapy response [4, 38]. However, a recent clini-
cal study indicated that intratumoral CD8+ T cell dynam-

-
ing timepoints in order to track spatio-temporal changes 

+ T cells [6

-

29].

-
tion. This is important, since CD8 is an important mediator 

induce T-cell activation [30, 31]. Furthermore, no immuno-

32, 33], patients 

34, 35

-

27, 36]. This notion 

a low immunogenicity [32]. Together, these are important 

89

89

68 18

Fig. 7 + 

monkeys with the 64

(a)
imaging experiment. (b)

with 64

uptake are highlighted including 

(c) -
mean

organs via PET image analysis
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40]. Moreover, 68Ga-

the mouth and nasal area [9 -

+ T-cell dynam-
-

rheumatoid arthritis and giant cell arteritis. Furthermore, 
-
-

CD8+ 41–46
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024-06896-3.
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tion in the tumor microenvironment [39], which would 

enhanced predictive or prognostic value. One disadvantage 
that all CD8-targeting tracers, including ours, have is that 

+

the CD8+ T-cell activation state or other tumor microenvi-

accurate insight in immunotherapy response.
The PET imaging results in cynomolgus monkeys also 

+ T cells in larger ani-

-

-

68 9]. 

64 68Ga. As 64
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