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T cells are key players in inflammation, autoimmune diseases, and
immunotherapy. Thus, holistic and noninvasive in vivo character-
izations of the temporal distribution and homing dynamics of
lymphocytes in mammals are of special interest. Herein, we show
that PET-based T-cell labeling facilitates quantitative, highly sensi-
tive, and holistic monitoring of T-cell homing patterns in vivo. We
developed a new T-cell receptor (TCR)-specific labeling approach for
the intracellular labeling of mouse T cells. We found that continuous
TCR plasma membrane turnover and the endocytosis of the specific
54Cu-monoclonal antibody (mAb)-TCR complex enables a stable la-
beling of T cells. The TCR-mAb complex was internalized within
24 h, whereas antigen recognition was not impaired. Harmful
effects of the label on the viability, DNA-damage and apoptosis-
necrosis induction, could be minimized while yielding a high con-
trast in in vivo PET images. We were able to follow and quantify the
specific homing of systemically applied ®*Cu-labeled chicken ovalbu-
min (cOVA)-TCR transgenic T cells into the pulmonary and perithy-
mic lymph nodes (LNs) of mice with cOVA-induced airway delayed-
type hypersensitivity reaction (DTHR) but not into pulmonary and
perithymic LNs of naive control mice or mice diseased from tur-
key or pheasant OVA-induced DTHR. Our protocol provides con-
sequent advancements in the detection of small accumulations of
immune cells in single LNs and specific homing to the sites of in-
flammation by PET using the internalization of TCR-specific mAbs
as a specific label of T cells. Thus, our labeling approach is appli-
cable to other cells with constant membrane receptor turnover.

PET imaging | mouse T cells | in vivo cell tracking |
antibody-based cell labeling | airway DTHR

Noninvasive in vivo imaging is an emerging method that
enables the examination of T-cell migration kinetics, hom-
ing patterns, and the sites of T-cell proliferation and activation.
These data are needed for a better understanding of the T-cell
response during autoimmune diseases, allergies, infections, and
cancer (1). Furthermore, this method reveals the basic mecha-
nisms required for the understanding of T-cell-based immuno-
therapies and the development and optimization of personalized
therapies (2). CD4* IFN-y—producing T-helper cells (TH1) and
IL-4—producing T-helper cells (TH2) are key players in organ-
specific autoimmune diseases, such as multiple sclerosis, rheu-
matoid arthritis, bronchial asthma, and insulin-dependent diabetes
mellitus (3). In addition, tumor-associated antigen-specific TH1
cells can inhibit tumor growth (2, 4-6). However, the exact mode
of action, as well as the sites of in vivo homing, proliferation, and
trafficking kinetics remain unknown for most immune cells;
therefore, noninvasive imaging tools are required to visualize
their location and trafficking patterns to enable organ-specific
temporal quantification.

WWww.pnas.org/cgi/doi/10.1073/pnas. 1418391112

For in vivo investigation of physiological lymphocyte trafficking, it
is strictly required to establish a labeling method with little or no
impairment to lymphocyte viability and functionality. One frequently
used cell-labeling compound for PET is [**Cu]Pyruvaldehyde
bis(N*-methylthiosemicarbazone) ([**Cu]PTSM), which has been
applied to mouse lymphocytes, primate stem cells, and human
dendritic cells (7-9). We recently established a [**Cu]PTSM-
labeling protocol that minimizes the harmful effects on T-cell
functions (10). Nevertheless, intracellular [**Cu]PTSM labeling
continues to impair viability and functionality as well as to induce
apoptosis/necrosis and DNA damage in TH1 cells. The use of
T-cell receptor (TCR)-specific radiolabeled monoclonal anti-
bodies (mADbs) as a label might minimize the harmful effects of
%4Cu on lymphocytes compared with [**Cu]PTSM labeling,

Our study aimed to develop a new, highly specific intracellular
labeling strategy for T cells that enables whole-body, noninvasive
in vivo T-cell tracking. We targeted the antigen-specific TCR
using radiolabeled mAbs. We labeled chicken-ovalbumin-TCR-
transgenic TH1 cells (cOVA-TCRtg-TH1) with **Cu-DOTA-
modified cOVA-TCR-specific mAbs in vitro and investigated
the endocytosis-dependent intracellular accumulation of the
mAb-TCR complex. We performed temporal and quantita-
tive PET imaging of systemically transferred and labeled

Significance

Noninvasive tracking of T cells is an important method to reveal
basic mechanisms of T-cell-based immunotherapies. Herein, to our
knowledge we show for the first time that intracellular labeling of
mouse lymphocytes for in vivo PET can be achieved by targeting
membranous T-cell receptors with specific ®*Cu-coupled antibodies
because of a continuous plasma membrane turnover. This direct-
labeling method provides impressive advantages compared with
common radioactive labeling methods, like [**Cu]PTSM or ['"'In]
oxin, with regard to minimized influences on the target cells,
while providing a high labeling stability and contrast. Thus, in
noninvasive in vivo cell-tracking PET studies, we could follow the
specific homing of T cells into inflamed tissues. Consequently, this
method is easily transferable to other immune cell populations.
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cOVA-TCRtg-TH1 cells in a mouse model of OVA-induced acute
airway delayed-type hypersensitivity reaction (DTHR) using
chicken, turkey (t), and pheasant (ph) OVA to detect cOVA-specific
T-cell homing. This labeling approach was successfully transferred to
different mouse TCRs and to the expression marker Thy1.2 to label
T cells as well as T-cell-depleted lymphocytes of the spleen.

