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Abstract

Purpose While immunotherapy has revolutionized the oncology field, variations in therapy responsiveness limit the broad
applicability of these therapies. Diagnostic imaging of immune cell, and specifically CD8* T cell, dynamics could allow
early patient stratification and result in improved therapy efficacy and safety. In this study, we report the development of a
nanobody-based immunotracer for non-invasive SPECT and PET imaging of human CD8% T-cell dynamics.

Methods Nanobodies targeting human CD8f were generated by llama immunizations and subsequent biopanning. The lead
anti-human CDS8f3 nanobody was characterized on binding, specificity, stability and toxicity. The lead nanobody was labeled
with technetium-99m, gallium-68 and copper-64 for non-invasive imaging of human T-cell lymphomas and CD8" T cells
in human CDS transgenic mice and non-human primates by SPECT/CT or PET/CT. Repeated imaging of CD8* T cells in
MC38 tumor-bearing mice allowed visualization of CD8* T-cell dynamics.

Results The nanobody-based immunotracer showed high affinity and specific binding to human CD8 without unwanted
immune activation. CD8" T cells were non-invasively visualized by SPECT and PET imaging in naive and tumor-bearing
mice and in naive non-human primates with high sensitivity. The nanobody-based immunotracer showed enhanced speci-
ficity for CD8" T cells and/or faster in vivo pharmacokinetics compared to previous human CD8-targeting immunotracers,
allowing us to follow human CD8" T-cell dynamics already at early timepoints.

Conclusion This study describes the development of a more specific human CD8" T-cell-targeting immunotracer, allowing
follow-up of immunotherapy responses by non-invasive imaging of human CD8* T-cell dynamics.
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ing of immune cell dynamics during immunotherapy could
allow early patient stratification and result in improvements
regarding therapy efficacy, safety and therapy costs [3].
Consequently, the development of diagnostic imaging trac-
ers, capable of non-invasively visualizing distinct immune
cell populations, has gained a lot of interest over the last
years.

Among the key players in immunotherapy responses,
cytotoxic CD8* T cells have received particular attention
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[4]. Indeed, CD8' T cell presence and cell density dur-
ing immune checkpoint therapy has been associated with
therapy response [5, 6]. As a result, several PET imaging
tracers have been developed to target murine or human
CDS8* T cells, facilitating the monitoring and/or prediction
of immunotherapy responses [4, 7-10]. However, most of
these tracers suffer from suboptimal pharmacokinetics (i.e.
long circulation time), necessitating the use of long-lived
radionuclides and potentially raising concerns regarding
radiotoxicity [3]. Furthermore, all of these tracers bind
the CD8a-chain, which is also expressed on other types of
immune cells, decreasing the tracer’s specificity for CD8"
Tecells [11, 12].

Nanobodies (Nbs), camelidae heavy chain-only anti-
body fragments, have emerged as interesting scaffolds for
the development of diagnostic tracers [13]. Nbs are smaller
(15 kDa) than conventional monoclonal antibodies, while
still maintaining their ability to bind their target with high
affinity and specificity [14]. This results in rapid tumor
uptake and blood clearance, allowing fast and specific imag-
ing of immune cells and a lower radiation burden [15].

In this study, we describe the development of a radio-
labeled anti-human (h)CD8B Nb, allowing non-invasive
imaging of human CD8" T cells by SPECT and PET. These
Nb-based tracers show high affinity and specific binding
to CD8" T cells and ideal in vivo pharmacokinetics. Fur-
thermore, we show the ability of these Nb-based tracers
to follow up immune cell dynamics during tumor growth.
Overall, this study describes the development of a more spe-
cific hCD8* T-cell-targeting tracer, allowing the follow-up
of hCD8" T-cell dynamics.

Materials and methods
Cell culture

SUP-T1 cells were purchased from ATCC (Wesel, Ger-
many). MC38 cells were provided by Massimiliano Maz-
zone (VIB-KU Leuven, Belgium). Primary PBMCs of
healthy volunteers were provided by Karine Breckpot
(VUB, Belgium). Details regarding culturing can be found
in the supplementary material and methods section.

Animal models

Maleand female C57BL6/Jmice, nu(ncr)-foxnlnuandhuman
CDS8 transgenic mice (B6;SJL-Tg(CD8aCDS8B)57Scr/J)
were purchased from Charles River (Ecully, France) or
Jackson laboratory (Bar Harbor, USA). In case of tumor-
bearing mice, mice were subcutaneously injected with 1 mil-
lion MC38 or 5 million SUP-T1 cells in the flank. In case
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of SUP-T1 cells, cells were resuspended in 50% Matrigel
(Corning, Somerville, USA). Mice were examined daily and
tumor growth was measured using a caliper. Tumor volume
was calculated using the formula (length x width?)/2. Two
young adult male cynomolgus macaques (Macaca fascicu-
laris), aged 4 and 5 years, F2 generation originating from
Mauritian AAALAC certified breeding centers, were used.

Nanobody generation and production

Two llamas were subcutaneously injected 6 times with
recombinant human (h)CD8P protein. After immunizations,
peripheral blood was collected to generate phage display
libraries and perform biopanning [16]. More details can
be found in the supplementary material and methods sec-
tion. Nanobodies were produced and purified as previously
described [17].

Surface plasmon resonance

The affinity of purified anti-hCD8B nanobody to recom-
binant hCD8af protein (Sino Biological) was determined
using a BIACORE-T200 device (Cytiva, Freiburg, Ger-
many). More details can be found in the supplementary
material and methods section.

