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Abstract: Imaging of immunotherapy targets using positron emission tomography (PET) can allow for noninvasive 
monitoring of their dynamic expression and may allow for patient stratification in the future. Therefore, two tracers 
targeting CTLA-4, one a full antibody and the other a F(ab’)2 fragment, were radiolabeled with 64Cu and validated 
in humanized mouse models. Ipilimumab was digested to develop ipilimumab-F(ab’)2, and both the intact antibody 
and the fragment were conjugated with NOTA to chelate 64Cu for PET. The tracers were administered to both control 
NBSGW mice and humanized mice (PBL mice, engrafted with human peripheral blood lymphocytes), and PET was 
conducted out to 48 h post-injection. PET region-of-interest analysis, ex vivo biodistribution studies, and tissue stain-
ing were used to confirm that the tracers specifically accumulated in CTLA-4+ tissues. Following injection of tracers 
(n = 3-5 per group), specific uptake was noted in the salivary gland tissues of the humanized mice. This uptake, a 
result of graft-versus-host disease onset, was proven to be due to human T-cells through staining of the tissues for 
human CD3 and CTLA-4. 64Cu-NOTA-ipilimumab demonstrated the highest absolute uptake in the salivary glands of 
PBL mice, peaking at 7.00 ± 2.19 %ID/g. In contrast, 64Cu-NOTA-ipilimumab-F(ab’)2 uptake was 2.40 ± 0.86 %ID/g 
at the same time point. However, the F(ab’)2 agent cleared from circulation more quickly than the intact antibody, 
providing higher salivary gland-to-blood ratios, which reached 1.78 ± 0.72 at 48 h post-injection, compared to 64Cu-
NOTA-ipilimumab at 1.19 ± 0.49. Uptake of the tracers in the salivary glands of control mice, and the nonspecific 
tracer in the PBL mice, was lower at all time points as well. PET imaging with both 64Cu-NOTA-ipilimumab and 64Cu-
NOTA-ipilimumab-F(ab’)2 was able to localize CTLA-4+ tissues. These tracers may thus help elucidate the mecha-
nisms of response to CTLA-4-targeted checkpoint immunotherapy treatments.
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Introduction

Checkpoint immunotherapy treatments have 
been gaining traction in recent years, with the 
increase in new approvals coming from the US 
Food and Drug Administration (FDA) indicating 
their promise for cancer patients [1, 2]. By 
interfering with the so-called “immune check-
points” within the body which allow tumors to 
escape immune surveillance, these antibody-
based treatments have led to durable respons-
es for patients with a number of cancer types. 

The first such treatment, employing ipilimumab 
(Yervoy, Bristol-Myers Squibb) received initial 
FDA approval in 2011 for late-stage melanoma 
patients [3, 4]. Its approval has subsequently 
been widened to include other populations of 
melanoma patients as well, targeting the CTLA-
4 pathway.

For T-cell activation to occur, a number of steps 
must take place. First, antigens on antigen-pre-
senting cells (APCs) are bound to T-cells in com-
bination with MHC I or II complexes. In order for 
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T-cells to become activated, however, a costim-
ulatory signal is required: B7 molecules found 
on APCs must also bind to CD28 receptors on 
T-cells. When this happens, an inhibitory path-
way is also activated, causing expression of 
CTLA-4 on the surface of T-cells, which in turn 
competitively inhibits binding of B7/CD28 [5]. 
In normal situations, this regulates immune 
responses to prevent overstimulation. However, 
this same inhibition can allow tumors to grow 
outside of immune control. The importance of 
the Fc effector function has also recently been 
made clear for treatments targeting the CTLA-4 
pathway [6, 7]. Therefore, interfering with this 
CTLA-4 pathway, as is done with ipilimumab, 
can allow re-activation of an immune response 
against cancerous cells.

Throughout phase II studies with ipilimumab, 
four-year overall survival rates in melanoma 
patients ranged from 13.8% to 49.5% [8-10]. 
This is an incredible increase over previous 
treatments, in which one-year survival rates for 
stage IV patients is near 25%. While treatment 
with ipilimumab has thus shown immense 
promise, still, only a subpopulation of patients 
respond, and over 80% of patients on ipilim-
umab experience some sort of drug-related 
adverse event [5]. There is therefore a great 
need to identify patients who may respond, and 
thus save non-responders from potentially life-
threatening side effects and ineffective treat-
ment [11].