Results

Intracellular Labeling of cOVA-TCRtg-TH1 Cells Using DOTA-Modified
and 5“Cu-Radiolabeled cOVA-TCR-Specific mAbs. To avoid the prob-
lems associated with mAbs binding to the T-cell surface, we in-
tracellularly labeled cOVA-TCRtg-THI1 cells with radiolabeled
TCR-specific [*Cu]DOTA-KJ1-26 mAbs that were incorporated
within 24 h via endocytosis of the [*Cu]DOTA-KJ1-26 mAb—
cOVA-TCR complex (Fig. 14). This approach enables the highly
specific labeling of T cells without impairing their function because
the cOVA-TCRs were re-expressed at the cell surface within 24 h.
To investigate whether the DOTA modification and **Cu radio-
labeling affected the specific binding capacity of the cOVA-TCR-
specific KJ1-26 mAbs and, consequently, the labeling efficiency, we
incubated cOVA-TCRtg-TH1 cells in vitro with commercial KJ1-26
mAbs or self-produced DOTA-modified and *Cu-radiolabeled
DOTA-KJ1-26 mAbs before a secondary FITC anti-mouse 1gG
antibody was added for FACS analysis. The KJ1-26 mAbs and
KJ1-26 mAb modifications yielded a cOVA-TCRtg-TH1 cell-
labeling efficiency of 97-98% (Fig. S14). However, the mean
fluorescence intensities (MFI), which represent the amount of
KJ1-26 mAbs bound to the surface of the cOVA-TCRtg-THI cells,
decreased to 60% after DOTA modification [48.9 + 0.3 arbitrary
units (AU)] and to 46% after **Cu radiolabeling (36.9 + 1.4 AU)
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Fig. 1. Internalization dynamic of KJ1-26 mAbs. (4) Schematic principle of the
in vitro labeling of cOVA-TCRtg-TH1 cells with cOVA-TCR-specific [¢*Cu]DOTA-
KJ1-26 mAbs. (B) FACS-quantification of cOVA-TCR expression of unlabeled
COVA-TCRtg-TH1 cells, cOVA-TCRtg-TH1 cells labeled with KJ1-26 mAbs or [5*Cu]
DOTA-KJ1-26 mAbs after 3, 24, and 48 h (mean + SD in percent; n = 4; Dunnet'’s
test with unlabeled cells as a control; ***P < 0.001). (C) Fluorescence microscopy
of [®*CulDOTA-KJ1-26 mAb-labeled cOVA-TCRtg-TH1 cells. Cryosections of
cOVA-TCRtg-TH1 cells were stained 3, 24, and 48 h after the initial labeling
procedure for_anti-mouse IgG_(green, 40x) and_CD3 _mAbs (red). Merged
acquisitions indicate the exact location of [**CulDOTA-KJ1-26 mAbs on the cell
membrane (yellow) or after internalization in the cOVA-TCRtg-TH1 cells.
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compared with the unmodified KJ1-26 mAbs, which had the highest
MFI (80.9 + 6.1) (Fig. S1B).

Cell-surface cOVA-TCR expression is mandatory for the re-
cognition of the cOVA peptides presented by MHC-II molecules
on antigen-presenting cells (APCs) within the lymphatic organs,
inflammation sites, or tumor microenvironment. Thus, we in-
vestigated the accessibility of the cOVA-specific TCR to KJ1-26
mAbs 3, 24, and 48 h after the initial 30-min labeling period with un-
modified KJ1-26 mAbs (0.8 pg) or radiolabeled [**Cu]DOTA-
KJ1-26 mAbs (0.7 MBq) to determine the cOVA-TCR turnover at
the cell surface. As expected, the accessibility/binding of cOVA-
TCR-specific KJ1-26 mAbs to the cell surface OVA-TCR was
dramatically reduced to 13.8 + 1.2% compared with unlabeled
control cells (93.7 + 2.1%) 3 h after labeling with [**Cu]DOTA-
KJ1-26 mAbs. Similar results were achieved using unmodified
KJ1-26 mAbs (Fig. 1B and Fig. S1C). Within 24 h after labeling
with [**Cu]DOTA-KJ1-26 mAbs, the accessibility/binding to
membranous cOVA-TCR recovered completely to 92.3 +2.2%
and remained stable at 48 h (91.3 + 1.2%). Unmodified KJ1-26
mADbs yielded similar results (Fig. 1B and Fig. S1C).