Affinity determination using flow cytometry

Serial dilution of the anti-hCD8p nanobody was incubated
with 500.000 SUP-T1 cells in FACS buffer (HBSS (Gibco)
supplemented with 1% FBS and 2mM EDTA (Duchefa Bio-
chemie, Haarlem, The Netherlands)) for 1 h at 4 °C. Cells
were washed once with FACS buffer. Next, nanobody bind-
ing was detected by incubation of the cells with an Alexa
Fluor®-488 tagged anti-HA antibody (1:1000 in FACS buf-
fer, clone 16B12, Biolegend, San Diego, USA) or PE-con-
jugated rabbit anti-camelid VHH cocktail (1:500 in FACS
buffer, Genscript, Piscataway, USA) for 30 min at 4 °C.
Cells were washed once with FACS buffer. Nanobody bind-
ing was determined using the FACS CANTO II analyser
(BD Biosciences, Franklin Lakes, USA). The mean fluores-
cence intensity of nanobody binding was determined using
FlowlJo version 10.

Affinity determination using ELISA

A 96 well MicroWell MaxiSorp flat bottom plate (Thermo
Fisher Scientific) was coated with 0.2 ug of recombinant
hCD8af protein, cynomolgus CD8pB-Fc protein (Sino Bio-
logicals) or PBS overnight at 4 °C. The next day, wells were
washed with PBS-T (PBS +0.05% Tween20 (Merck-Milli-
pore, Burlington, USA) and blocked with blocking buffer



European Journal of Nuclear Medicine and Molecular Imaging

(2% skimmed milk powder (Régilait) in PBS) for 1 h at
room temperature (RT). Different concentrations of nano-
bodies, diluted in blocking buffer, were incubated for 1 h
at RT. Nanobody binding was detected using a mouse-anti-
HA antibody (1:2000, clone 16B12, Biolegend) and alka-
line-phosphatase conjugated goat-anti-mouse antibody
(1:2000, clone A90-116AP, Bethyl Laboratories, Mont-
gomery, USA). Wells were washed with PBS-T between
all incubation steps. Binding was determined using p-nitro-
phenyl phosphate (2 mg/mL resuspended in AP blot buffer
(12.12 g/L Trizma base, 10.17 g/L MgCl,.6H,0, 5.84 g/L
NaCl, pH 9.5); Thermo Fisher Scientific). Absorbance at
405 nm was measured using a VersaMax ELISA Microplate
Reader (Molecular Devices, San Jose, USA).

Thermal shift assay

The anti-hCD8f nanobody (concentration 0.2 mg/mL) was
mixed with 1x SYPRO™ QOrange Protein Gel Stain (Thermo
Fisher Scientific) in PBS and added to white 96-well PCRs
plates (Bio Rad, Pleasanton, CA, USA). Fluorescence sig-
nal was measured during increasing temperature steps rang-
ing from 20 to 95 °C, with stepwise increments of 0.5 °C,
using CFX connect™ Real-Time PCR (Bio Rad). The melt-
ing temperature of the nanobody was calculated using the
Boltzmann equation.

Nanobody binding and T-cell activation assay using
primary PBMCs

Primary PBMCs of 3 independent donors were co-incu-
bated with different nanobodies to assess binding and T-cell
activation. More details can be found in the supplementary
material and methods section.

Immunofluorescence staining of non-human
primate tissue

Lymph node tissues were stained using Alexa Fluor®-647
conjugated anti-hCDS8 or irrelevant nanobody. More details
can be found in the supplementary material and methods
section.

Dendritic cell/T cell restimulation experiments

Immunogenicity of the nanobodies was determined using a
dendritic cell/T cell restimulation assay and was outsourced
to Lonza (Basel, Switzerland). The assay was performed
using PBMCs of 30 pre-HLA-typed healthy donors as
described previously [18].

99mTc-labeling of nanobodies

Nanobodies were labeled with technetium-99m as previ-
ously described [19]. More details can be found in the sup-
plementary material and methods section.

SPECT-CT imaging and image analysis

SPECT-CT imaging and image analysis were performed as
previously described [20]. More details can be found in the
supplementary material and methods section.

Alphafold nanobody binding prediction

Nanobody binding models to human CD8 were generated
using Colabfold (patch v1.5.2) [21]. The number of recy-
cles were set to 6 while all other standard parameters were
left unchanged. Analysis of the Alphafold model was done
using pyMOL.

NOTA-conjugation of nanobodies

The conjugation of the anti-hCD8f nanobody to p-SCN-Bn-
NOTA (NOTA-NCS, Macrocyclics, Inc., Plano, USA) was
based on the standard protocol previously described with
some adaptations [22]. More details can be found in the
supplementary material and methods section.

%8Ga-labeling of nanobodies

Nanobodies were labeled with gallium-68 as previously
described [23]. More details can be found in the supplemen-
tary material and methods section.