To this end, molecular imaging strategies have 
been tested as means to track CTLA-4+ cells in 
a number of studies [12, 13]. However, to date, 
these studies have either explored the expres-
sion of CTLA-4 by tumor cells themselves, or 
have employed fully murine models. We there-
fore herein present the radiolabeling of ipilim-
umab and a F(ab’)2 fragment of ipilimumab with 
positron-emitting 64Cu (t1/2:12.7 h) for PET 
imaging of human CTLA-4+ T-cells in human-
ized mouse models. These agents show prom-
ise for tracking activated T-cell populations, 
potentially allowing stratification of patients 
based on uptake of the tracer in the future.

Materials and methods

Mouse models

All procedures performed in studies involving 
animals were in accordance with the ethical 
standards of the University of Wisconsin-Ma- 

dison, and conducted under an approved ani-
mal protocol by the Institutional Animal Care 
and Use Committee. The Humanized Mouse 
Core at the University of Wisconsin-Madison 
provided the humanized mice for this study. 
Briefly, non-irradiated NOD,B6.SCID Il2rγ-/-

KitW41/W41 (NBSGW) mice were engrafted with 
human peripheral blood mononuclear cells and 
monitored via blood draws and flow cytometry 
for successful engraftment [14]. These human-
ized mice are designated as PBL (peripheral 
blood lymphocytes) mice. NBSGW mice not 
engrafted with human cells were used as 
controls.

F(ab’)2 fragment generation

Ipilimumab F(ab’)2 fragmentation was complet-
ed using the IdeS protease (Promega) following 
the manufacturer’s protocol to remove the Fc 
portion from ipilimumab. In short, the antibody 
was purified into 1X PBS and then incubated 
with the IdeS protease for 1 h at 37°C. To purify 
the digested sample, MagneTM Protein A beads 
(Promega) were incubated with the solution for 
1 h in an end-over-end mixer at room tempera-
ture. The magnetic beads and bound Fc por-
tions were removed and discarded. The super-
natant (containing F(ab’)2 fragments) was saved 
for analysis and further studies. 

To verify the digestion product identity and pu- 
rity, polyacrylamide gel electrophoresis (PAGE) 
was run using a standard protocol. Into each 
well, 30 µg of protein (either digestion products 
or pure antibody) was loaded along with loading 
dye. The gel was then run at 120 V for 1 h at 
4°C. After rinsing, the gel was incubated with 
Coomassie blue dye for 1.5 h, rinsed, and 
imaged using a gel imaging system.

Flow cytometry studies

Cryopreserved peripheral blood mononuclear 
cells (PBMCs) were thawed, rinsed in HBSS, 
and incubated in RPMI 1640 containing 10% 
human AB serum, 200 U/mL Pen/Strep, 1% 
NaPyr, 50 µM β-MeOH, and 2.5 µg/mL Phy- 
tohaemagglutinin (PHA) to activate T-cells and 
induce expression of CTLA-4. After 72 h cells 
were collected, rinsed in FACS wash buffer 
(PBS + 3% FCS + 1 mM EDTA), stained with 
Ipilimumab-FITC, Ipilimumab-F(ab’)2-FITC, or 
IgG isotype control for 30 min at 4°C, and ana-
lyzed by flow cytometry using a BD LSR 
Fortessa. Histogram overlay was made using 
FlowJo 10.5.3.
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NOTA conjugation and radiolabeling

Both ipilimumab and ipilimumab-F(ab’)2 were 
prepared for radiolabeling with 64Cu through 
conjugation of 2-S-(4-Isothiocyanatobenzyl)-
1,4,7-triazacyclononane-1,4,7-triacetic acid (p- 
SCN-Bn-NOTA) using standard procedures [15]. 
Antibody solutions were adjusted to pH = 8-9, 
and reacted with NOTA at a ratio of 1:10 
antibody:chelator for 1 h at room temperature. 
PD-10 columns (GE Healthcare) were then used 
to remove excess NOTA from solution. Protein 
concentrations were measured using a Na- 
noDrop system (ThermoFisher). Similar tech-
niques were employed to generate NOTA-IgG  
(a nonspecific human isotype control tracer, 
Invitrogen).