Confocal microscopy directly illustrated the endocytosis of
the [**Cu]DOTA-KJ1-26 mAb-cOVA-TCR complex in cOVA-
TCRtg-TH1 cells. We labeled the cells with 0.7 MBq of [**Cu]
DOTA-KJ1-26 mAbs, 0.8 pg of KJ1-26 mAbs and F(ab’), frag-
ments and then examined them for membranous CD3 antigen
expression and KJ1-26 mAbs localization (Fig. 1C and Fig. S2).
The [**Cu]DOTA-KJ1-26 mAbs colocalized with CD3 at the cell
membrane 3 h after labeling (Fig. 1C, yellow). At 24 h after
T-cell labeling, the [**Cu]DOTA-KJ1-26 mAb-cOVA-TCR com-
plex was incorporated and appeared in the cytoplasm (green),
whereas only faint [**Cu]DOTA-KJ1-26 mAbs expression was
found at the membrane (Fig. 1C, yellow). At 48 h, the [**Cu]
DOTA-KJ1-26 mAb-cOVA-TCR complex was observed only
in the cytoplasm and in a random distribution. Similar results were
observed with regard to nonradiolabeled KJ1-26 mAbs (Fig. S24)
and, most importantly, KJ1-26-F(ab’), fragments, thereby exclud-
ing an Fc-receptor—dependent mAb incorporation mechanism
(Fig. S2 B and C).

Establishment of an Optimized Protocol for the Intracellular Labeling
of cOVA-TCRtg-TH1 Cells with [**Cu]DOTA-KJ1-26 mAbs. Based on
previous studies (10) and the cOVA-TCR-specific intracellular
labeling established in the present study, we analyzed the [**Cu]
DOTA-KJ1-26 mAb—cOVA-TCR complex-labeling for its use in
subsequent in vivo PET studies and its effect on T-cell func-
tioning. Trypan blue exclusion demonstrated that low amounts of
activity (0.7 MBq) conferred only a slightly decreased cOVA-
TCRtg-TH1 cell viability to 92% at 24 h compared with unlabeled
control cells; at 48 h, the viability was reduced to 60% (Fig. 24).
Higher amounts of activity (1.5 and 2.1 MBq) impaired the cOVA-
TCRtg-TH1 viability more severely at 24 and 48 h. Furthermore,
0.8 pg of nonradiolabeled KJ1-26 mAbs, which was comparable
with the level of 0.7 MBq radiolabeled KJ1-26 mAbs, did not
impair T-cell viability (Fig. S34).

The cOVA-specific restimulation of [**Cu]DOTA-KJ1-26 mAb-
labeled cOVA-TCRtg-TH1 cells, focusing on IFN-y production at
3, 24, and 48 h after the labeling procedure, showed that the IFN-y
concentrations in the supernatants were normal at 3 and 24 h after
labeling (Fig. 2B). We observed a significantly impaired IFN-y
production 48 h after application of [**Cu]DOTA-KJ1-26 mAb
(Fig. 2B). This finding indicates that the [**Cu]DOTA-KJ1-26
mAb-labeling does not affect antigen recognition or T-cell acti-
vation up to 24 h after the labeling procedure. Labeling T cells
with nonradioactive KJ1-26 mAbs yielded similar results, further
excluding the severe effects of the applied amount of radioactivity
with regard to specific cOVA-THI cell function (Fig. S3B).

To determine the effects of [**Cu]DOTA-KJ1-26 mAbs and
[¢*Cu]PTSM-labeling on the mRNA expression patterns of
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Fig. 2. In vitro evaluation of the [64Cu]DOTA-KJ1-26 mAb-cOVA-TCR com-
plex-labeling. (A) Viability 24 and 48 h after applying 0.7, 1.5, or 2.2 MBq of
[®*CulDOTA-KJ1-26 mAbs for 30 min; unlabeled cOVA-TCRtg-TH1 cells served
as control (Dunnet'’s test; *P < 0.05; **P < 0.01; ***P < 0.001; mean + SEM;
n = 3). (B) IFN-y concentration (ng/mL) in the supernatants of stimulated
cOVA-TCRtg-TH1 cells 3, 24, or 48 h after labeling without or with 0.7, 1.5, or
2.2 MBq of [**Cu]lDOTA-KJ1-26 mAbs (Dunnet's test; *P < 0.05; **P < 0.01;
***P < 0.001; mean + SEM; n = 3). (C) Uptake after labeling with 0.7 MBq
[®*CulDOTA-KJ1-26 mAbs (n = 26) or 0.7 MBq [**CulPTSM (n = 50) in 107
cOVA-TCRtg-TH1 cells as mean + SEM in MBq. (D) Labeling stability after 5,
24, and 48 h after application of [**Cu]DOTA-KJ1-26 mAbs and [**Cu]PTSM
(n = 3-5). Data are normalized to the initial activity in cOVA-TCRtg-TH1
cells acquired immediately after the labeling procedure (student’s t test;
*P < 0.05; ***P < 0.001 mean + SEM in percent). (E) FACS-analysis of
apoptosis/necrosis induction (TMRE) 3, 24, and 48 h after labeling with 0.7
MBq of [®*Cu]DOTA-KJ1-26 mAbs or [**CulPTSM compared with an un-
labeled control (mean + SD; n = 3; student’s t test; *P < 0.05). (F) FACS
analysis for annexin V expression 3, 24, and 48 h after labeling with 0.7
MBq of [**Cu]DOTA-KJ1-26 mAbs or [**Cu]PTSM (Dunnet'’s test; *P < 0.05;
***P < 0.001; mean + SEM in percent; n = 3).