PET/CT imaging and image analysis in mice

Mice were injected (i.v.) with 5 pug of radiolabeled nano-
body (15.5+0.34 MBq; 39.7 MBg/nmol (anti-hCDS8f} nano-
body) or 44.3 MBg/nmol (irrelevant nanobody)). One hour
post-injection, mice were anesthetized with 75 mg/kg ket-
amine and 1 mg/kg medetomidine by intraperitoneal injec-
tion or isoflurane (5% induction, 2.5% maintenance, oxygen
flow rate between 0.3 and 1.5 L/min; Virbac, Nice, France)
by inhalation during PET/CT imaging (MoleCubes, Gent,
Belgium). PET scans of 12-20 min were performed, fol-
lowed by a CT scan. After imaging, mice were euthanized
and organs were collected. Radioactivity in each organ was
measured using a Wizard? y-counter (Perkin-Elmer). PET/
CT image analysis was performed using VivoQuant soft-
ware (Invicro, Needham, MA, USA).
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Processing organs and flow cytometry analysis

Single cell preparations of MC38 tumors were prepared as
previously described [24]. Antibodies used for staining of
single cell preparations can be found in Supplemental Table
1. Delta median fluorescence intensity (AMFI) was deter-
mined by subtraction of the MFI of the staining and the MFI
of the isotype control. Data were acquired using the FACS
CANTO II or FACS CELESTA analyser and analyzed using
FlowJo software.

%4Cu-labeling of nanobodies

Copper-64 (**Cu) in 1 M HCI (1 GBq, 375 uL, ARRO-
NAX, Nantes, France) was concentrated at 90 °C under
an argon stream to dryness. NaOAc buffer 0.1 M was pre-
pared and the pH was adjusted to 6.5 using HCI. Then,
365 uL of NaOAc buffer was added to solubilized [**Cu]
CuCl, and this solution was transferred to NOTA-hCD8&f
Nb. The resulting mixture was stirred at 500 rpm in a ther-
moshaker at 37 °C. Radio-TLC was performed, using 50
mM citric acid as eluent, to monitor the reaction. Full con-
version was observed after 1 h (Rf=0.05) as no residual
free %*Cu was observed (Rf=0.9). In the meantime, a PD-10
column (GE Healthcare, USA) was rinsed with 20 mL of
PBS. The reaction mixture was loaded on the column and
the flow-through was discarded. PBS was used as eluent and
the flow-through was collected in 500 pL fractions. Radio-
activities were measured in a dose calibrator (Capintec®,
Berthold, France), fractions showing the highest activities
were pooled together and analyzed by SEC chromatogra-
phy (Alliance e2695 system, Waters, USA). Radiolabeled
nanobodies were identified as radioactive peak detected by
a gamma detector (Berthold, France).

PET/CT imaging and image analysis of macaques

All imaging acquisitions were performed using the Digital
Photon Counting (DPC) PET/CT system (Verecos-Ingenuity,
Philips). Animals were first anesthetized with 10 mg/kg ket-
amine and 0.05 mg/kg medetomidine, intubated, and then
maintained under 0.5-1% isoflurane and placed in a supine
position on a warming blanket (Bear Hugger, 3 M) on the
machine bed with monitoring of the cardiac rate, oxygen
saturation, and temperature. The CT detector collimation
used was 64X 0.6 mm, the tube voltage was 120 kV, and
the intensity was approximately 150 mA. Whole-body
CT images were reconstructed with a slice thickness of
1.5 mm and an interval of 0.75 mm. A whole-body PET
scan (5 bed positions, 1 min/bed position) was performed
approximately 60 min post-injection of 500 pg of [**Cu]
Cu-NOTA-anti-hCD8f Nb via the saphenous vein (230 + 23
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MBgq, 5.9 MBg/nmol). PET images were reconstructed onto
a 256 X256 matrix using OSEM (3 iterations, 15 subsets).
PET and CT images were analyzed using INTELLISPACE
PORTAL 8 (Philips Healthcare) and 3DSlicer (open-source
tool) software. For segmentation, various regions of interest
were semi-automatically contoured according to anatomical
information and PET signal. A 3D volume of interest (VOI)
was interpolated from several ROIs in different image slices
to cover the entire organ or anatomical structure. Mean
radioactive signal in each VOI was expressed in mean stan-
dardized uptake value (SUVmean+S.D.).

Results

The anti-human CD8f nanobody has ideal in vitro
characteristics

Immunization followed by phage display panning, screen-
ing and characterization resulted in the selection of a lead
anti-hCD8PB Nb. The anti-hCD8B Nb displayed low nano-
molar binding affinity to the hCD8af protein (Fig. 1a and
Supplemental Table 2). In line with this, a similar bind-
ing affinity to SUP-T1 cells, a T-cell lymphoma cell line
endogenously expressing hCD8af3, was observed, while no
binding was seen with an irrelevant Nb, binding the 5T2
multiple myeloma M protein (Fig. 1b and Supplemental
Table 1). Next, we assessed the cross-reactive binding of
the anti-hCD8f Nb (Supplemental Fig. 1 and Supplemental
Table 2). While no Nb binding to murine CD8[} protein was
observed (Supplemental Fig. la), similar low nanomolar
binding affinities to the human and cynomolgus CDS§f pro-
teins were seen (Supplemental Fig. 1b). This result is in line
with the poor homology between the human and mouse pro-
teins (50%), and the very high homology between human
and cynomolgus CDS8p proteins (93%). Subsequently, the
thermostability of the Nb was determined, considering that
the Nb will be incubated at higher temperatures during
radiolabeling (Fig. 1¢ and Supplemental Table 2). The anti-
hCDB8p Nb displayed a melting temperature of 68.1+0.3 °C.
Finally, the binding epitope of the anti-hCDS83 Nb was mod-
elled using Alphafold (Fig. 1d). Although the predicted local
distance difference test (pLDDT) score of the model indi-
cated that the exact interaction between the CDR regions
of the Nb and CDS could only be estimated (Supplemental
Fig. 2), the Alphafold model nicely predicted binding to the
B chain of human CDS.