T cells, we analyzed TH1 cell-associated mediators (IFN-y, IL-
17, IL-2, TNF) and observed an up-regulation of IFN-y, IL-17,
and TNF mRNA expression 3 h after the labeling with [**Cu]
DOTA-KJ1-26 mAb (SI Results and Fig. S3C).

The sufficient and stable uptake of the [**Cu]DOTA-KJ1-26
mAb—cOVA-TCR complex is essential to enable in vivo PET cell-
tracking studies. Consequently, we examined the [**Cu]DOTA-KJ1-
26 mAbs uptake of 10’ cOVA-TCRtg-TH1 cells (the amount of T
cells injected for in vivo studies) after labeling with 7 MBq [**Cu]
DOTA-KJ1-26 mAbs compared with 10’ cOVA-TCRtg-THI cells
labeled with 7 MBq [**Cu]PTSM for 3 h of incubation time, as
previously described (10). The uptake of [*Cu]DOTA-KJ1-26
mAbs (0.09 + 0.006 MBgq) into the 10’ cOVA-TCRtg-TH1 cells was
three-times lower than that of [**Cu]PTSM (0.32 + 0.011 MBq)
(Fig. 2C). However, the [**Cu]DOTA-KJ1-26 mAb-cOVA-TCR
complex-labeling of the cOVA-TCRtg-TH1 cells yielded up to a
10-fold higher labeling stability compared with [**Cu]PTSM. Five

Griessinger et al.

hours after [**Cu]DOTA-KJ1-26 mAbs-labeling, 91.6 + 1.0% of the
%Cu remained within the cOVA-TCRtg-THI cells, 84.3 + 4.6%
after 24 h, and 74.1 + 5.7% after 48 h (Fig. 2D). The substantial
differences in the efflux between [**Cu]DOTA-KJ1-26 mAbs and
[**Cu]PTSM were observed at all investigated time points (Fig. S3D).

DNA Damage and Apoptosis/Necrosis Induction After Internalization
of the [**CulDOTA-KJ1-26 mAbs. The application of radioactive cell-
labeling compounds, such as [**Cu]PTSM and ['''In]oxine, induces
DNA damage (10). Many cell-labeling studies have neglected this
important aspect, which can result in either apoptosis or necrosis.
Radiation-induced DNA double-strand breaks can be charac-
terized via the detection of the phosphorylated histones of
the YH2AX-family using flow cytometry. Indeed, intracellular
[**Cu]DOTA-KJ1-26 mAb-cOVA-TCR complex-labeling showed
a 3.2-fold lower yYH2AX-signal in cOVA-TCRtg-TH1 cells (rela-
tive H2AX-expression: 2.8 + 0.3) (Fig. S3E) compared with
[**Cu]PTSM-labeled cOVA-TCRtg-THI (8.9 + 2.8) [pub-
lished in Griessinger et al. (10)]. Both investigations were per-
formed on the same experimental day. Next, we investigated whether
[**Cu]DOTA-KJ1-26 mAbs-labeling induces apoptosis or necrosis
in cOVA-TCRtg-TH1 cells. cOVA-TCRtg-TH1 cells were stained
with a probe for mitochondrial membrane potential, tetramethy-
Irhodamine ethyl ester (TMRE), or for annexin V expression, after
the initial labeling procedure with 0.7 MBq [**Cu]DOTA-KJ1-26
mAbs (incubation for 30 min) or [**Cu]PTSM (incubation for 3 h).
In summary, [**Cu]DOTA-KJ1-26 mAbs-labeled cOVA-TCRtg-
TH1 cells displayed constant but much lower apoptosis/necrosis
induction than [**Cu]PTSM-labeled cOVA-TCRtg-TH1 cells
over the investigation time period (Fig. 2E). The labeling with
[*Cu]DOTA-KJ1-26 mAbs caused a moderate increase in annexin
V expression already after 3 h compared with [**Cu]PTSM-labeled
cells or unlabeled controls. However, after 24 h, annexin V expres-
sion by [*Cu]DOTA-KJ1-26 mAb-labeled TH1 cells was on the
same level as observed for unlabeled controls, whereas [**Cu]PTSM-
labeling strongly enhanced annexin V expression (Fig. 2F).

Investigation of cOVA-Specific cOVA-TCRtg-TH1 Cell Homing Patterns
in OVA-Induced Airway DTHR. The in vitro optimization of the in-
tracellular [**Cu]DOTA-KJ1-26 mAb-cOVA-TCR complex-
labeling protocol revealed that the application of 0.7 MBq of
[**Cu]DOTA-KJ1-26 mAbs only minimally impaired cOVA-TCRtg-
TH1 cell functioning but loads the cells with radioactivity. We
next determined whether this protocol enables noninvasive in
vivo TH1 cell-trafficking PET studies because the stable **Cu
retention within the TH1 cells should provide an optimal signal-
to-background ratio for the in vivo detection of small TH1 cell
accumulations using PET. We injected cOVA-TCRtg-THI1 cells
immediately after [**Cu]DOTA-KJ1-26 mAbs T-cell-labeling
and examined the in vivo homing of cOVA-TCRtg-THI1 cells to
the cOVA presentation sites during cOVA-DTHR using PET.
Importantly, the cOVA-TCRtg-TH1 cells in this context respond
exclusively to OVA derived from chicken (i.e., cOVA) but do not
react to OVA derived from turkey (tOVA) or pheasant (phOVA)
OVA (11). cOVA stimulated IFN-y production in cOVA-TCRtg-
TH1 cells, but tOVA and phOVA did not (Fig. S4). To test the
specificity of the in vivo cOVA-TCRtg-TH1 cell homing to the
cOVA presentation via APCs, we induced airway DTHR in litter-
mates with cOVA, tOVA, or phOVA. A histological analysis con-
firmed that cOVA and tOVA induced a strong inflammatory
response, whereas phOVA induced only a weak airway DTHR
in the lung and perithymic lymph nodes (LNs) (Figs. S5 and
S6). To investigate the specific homing of cOVA-TCRtg-TH1
cells to the cOVA-induced inflammation site using PET, we
injected 107 [**Cu]DOTA-KJ1-26 mAb-labeled cOVA-TCRtg-
TH1 cells intraperitoneally into cOVA-, tOVA-, or phOVA-
DTHR-diseased and untreated animals and performed PET/
CT scans after 3, 24, and 48 h. No differences were observed
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with regard to cOVA-TCRtg-TH1 cell homing in the pulmo-
nary and perithymic LNs across the three OVA-immunized ex-
perimental groups after 3 h. However, the signals in the pulmonary
and perithymic LNs were higher than those in the untreated con-
trol group (Fig. 3), most likely indicating the initial unspecific in-
filtration of the cOVA-TCRtg-TH1 cells into the inflamed
pulmonary and perithymic LNs. Furthermore, the [*Cu]DOTA-
KJ1-26 mAbs might still have blocked the recognition of the
cOVA-antigen by cOVA-TCRtg-TH1 cells 3 h after labeling.
However, cOVA-TCRtg-TH1 cells were only enriched in the
peptide-presenting lymphatic structures of the cOVA-immunized
mice after 24 and 48 h. In particular, we detected 1.8- and 1.6-fold
increases in cOVA-TCRtg-TH1 cell homing within the pulmonary
LNs of cOVA-DTHR-diseased mice compared with their un-
treated littermates at 24 and 48 h, respectively (48 h: cOVA-
DTHR 10.6 + 1.3%ID/cm’ vs. 6.5 + 0.9%ID/cm’, untreated; P =
0.0210) (Fig. 3.4 and C). [**Cu]DOTA-KJ1-26 mAbs-labeled cells
could be exclusively identified by immunhistochemistry in peri-
bronchal and subpleural areas of the lung of cOVA-diseased ani-
mals (Fig. S7). Similar cOVA-specific cOVA-TCRtg-TH1 cell
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Fig. 3. The detection of the specific homing of [**Cu]DOTA-KJ1-26 mAb—cOVA-
TCR complex-labeled cOVA-TCRtg-TH1 cells in cOVA-DTHR-diseased animals. (A
and B) PET/CT scans of the cOVA-TCRtg-TH1 cells in the pulmonary and peri-
thymic LNs (white arrows) 3, 24, and 48 h after intrapteritoneal transfer into
cOVA-, tOVA-, or phOVA-DTHR—diseased and untreated animals. (C and D) En-
hanced homing of cOVA-TCRtg-TH1 cells was observed in the pulmonary and
perithymic LNs of cOVA-DTHR-diseased animals after 24 and 48 h, whereas no
differences_were detected between tOVA, phOVA and untreated animals
(mean + SEM in %ID/cm®; Dunnet’s test with “untreated” as control; *P < 0.05;
COVA-DTHR n = 18, tOVA-DTHR n = 6, phOVA-DTHR n = 6, untreated n = 11).
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homing patterns were observed in the perithymic LNs. At 24 h
after the administration of cOVA-TCRtg-TH1 cells, cOVA-
DTHR-diseased animals showed 1.4-times more homing in the
perithymic LNs than in the untreated mice (cOVA-DTHR 12.4 +
1.2%ID/cm’; untreated 9.1 + 1.4%ID/cm’; P = 0.0448) (Fig. 3 B
and D). Importantly, the signals (%ID/cm?) in the pulmonary and
perithymic LNs of the tOVA- and phOVA-DTHR-diseased ani-
mals had similar ranges to those observed in untreated animals 24
and 48 h after cOVA-TCRtg-THI1 cell injection (Fig. 3).

In a second in vivo approach, [**Cu]DOTA-KJ1-26 mAbs-
labeled cOVA-TCRtg-TH1 cells were cultured for additional 24 h
after the initial labeling procedure to enable the re-expression of
the OVA-TCR. In PET/CT studies we were able to track and
quantifiy the cOVA-TCRtg-TH1 cell homing for only 24 h (S
Results and Fig. S8 A-D).