Next, we determined the ability of the anti-hCD8B Nb
to bind primary CD8" T cells ex vivo (Fig. 2a-b). While no
binding was seen for the irrelevant Nb, the anti-hCD8f Nb
bound the CD8" T cell population within a pool of primary
T cells. Moreover, the anti-hCD8B Nb did not show any
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Fig. 1 The anti-human CD8f nanobody binds to human CD8 with
high affinity. (a) Surface plasmon resonance plots of different nano-
body concentrations to the human CD8af protein. (b) Binding of
different human CD8p-targeting nanobody (hCD8f Nb) or irrelevant
nanobody (Irr Nb) concentrations to T-cell-lymphoma SUP-T1 cells.
Binding was detected as mean fluorescence intensity (MFI) via the
C-terminal HA-tag and a fluorescently labeled anti-HA antibody using

binding to NK or myeloid cells, known to express hCD8a
but not hCD8p (Fig. 2¢ and Supplemental Fig. 3). In con-
trast, binding of an anti-hCD8a Nb (W02017134306A1) to
NK or myeloid cells was observed, illustrating the superior
specificity of the anti-hCD8B Nb for CD8" T cells. Next,
binding of the anti-hCD8P Nb to non-human primate lymph
node tissue was determined using fluorescence immunohis-
tochemistry (Fig. 2d). While no binding of the irrelevant Nb
was observed, the anti-hCD8B Nb bound to CD3" T cells
present in the lymph node tissue.

To ensure lack of unwanted cytotoxicity, we assessed the
effect of Nb binding on T-cell activation. Hereto, primary
human peripheral blood mononuclear cells (PBMCs) were
incubated overnight with the anti-hCD8B Nb, irrelevant Nb
or anti-CD3/CD28 dynabeads. The next day, T-cell activa-
tion was assessed by CD69 expression, an early activation
marker (Fig. 3a-b), and secretion of IFN-y (Fig. 3c). Stimu-
lation with anti-CD3/CD28 dynabeads resulted in a signifi-
cant increase of CD69 expression and IFN-y secretion. In
contrast, no changes in CD69 expression nor secreted [FN-y
levels were observed upon incubation with the anti-hCD8f

flow cytometry. (¢) Thermostability of the hCD8B Nb was measured
via a Thermofluor Assay using Sypro Orange dye. The percentage of
unfolded protein was determined at increasing temperatures to calcu-
late the melting temperature (50% unfolded protein). Data is presented
as mean + S.D. (d) Alphafold prediction model of the binding between
the anti-hCD8B Nb and human CD8

Nb or the irrelevant Nb. Finally, the immunogenicity of
the Nbs was determined in a dendritic cell-T cell co-cul-
ture assay using PBMCs of 30 independent healthy donors
(Fig. 3d-e). To this end, monocyte-derived dendritic cells
(moDCs) were loaded with the Nbs and matured, followed
by CD4* T cells co-culturing and a rechallenge. Afterwards,
IFN-y (Thl cytokine) and IL-5 (Th2 cytokine) levels were
assessed. As negative and positive controls, we took along
clinically-benchmarked Bevacizumab and immunogenic
KLH protein. In contrast to KLH, neither of the Nbs showed
any sign of immunogenicity, as no significant increase of
IFN-y nor IL-5 levels was observed.

[*™Tc]Tc-anti-human CD8P nanobody non-
invasively images CD8+ T cells in naive and tumor-
bearing mice

Next, we determined the potential of the anti-hCD8 Nb to
visualize hCD8" T cells in vivo. To this end, the irrelevant
and anti-hCD8PB Nb were site-specifically radiolabeled
with technetium-99m (°’™Tc) on their C-terminal His-tag.

@ Springer



European Journal of Nuclear Medicine and Molecular Imaging

No Nb

Irr Nb hCD8B Nb

Q
524 3,26E-3

@ s o
0,017 52,7

Q3 qQ4
0,017 -10° 154

hCD4

hCD8p Nb binding

b
~ 1600 i
T
=3
o 1200
£
2 800
a
Qo
Z 4004 ns
0 T T
No Nb Irr Nb hCD8B Nb
(o]

100

80
e ns *hkk
g 60 ns *kkk
S = paal
£
g 404
=

204

O_
No Nb Irr Nb CD8a Nb CD8B Nb

® CD3+Tecells
O CD3- CD56- Myeloid cells

Fig. 2 The anti-human CD8P nanobody binds specifically to primary
CDS8* T cells. (a) Binding of an irrelevant nanobody (Irr Nb) or the
human CDS8f-targeting nanobody (hCD8B Nb) to primary T cells
obtained from a healthy donor. CD3* T cells (CD45*, CD11b", CD19,
CD3%) were gated and anti-CD4 mAb staining was plotted against Nb
binding. Nb binding was compared to a sample without any Nb (No
Nb) and detected via the C-terminal HA-tag by a fluorescently labeled
anti-HA antibody. (b) Quantification of Nb binding to CD8" T cells.
Nanobody binding on primary T cells of 3 independent donors was
detected as mean fluorescence intensity (MFI). (¢) Binding of an Irr
Nb, anti-human CD8a Nb or hCD8f Nb to primary T cells, NK cells
and myeloid cells obtained from 3 independent healthy donors. T cells

Both Nbs were successfully labeled (Supplemental Table
3). First, the targeting potential of the [**™Tc]Tc-Nbs was
assessed in CD8* SUP-T1 tumor-bearing nude mice, which
lack endogenous T cells, by SPECT/CT imaging 1 h after
intravenous (i.v.) injection (Fig. 4a). Both [**™Tc]Tc-Nbs
showed a high uptake in the kidneys and the bladder, due to
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® CD3-CD56+ NK cells