Transfer of the [®*Cu]lDOTA mAbs-Based Labeling-Method to Large
T-Antigen-Specific Th1 Cells and Alternative Immune Cells. To visual-
ize T-cell homing to self-antigens using the mAb-based labeling
approach, we used a mouse model for endogenous f-cell carcino-
mas, in which all p-cells of the pancreas express the large T-antigen
(Tag2) under control of the rat insulin promotor 1 (RIP1) (4, 6, 12).
In the RIP1-Tag2 animal model, the Tag2-antigen represents the
self-antigen, which underlies the tolerance of the host immune
system. Thus, fully established p-cell carcinomas show no infiltration
of B and T cells (6). We have established a successful Tag2-Th1
cell-based immunotherapy of RIP1-Tag2 mice (4, 6) which doubles
the life span of RIP1-Tag2 mice. We used Tag2-T-cell receptor
transgenic mice (Tag2-TCRtg) as the source of therapeutic Tag2-
TH1 cells (IFN-y—producing CD4* T cells) (4) and labeled the
Tag2-TCRtg-THI cells with a [**Cu]DOTA-modified Tag2-TCR-
specific mAb 9HS5.1 (13). We confirmed the re-expression of Tag2-
TCR (Fig. S8E) and internalization of 9HS5.1 mAbs within 24 h after
labeling (Fig. 44). We were able to visualize the homing of 107
intraperitoneally transferred Tag2-TH1 cells into the pancreatic
area (Fig. 4B) and into the perithymic LNs, the first homing site of
intraperitoneally administered T cells (Fig. 4C) within 24 h (10).

To label T cells and B cells (T-cell-depleted lymphocytes of the
spleen), we used the mAbs specific for mouse Thyl.2 (clone: 53—
2.1). We were able to successfully demonstrate the internalization
process of the applied mAbs into different immune cell populations
within 24 h after labeling (Fig. 4D). Thus, radiolabeled mAbs should
enable intracellular labeling of immune cells for in vivo PET cell-
tracking studies, because internalization dynamics correspond with
the observations made for cOVA-TCRtg-TH1 cells.

Discussion

Recently, cell migration visualization has gained increasing in-
terest with regard to cellular immunotherapy and stem cell
transplantation. Thus, novel labeling strategies for different im-
aging modalities should meet several requirements, such as re-
duced side effects to target cells, high intracellular retention, the
possibility of long tracking periods, and easy transfer to clinical
practice. We developed a new specific and direct intracellular
labeling strategy for mouse T cells by applying TCR-specific mAbs
that are internalized in the cells via endocytosis within 24 h. Be-
cause of the high regular turnover rate of the TCR and the sub-
sequent expression of free TCR molecules on the cell membrane,
TCR internalization enables intracellular labeling of T cells (14,
15). Intracellular labeling via the application of radiolabeled mAbs
provides a low efflux of the label and, consequently, a high in vivo
signal-to-background contrast among PET studies. Furthermore,
the internalization of the mAb-TCR complex avoids host immune
reactions that might be induced by mAbs on the outer cell surface.
As a consequence of cell-surface labeling, antibody-induced im-
mune reactions could be mediated by the mAb directly, the
complement system, or immune cells with Fc-receptors, leading to
the destruction of the labeled cells after adoptive transfer (16).
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Fig. 4. Application of mAbs-based antibody labeling to other TCRtg-T cells
and immune cell types. (A) Fluorescence microscopy of 9H5.1-labeled Tag2-
TCRtg-TH1 cells. Cryosections of Tag2-TCRtg-TH1 cells were stained 3, 24, and
48 h after the initial labeling procedure for anti-mouse 1gG (red, 40x) and CD3
(green). (B and C) In vivo PET/CT 24 h after injection of 107 [**Cu]DOTA-9H5.1
mAbs-labeled Tag2-TCRtg-TH1 cells in a RIP1-Tag2 mouse. Tag2-TCRtg-TH1
cells home to the pancreatic area and to administration-specific homing sites
(perithymic LN). (D) Fluorescence microscopy of the internalization of 53-2.1
mADbs in Thy1.2* cOVA-TCRtg-TH1 cells (Upper) and T-cell-depleted lympho-
cytes of the spleen (Lower, mainly B cells). Cryosections of Tag2-TCRtg-TH1 and
B cells were stained 3, 24, and 48 h after the initial labeling procedure for anti-
rat 19G (red, 40x) and CD3 (T cells, green) or phalloidin (B cells, green).

In our labelin% approach we applied 0.7 MBq (0.8 pg) of cOVA-
TCR-specific [**Cu]DOTA-KJ1-26 mAbs per 10° cOVA-TCRtg-
THI cells for only 30 min, ensuring a sufficient uptake of **Cu (Fig.
2C) and labeling stability via the internalization of the [**Cu]DOTA-
KJ1-26 mAbs within 24 h. In contrast, other radiotracers used for
cell labeling, such as [**Cu]PTSM, ['''In]oxine, or ['*F]FDG, show
a significantly lower intracellular trapping stability (7, 10, 17). This
high trapping stability enables the use of less activity combined
with a short exposure time, thereby preventing cell damage while
still yielding quantitative, high-quality, low-noise PET images.

Although the application of [**Cu]DOTA-KJ1-26 mAbs limits
the accessibility of the cOVA-TCR for antibody binding after
3 h, antigen recognition was possible, as shown by the cOVA-spe-
cific IFN-y production of cOVA-TCRtg-TH1 cells after activation
with cOVA and APC. In contrast to [**Cu]PTSM-labeling, the
cOVA-specific [FN-y production was not inhibited within the first
24 h after labeling with different amounts of activity. Rather, we
assume that the binding of [*Cu]DOTA-KJ1-26 mAbs to the
cOVA-TCRtg-TH1 cells induces cell activation via TCR signaling.
This assumption is supported by the enhanced IFN-y, IL-17, and
TNF mRNA-expression 3 h after labeling with [*Cu]DOTA-KJ1-
26 mAbs. Our in vitro data on viability, functionality and apoptosis
do not support the potential of activation-induced cell death within
48 h. A possible advantage of the activation induced cell death is
a reduced risk for overwhelming autoinflammatory reactions (18).
In addition, because of the activation-induced cell death, the labeled
T cells could lose their therapeutic efficiency over time which can be
avoided by coinjection of unlabeled cells|along with the labeled cells.

Griessinger et al.

Yudushkin and Vale demonstrated that internalized TCRs are
associated with the endosomal compartment in the cytoplasm
(19). The slow accumulation dynamics of the mAbs into the cell
might explain the less-severe damage to the cOVA-TCRtg-TH1
cells compared with [**Cu]PTSM-labeling, in which **Cu accu-
mulates rapidly in the cell nucleus (10). The delayed accumula-
tion of the radioactive ®*Cu in the T cells might also explain the
reduced induction of DNA damage, annexin expression, and apo-
ptosis/necrosis compared with [**Cu]PTSM-labeling. Because of
the radiolysis of the mAbs (20), free **Cu might also have accu-
mulated in the cell nucleus but to a much lesser extent than [**Cu]
PTSM. Furthermore, the radioactivity and the Cu itself might be
capable of inducing DNA damage and apoptosis (21-23).

The uptake in 10’ OVA-THI cells after the application of 7
MBq of [**Cu]DOTA-KJ1-26 mAbs for labeling was sufficient but
relatively low. However, the high sensitivity of PET enabled the in
vivo detection and quantification of the homing sites of adoptively
transferred cOVA-TCRtg-TH1 cells. In addition to the manifold
advantages of the in vitro labeling strategy compared with [**Cu]
PTSM, we observed additional improvements with regard to the in
vivo migration studies. Because of the high labeling stability,
yielding a low background signal in imaging studies, of the [64Cu]
DOTA-KJ1-26 mAb-cOVA-TCR complex-labeling, we were able
to demonstrate an increased cOVA-specific homing of cOVA-
TCRtg-THI cells to the inflamed pulmonary and perithymic LNs
of mice diseased with cOVA-DTHR, but not those with phOVA-
or tOVA-induced airway DTHR, 24 h and 48 h after injection.

The cOVA-TCRtg-TH1 cell homing in animals with a strong
airway DTHR after treatment with tOVA and a low airway
DTHR after treatment with phOVA was similar to that in un-
treated animals after 24 and 48 h. We did not observe specific
homing patterns 3 h after the injection of cOVA-TCRtg-TH1
cells, most likely because of the limited accessibility to the
cOVA-TCR because of the binding of the [**Cu]DOTA-KJ1-26
mAbs. The addition of a 24-h culture period after labeling to
facilitate the re-expression of the cOVA-TCR might increase the
sensitivity but limit the tracking period to 24 h.

Most importantly, we were able to successfully transfer our la-
beling mAb approach to another T-cell model, in which we labeled
Tag2-TCRtg-THI cells with [**Cu]DOTA-9H5.1 mAbs. In RIP1-
Tag?2 mice we could follow the homing of the Tag2-TCRtg-TH1
cells to the pancreatic area. This result confirms previous findings of
Miiller-Hermelink et al. (4). These authors could successfully detect
DiD-fluorescence labeled Tag2-TCRtg-TH1 cells at the Tag2-
expressing p-cell carcinomas by optical imaging (4). Furthermore,
we showed the internalization of the mAb 53-2.1, specific for anti-
mouse Thyl.2, into cOVA-TCRtg-THI1 cells, as well as T-cell-de-
pleted lymphocytes of the spleen. These results indicate that the
mAD-based labeling of immune cells is easily transferable to target
different membrane markers with a high turnover rate.

Our new labeling approach for PET imaging provides shorter
labeling (30 min) and measurement times (20 min) with a high
sensitivity to track cells after systemic transfer compared with
MRI/NMR cytometry approaches. A detailed comparison of our
new mAb-based labeling approach with established MRI/NMR
and reporter gene approaches with a focus on advantages and
drawbacks of each labeling method is given SI Discussion.
Briefly, the use of mAbs was successfully established as in vitro
cell-labeling approach for cell tracking using MRI (24, 25).
Ahrens et al. labeled dendritic cells intracellular with super
paramagnetic iron oxide nanoparticle-coupled CD11c-mAb and
were able to monitor dendritic cells in vivo for 24 h after in-
tramuscular injection (24). However, the transferred cells could
be only detected at the injection site and not systemically. Bulte
et al. labeled a transferrin-specific mAb with an MR-contrast
agent and detected oligodendrocyte progenitor cells in the spinal
cord of myelin deficient rats ex vivo by MRI (25).
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An optimization of our cell-labeling approach might involve
mADb fragments (26, 27), which carry fewer radionuclides, and
thus induce less damage to their target cells. Furthermore, the
missing Fc-part of the mAbs would likely prevent the Fc-
receptor-mediated cellular cytotoxicity in vivo, thereby increasing
the safety of a possible clinical translation. The successful use of
mAb fragments to detect immune cells in vivo was shown in the
study by Tavaré et al. (27). The authors generated **Cu-labeled
anti-CD8 antibody fragments to detect CD8" T cells in lymphatic
structures in immune competent mice. The missing Fc-part did
not lead to depletion of the CD8" cells in vivo because of pre-
vention of an Fc-receptor mediated immune response (27).