Irr Nb hCD83 Nb

CD3 Nb DAPI

Nb/CD3

(CD45%, CD11b7, CD197, CD3™), NK cells (CD45%, CD11b", CD19,
CD3", CD56%) or myeloid cells (CD45%, CD19", CD3", CD56") were
gated. Nb binding was compared to a sample without any Nb (No Nb)
and detected via the C-terminal HA-tag by a fluorescently labeled anti-
HA antibody. (d) Fluorescence immunohistochemistry staining of non-
human primate lymph node tissue with a fluorescently labeled Irr Nb
or hCD8P Nb. Nuclei were stained using DAPI and CD3™" T cells were
detected using a fluorescently labeled anti-CD3 antibody. All data are
presented as mean + S.D.. Statistical analyses were performed using
one-way ANOVA with Dunnett’s post hoc test or two-way ANOVA
with Sidak’s multiple comparisons test. ns, p > 0.05; **** p < 0.0001

rapid blood clearance [13]. The [**™Tc]Tc-anti-hCDSB Nb
showed a significantly higher uptake in the SUP-T1 tumors
as compared to the [?™Tc]Tc-irrelevant Nb, as confirmed
by ex vivo y-counting and tumor-to-blood ratio calculations
(Fig. 4b-c and Supplemental Fig. 4). The in vivo specific-
ity of the [**™Tc]Tc-anti-hCD8p Nb was further determined
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hCD8pB Nb. (¢) ELISA quantification of secreted IFN-y levels in the
supernatant of human primary peripheral blood mononuclear without

in J wild type (WT) and hCDS8 transgenic mice (Fig. 4d-e).
The [*™Tc] Te-irrelevant Nb did not show any specific accu-
mulation in either mouse. In contrast, the [*’™Tc]Tc-anti-
hCDS8B Nb showed uptake in T-cell-rich organs such as
lymph nodes, spleen, intestines, lungs and appendix of
hCD8 transgenic, but not WT mice [25]. Again, these data
were confirmed by ex vivo y-counting of the isolated organs
(Fig. 4f-1 and Supplemental Fig. 5). Finally, the ability of
the [**™Tc]Tc-anti-hCD8B Nb to target intratumoral T cells
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treatment (No Nb) or after overnight incubation with anti-CD3/CD28
dynabeads, GLP-grade Irr Nb or hCD8f Nb. d-e) Stimulation indices
of IFN-y (d) and IL-5 (e) in the DC/CD4* T cell (from 30 healthy
donors) restimulation assays after incubation with non-immunogenic
Bevacizumab (BVZ), immunogenic keyhole limpet hemocyanin
(KLH), GLP-grade Irr Nb or hCD8 Nb. Stimulation index indicates
the amount of positive cells compared to untreated cells. All data are
presented as mean + S.D.. Statistical analyses were performed using
one-way ANOVA with Dunnett’s post hoc test. ns, p > 0.05; ***, p <
0.001; **** p < 0.0001

was assessed in a MC38 tumor model. The [**™Tc]Tc-anti-
hCD8B Nb showed a significantly higher uptake in the
tumor compared to the [**™Tc]Tc-irrelevant Nb (Fig. 4j-k
and Supplemental Fig. 6a). Moreover, the [**™Tc]Tc-anti-
hCDS8B Nb showed a significantly higher tumor-to-blood
ratio compared to the [*”™Tc]Tc-irrelevant Nb (Fig. 41 and
Supplemental Fig. 6b) indicating that the anti-hCD8p Nb
binds to intratumoral hCD8™ T cells.
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{ Fig. 4 SPECT/CT imaging with the **™Tc-labeled anti-human CD8p
nanobody. (a) Representative SPECT/CT images of SUP-T1 tumor-
bearing mice (tumor outlined in yellow), intravenously injected with
9mTe-labeled irrelevant nanobody (Irr Nb) or human CD8pB-targeting
nanobody (hCD8f Nb). (b) Ex vivo y-counting of the isolated tumors
80 min after injection with **Tc-labeled Nbs. Uptake of the Nbs is
expressed as injected activity per gram of tumor (%IA/g). (¢) Tumor-
to-blood ratios of the **Tc-labeled Nbs, calculated by dividing the
%IA/g tumor by the %IA/g blood. (d) Schematic cartoon of mouse
(m) and human (h) CDS8 expression on mouse CD8" T cells of
C57BL/6J wild type and human CD8 transgenic mice. (e) Representa-
tive SPECT/CT images of wild type and human (h)CDS transgenic
mice intravenously injected with *™Tc-labeled Nbs. Lymph nodes
(LN), spleen (Spl), kidneys (K), bladder (Bl) and small intestines (I)
are highlighted. f-i) Ex vivo y-counting of the isolated lymph nodes (f),
spleen (g), small intestines (h) and appendix (i) 80 min after injection
with *™Tc-labeled Nbs. j) Representative coronal section of a MC38
tumor-bearing hCD8 transgenic mouse intravenously injected with
9mTc-labeled Nbs. The MC38 tumor is delineated. Lymph nodes (LN)
and kidneys (K) are highlighted. k) Ex vivo y-counting of the isolated
MC38 tumors 80 min after injection with **™Tc-labeled Nbs. I) Tumor-
to-blood ratios of the *™Tc-labeled Nbs in MC38 tumor-bearing mice.
All data are presented as mean + S.D.. Statistical analyses were per-
formed using a two-tailed unpaired t test. ns, p > 0.05; **, p < 0.01;
*** p <0.001; ***+* p < 0.0001