Our T-cell-labeling approach can be easily transferred to a
clinical setting. The use of mAbs specific for the o/f-chains of the
human TCR or CD45 could provide enormous flexibility to label T
cells as well as immune cells of hematopoietic origin. However,
specifically targeting a subpopulation of cells is not possible using
CD45 mAbs. Thus, we decided to pursue the TCR-specific ap-
proach to specifically label T cells.

In conclusion, the present study is, to our knowledge, the first to
show that the direct intracellular labeling of T cells with radio-
labeled mAbs directed against the TCR enables noninvasive PET
cell-tracking studies. Furthermore, we demonstrated the essential
advantages of this approach compared with common cell-labeling
techniques using [*Cu]PTSM or MRI labels via the induction of less
damage to the cells. This approach provides a higher detection
sensitivity in vivo, even for systemic cell-tracking studies because of
the higher retention of the label that results in low, unspecific
background signals and enables the use of less activity for quanti-
tative imaging studies. Comprehensive imaging studies using mouse
models of airway DTHR have demonstrated the feasibility of
monitoring and quantifying disease-specific temporal cell trafficking
via in vivo PET. This labeling strategy offers enormous possibilities
and can be easily transferred to other target cells, such as stem and
immune cells using radionuclide-modified mAbs directed against cell
surface-specific markers with a high cell membrane turnover rate.

Materials and Methods

Detailed methods and experimental procedures including antibody isolation
and radiolabeling, T-cell culture and labeling, PET/CT measurements, flow
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cytometry, and histology are described in detail in the Supporting In-
formation. All experiments were performed according to the animal use and
care protocols of the German Animal Protection Law and approved by the
Regierungsprasidium Tubingen.

TH1 Cell-Labeling Procedure Using [**Cu]DOTA-KJ1-26 mAbs. For the TH1 cell-
labeling procedure, 10° cOVA-TCRtg-TH1 cells were dispersed on 48-well
plates in 0.5 mL of medium. Subsequently, we added 0.7 MBq (approx.
0.8 ug) of [**Cu]DOTA-KJ1-26 mAbs in 20 pL per well for 30 min. For additional
in vitro evaluation, we incubated cOVA-TCRtg-TH1 cells with 1.5 (1.6 pg) and
2.2 MBq (2.4 pg) of [**Cu]DOTA-KJ1-26 mAbs. As a control, we incubated
cOVA-TCRtg-TH1 cells with respective concentrations of KJ1-26 mAbs (0.8,
1.6 and 2.4 pg) for 30 min. The cells were washed twice, resuspended in
PBS, and the cell numbers (107 OVA-TCRtg-Th1 cells) were adjusted for
intraperitoneal transfer into the diseased animals or prepared for in vitro
investigation. In total, 10’ cOVA-TCRtg-TH1 cells were labeled in 7 MBq of
[¢*Cu]DOTA-KJ1-26 mAbs. In a separate approach, cOVA-TCRtg-TH1 cells
were cultured for an additional 24 h to enable the expression of free cOVA-
TCR on the cell membrane. They were then adoptively transferred into the
experimental animals. For some comparative studies, COVA-TCRtg-TH1 cells
were labeled with 0.7 MBq [®4Cu]PTSM for 3 h, as described previously (10).

In Vivo Imaging Using PET/CT. Experimental mice were anesthetized with 1.5%
isoflurane (Vetland) in 100% oxygen (flow: 0.7 L/min) in a temperature-controlled
anesthesia box. Then, 107 [**Cu]DOTA-KJ1-26 mAb—cOVA-TCR complex-labeled
cOVA-TCRtg-TH1 cells in 200 pL of PBS were transferred intraperitoneally
into cOVA, tOVA, or phOVA-DTHR-diseased and untreated animals. Twenty-
minute static PET scans were acquired using a small-animal Inveon microPET
scanner (Siemens Medical Solutions). PET scans were performed 3, 24, and 48 h
after the intraperitoneal transfer of [*CulDOTA-KJ1-26 mAb—OVA-TCR com-
plex-labeled cOVA-TCRtg-TH1 cells. We also transferred 10’ cOVA-TCRtg-TH1
cells that were incubated for another 24 h after the initial labeling procedure
into cOVA-DTHR—-diseased and untreated mice and performed PET/CT scans 3
and 24 h after adoptive cell transfer.
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