The anti-human CD8p PET tracer visualizes human
CD8+ T-cell dynamics in vivo

As PET imaging enables a higher spatial resolution and is
more commonly used in the clinic, the anti-hCD8f Nb was
converted to a PET tracer. To this end, the Nb was first con-
jugated to NOTA on its lysines and subsequently radiola-
beled with gallium-68 (°®Ga). A radiochemical purity above
98% was already observed before purification (Supplemen-
tal Table 3). In addition, the [**Ga]Ga-NOTA-anti-hCD8p
Nb remained stable after incubation in injection buffer and
human serum, at room temperature or at 37 °C (Supple-
mental Fig. 7). Furthermore, NOTA-coupling did not inter-
fere with Nb binding to hCDS8 as seen by surface plasmon
resonance and flow cytometry (Fig. Sa-b and Supplemental
Table 4).

Specific uptake of [*®Ga]Ga-NOTA-anti-hCD8p Nb
in T-cell-rich organs of naive hCDS§ transgenic mice was
observed (Fig. 5¢-d) by PET/CT imaging and ex vivo
y-counting. Then, we assessed whether the [**Ga]Ga-NOTA-
anti-hCD8B Nb was able to visualize T-cell dynamics in
MC38 tumor-bearing mice (Fig. 6a). Tumor growth and
CD8* T-cell dynamics were followed over a period of
18 days. Individual differences in tumor growth could be
observed as of day 9 after inoculation (Fig. 6b). Interest-
ingly, PET imaging with the [®*Ga]Ga-NOTA-anti-hCD8p
Nb allowed, despite overall low levels of T-cell infiltration,
the differentiation of mice with lower or higher levels of
human CD8™ T-cell infiltration in the MC38 tumors (Fig. 6¢
and Supplemental Fig. 8). Quantification of radioactive
uptake in the tumor on the PET images nicely correlated

with the radioactive uptake measured by ex vivo y-counting
of the dissected tumors and flow cytometric analysis of
the amount of intratumoral human CD8* T cells (Fig. 6d-e
and Supplemental Fig. 9). Overall, these results show that,
despite the low levels of intratumoral human CD8" T cells,
the differences in T-cell tumor infiltration can be visualized
using the [**Ga]Ga-NOTA-anti-hCD8B Nb. In addition to
visualizing intratumoral T cells, we could also follow up
T-cell dynamics in the lymph nodes. Baseline PET scans
revealed already a significantly higher level of CD8* T cells
in the tumor-draining lymph node compared to the oppos-
ing inguinal lymph node (Fig. 6f). To determine whether
this difference was tumor specific, we analyzed the ratio of
radioactive uptake between these lymph nodes and com-
pared it to the ratio between opposing cervical lymph nodes
(Fig. 6g). Repeated imaging showed that a consistent and
significant higher ratio of radioactive uptake was observed
in the tumor-draining lymph nodes relative to the contralat-
eral inguinal lymph nodes, compared to that between the
cervical lymph nodes during the whole experiment. Finally,
we assessed the prognostic value of the [**Ga]Ga-NOTA-
anti-hCD8B Nb (Fig. 6h). To this end, we correlated the
amount of intratumoral human CD8* T cells present at
baseline, as measured by PET imaging, and the increase of
tumor growth, as determined by the ratio of tumor size at
day 15 and baseline. First, mice showing higher radioactive
uptake levels at baseline also showed higher uptake levels
at endpoint (Fig. 6d-e-h). Interestingly, a significant correla-
tion was observed between the radioactive uptake measured
at baseline and the tumor growth, indicating that [®*Ga]
Ga-NOTA-anti-hCD8B Nb may hold prognostic value to
differentiate the speed of tumor growth based on the amount
of intratumoral hCD8™ T cells at early timepoints.

Finally, a proof-of-concept biodistribution study of the
anti-hCD8B Nb in non-human primates was performed.
500 pg of [**Cu]Cu-NOTA-anti-hCDSB Nb was injected
i.v. in 2 cynomolgus monkeys, followed by PET/CT imag-
ing 1 h post-injection (Fig. 7a). Similar as in mice, a fast
renal clearance of the [**Cu]Cu-NOTA-anti-hCD8B Nb
was observed with a high uptake in the kidneys and bladder
while no signal was observed in the blood (Fig. 7b-c). Fur-
thermore, only minor uptake in the liver was observed. In
both animals, the [**Cu]Cu-NOTA-anti-hCD8f Nb showed
a similar uptake pattern with the ability to visualize both
primary and secondary lymphoid organs, such as thymus,
spleen, tonsils and a multitude of lymph nodes. Interest-
ingly, both cynomolgus monkeys showed a high uptake in
the mouth area. Finally, the dose of 500 pg of the **Cu-
labeled anti-hCD8f Nb was well-tolerated.
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Fig. 5 PET/CT imaging with %*Ga-labeled anti-human CD8B nano-
body. (a) Surface plasmon resonance plots of the kinetic titration
of increasing concentrations of human CDS§p-targeting nanobody
(hCD8B Nb) and NOTA-conjugated hCD8B Nb concentrations to
human CD8of} protein. (b) Binding of different concentrations of the
NOTA-conjugated hCD8B Nb or an irrelevant nanobody (Irr Nb) to
T-cell-lymphoma SUP-T1 cells. Binding was detected as mean fluo-
rescence intensity (MFI) via a fluorescently-labeled anti-VHH anti-

Discussion

Here, we report the development of a novel immunotracer
for the imaging of hCD8* T-cell dynamics. In-depth char-
acterization shows high affinity and specificity of this tracer
towards human CD8* T cells and the ability to visualize
T-cell dynamics with high sensitivity.

As T-cell-based immunotherapies have been a major
point of focus in anti-cancer therapies, non-invasive imag-
ing of T-cell dynamics has gained interest in recent years.
To this end, several tracers targeting different T-cell markers
have been reported [3]. In particular, imaging of cytotoxic
CDS8* T cells has received attention [3, 26].

@ Springer

body using flow cytometry. (¢) Representative PET/CT image of
human CDS transgenic mice intravenously injected with **Ga-labeled
Irr Nb or hCD8p Nb. Lymph nodes (LN), spleen (Spl), thymus (T),
kidneys (K) and bladder (B1) are highlighted. (d) Ex vivo y-counting of
the organs 80 min after injection with **Ga-labeled Nbs. Biodistribu-
tion of the nanobodies in three mice is shown and uptake of the Nbs is
expressed as injected activity per gram (%IA/g). All data are presented
as mean + S.D.

In this study, we show the ability of our immunotracer
to detect human CD8™ T cells using nuclear imaging. Nbs
have emerged as an interesting scaffold for imaging due to
their in vivo characteristics, enabling same-day imaging
of patients with short-lived isotopes [13]. Our study also
shows the ability of Nb-based immunotracers to visualize
CD8™ T cells already 1 h post-injection using short-lived
isotopes such as technetium-99m, gallium-68 or copper-64.
Furthermore, the use of these short-lived isotopes results in
a lower radiation burden for patients compared to long-lived
isotopes, such as zirconium-89, which are used for larger
antibody-(fragment-)based tracers [27, 28]. Finally, we
visualized human CD8* T cells using both SPECT and PET.
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Fig. 6 PET/CT imaging of hCD8" T-cell dynamics with the ®*Ga-
labeled anti-human CDS8f nanobody. (a) Schematic overview of the
imaging regimen of MC38 tumor-bearing human (h) CD8 transgenic
mice. Mice were inoculated with MC38 cells at day 0. (b) MC38 tumor
growth curves in hCDS transgenic mice. (¢) Representative PET/CT
image (coronal, sagittal and transverse section) of a MC38 tumor-bear-
ing hCD8 transgenic mouse with low and high hCD8 intratumoral
T-cell infiltration at endpoint (day 15 or 18). The tumor is delineated.
Lymph nodes (LN), tumor-draining lymph node (TdLN), thymus (T),
kidneys (K) and bladder (BI) are highlighted. d-e) Correlation plots of
ex vivo measured radioactive uptake of the tumor versus the radioac-
tive uptake measured via PET image analysis using a region of inter-
est (ROI) (d) or hCD8" T cells quantified via flow cytometry (e) at
endpoint (day 15 or 18). Each individual mouse is highlighted in a
different color. f) Radioactive uptake measured in the inguinal LN or

Ratio tumor size d15/d5

inguinal TdLN via PET image analysis using a ROI at day 5. g) Ratio
of radioactive uptake measured in inguinal lymph nodes (TdLN/LN)
and cervical lymph nodes (cLN1/cLN2) via PET image analysis using
ROIs. h) Correlation plot of the intratumoral hCD8* T cells at baseline
(day 5) versus tumor growth. Intratumoral hCD8* T cells were deter-
mined via the radioactive uptake of **Ga-hCD8B Nb in the tumor mea-
sured via PET image analysis using a ROI. Tumor growth is presented
as the ratio of increase of tumor size at day 15 compared to baseline
(day 5). Each individual mouse is highlighted in a different color. All
data are presented as mean + S.D.. Correlations were determined via
Pearson correlation and 95% confidence bars are presented. Statistical
analyses were performed using unpaired two-tailed t-test or one way
ANOVA with Dunnett’s post hoc test. *, p < 0.05; *** p < 0.001,
HHAEP<0.0001
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Fig.7 PET/CT imaging of CD8*
T cells in naive cynomolgus
monkeys with the *Cu-labeled
anti-human CD8f nanobody.

(a) Schematic overview of the
imaging experiment. (b) PET/CT
images of 2 naive cynomolgus
monkeys intravenously injected
with #*Cu-labeled anti-human
CDB8p Nb. Different regions of
uptake are highlighted including
cervical (cLN), axillary (Ax LN),
tracheobronchial (Tr LN) lymph
nodes, spleen (Spl) and thymus.
(¢) Quantification of the radioac-
tive uptake (SUV,,,,) in different
organs via PET image analysis

84Cu-hCD8B Nb

While PET imaging is generally preferred in a clinical set-
ting due to a better contrast and spatial resolution, SPECT
imaging of immune cells still holds great value due to an
overall lower cost and wide availability of isotopes [29].

In vitro results show high affinity and specific binding of
the anti-human CD8B Nb with no unwanted T-cell activa-
tion. This is important, since CD8 is an important mediator
of T-cell activation and binding of anti-CDS8 antibodies may
induce T-cell activation [30, 31]. Furthermore, no immuno-
genic responses towards the Nb were observed. Although
Nbs are assumed to be non-immunogenic [32, 33], patients
developing anti-drug antibodies after Nb treatments
have been reported [34, 35]. In the future, immunogenic
responses towards the NOTA-conjugated immunotracers
will also need to be assessed during clinical testing. How-
ever, immunogenic responses are expected to be low, since
diagnostic tracers can be microdosed [27, 36]. This notion
is corroborated by previous findings, showing that a HER2-
targeted Nb-based tracer used in a phase I clinical trial had
a low immunogenicity [32]. Together, these are important
parameters for future clinical translatability of this tracer.

To date, a few hCD8-targeting tracers have been reported
and are being tested clinically. This includes the %Zr-
labeled minibody Df-IAB22M2C, *Zr-labeled antibody
ZED88082A, **Ga-labeled Nb SNA006 and '*F-labeled Nb
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VHH5v2 [6, 7, 9, 10, 37]. While these tracers have shown
promising results so far, they still suffer from some disad-
vantages with respect to pharmacokinetics (in case of the
larger tracers) and specificity.

The larger %°Zr-labeled constructs Df-IAB22M2C and
ZED88082A are unsuitable for early timepoint and/or fast
repeated imaging due to their long in vivo half-life and
slower tumor penetration. Nbs could be complementary, or
preferred altogether, thanks to the characteristics mentioned
before. Indeed, our immunotracer shows similar in vitro and
in vivo characteristics as the previously reported Nb-based
tracers, including (sub)nanomolar affinity and the ability to
detect CD8* T cells already 1 h post-injection [9, 10, 37].
Importantly, these characteristics could prove to be essen-
tial for the prediction and/or follow-up of immunotherapy
responses. It has become apparent that both the intratumoral
amount and localization of CD8™ T cells may hold predictive
value in therapy response [4, 38]. However, a recent clini-
cal study indicated that intratumoral CD8* T cell dynam-
ics during immunotherapy are quite heterogeneous between
different lesions and patients, indicating a potential need for
CDS8-targeting tracers that allow (early) sequential imag-
ing timepoints in order to track spatio-temporal changes
of CD8* T cells [6]. As such, smaller tracers, such as Nbs,
could be more suited to predict immunotherapy outcome.
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In line with this, we were able to correlate early baseline
levels of intratumoral hCD8* T cells to subsequent tumor
growth, suggesting that early timepoint imaging of hCD8*
T cells may indeed hold a prognostic value. In contrast to
our immunotracer, imaging of CD8" T-cell dynamics with
the SNA0O6 and VHHSv2 tracers has not been tested pre-
clinically and the prognostic or predictive value of these
tracers remains to be determined.

All reported larger %°Zr-labeled, as well as smaller
8Ga/!8F-labeled tracers against CD8" T cells target the
a-chain of the CD8 protein. Several studies have reported
the presence of CD8a on other immune cell populations,
including NK cells and monocytes [11, 12]. In contrast,
the CD8 B-chain is exclusively expressed on CD8" T cells,
making it a more selective target for visualizing T-cell
dynamics. Indeed, our results show the higher specificity of
our anti-CD8B Nb for CD8" T cells. Since tumor-associated
monocytes can encompass a major immune cell popula-
tion in the tumor microenvironment [39], which would
erroneously also be imaged by CDS8a-targeting tracers, it
seems reasonable to expect that the CDS§p tracer yields an
enhanced predictive or prognostic value. One disadvantage
that all CDS8-targeting tracers, including ours, have is that
these tracers do not give any insight in the functional state
of CD8"' T cells. As such, additional characterization of
the CD8™" T-cell activation state or other tumor microenvi-
ronmental parameters may be necessary to provide a more
accurate insight in immunotherapy response.

The PET imaging results in cynomolgus monkeys also
showed the feasibility to image CD8"* T cells in larger ani-
mals. However, it is important to note that this was a proof-
of-concept study. In the future, a dose-escalation study and
imaging at multiple timepoints could give additional infor-
mation for the clinical translation. The need for such studies
was previously shown for SNA006, where different doses
resulted in different uptake levels in T-cell rich organs such
as bone marrow. Compared to these results, our immuno-
tracer shows a similar biodistribution as the highest dose
of ®Ga-labeled Nb SNA006 in cynomolgus monkeys [9].
To enable future studies, we decided to radiolabel our anti-
hCD8B Nb with **Cu instead of ®Ga. As **Cu has a half-
life of 12.7 h, this would enable us to assess the uptake of
the anti-hCDS8f Nb for a time period of multiple hours to
day(s) and provide additional information on the pharma-
cokinetics of this Nb. Furthermore, this longer half-life time
would allow more flexibility during tracer preparation and
transport in a clinical setting, as compared to ®Ga-label-
ing. While a similar biodistribution profile was observed
in cynomolgus monkeys as in our mouse imaging experi-
ments, tracer uptake in the mouth area was also observed.
The exact reason for this radioactive signal is still unclear,
but it has been reported that CD8* T cells are present in the

oral tissues of non-human primates [40]. Moreover, **Ga-
labeled Nb SNA006 also seems to show an accumulation in
the mouth and nasal area [9]. Finally, while no acute inflam-
mation could be observed upon visual inspection, a local
inflammation cannot be excluded.

Finally, the non-invasive imaging of CD8* T-cell dynam-
ics could be interesting for multiple immune-related dis-
eases including viral infections or chronic inflammatory and
autoimmune diseases, such as immune thrombocytopenia,
rheumatoid arthritis and giant cell arteritis. Furthermore,
previous preclinical research has focused on the non-inva-
sive imaging of T-cell populations in graft-versus-host dis-
ease and multiple sclerosis, conditions for which imaging of
CD8* T cells might also be interesting [41-46]. Therefore,
it is not unlikely that these tracers could be widely applied
in multiple disease settings in the future.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00259-
024-06896-3.
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