For radiolabeling, NOTA-ipilimumab, NOTA-ipi- 
limumab-F(ab’)2, and NOTA-IgG were incubated 
with 64CuCl2 in sodium acetate buffer at a ratio 
of 30 µg protein to 37 MBq of 64Cu and allowed 
to react for 1 h at 37°C under constant shak-
ing. The samples were purified using PD-10 col-
umns and prepared for injection through dilu-
tion in PBS 1X.

PET imaging

PBL or NBSGW mice were each intravenously 
injected with 8-15 MBq of 64Cu-NOTA-ipilimu- 
mab, 64Cu-NOTA-ipilimumab-F(ab’)2, or 64Cu- 
NOTA-IgG prior to longitudinal PET imaging (3-5 
mice per group, 7-12 µg protein). Scans of 20 
million counts per mouse were obtained using 
an Inveon PET/CT scanner (Siemens) at 0.5, 3, 
12, 24, and 48 h post-injection and recon-
structed using the 3D ordered subsets expec-
tation maximization protocol. Quantification of 
regions-of-interest was performed using the 
Inveon Research Workspace software and data 
is presented as percentage of injected dose 
per gram of tissue (%ID/g).

Biodistribution studies

After the final imaging time point, mice were 
euthanized via CO2 asphyxiation. Major organs 
were excised, wet-weighed, and their radioac-
tive contents were measured using an auto-
mated gamma counter (PerkinElmer). Biodis- 
tribution data is also presented as %ID/g.

Immunofluorescence staining

The salivary gland tissues were removed from 
both PBL and NBSGW mice and embedded in 

Optimal Cutting Temperature Compound (Sa- 
kura Finetek) and frozen. Tissue sections of 10 
µm thickness were then stained using previ-
ously-reported procedures [12, 16]. The pres-
ence of human T-cells in this tissue was verified 
through staining of both human CTLA-4 (goat 
anti-human antibody, R&D Systems) and CD3 
(rabbit anti-human, Biolegend) and the appro-
priate secondary antibodies. 

To verify that the binding properties of the 
intact antibody (i.e. ipilimumab) and the F(ab’)2 
fragment were similar, and that conjugation 
with the chelator (approximated here by the 
identical binding mechanism of the dye) did not 
impact binding, each was conjugated with fluo-
rescein using standard procedures [17]. The 
purified, conjugated antibodies were then incu-
bated with PBL salivary gland tissue slides  
at 4°C for 5 hours, washed, and the slides  
were mounted with DAPI-containing hard mo- 
unt (Santa Cruz Biotechnology). The slides  
were imaged with a Nikon A1RS confocal 
microscope.

Dosimetric evaluation

To evaluate the future clinical safety of both 
tracers, dosimetric extrapolation to an adult 
human female was conducted using OLINDA/
EXM [18, 19]. 

Statistical analysis

All data are presented as mean ± standard 
deviation. Comparisons between groups (such 
as from PET ROI and biodistribution analyses) 
were made using the Student t-test, where 
p-values less than 0.05 were considered statis-
tically significant. 

Results

CTLA-4+ T-cells localize to salivary glands

From our previous experience with PBL mice 
[19, 20], we expected significant infiltration of 
engrafted human immune cells in the salivary 
glands of the PBL mice as a result of graft-ver-
sus-host disease onset [21]. By staining PBL 
salivary gland tissue slides for both human CD3 
and CTLA-4, we were able to verify that human 
T-cells were indeed localized in this tissue, evi-
denced by co-staining of the two markers. As 
seen in Figure 1A, infiltration was also hetero-
geneous, and not all infiltrating T-cells (CD3+ 
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staining) were also CTLA-4+. No staining of CD3 
or CTLA-4 was noted in NBSGW tissues. 

F(ab’)2 of ipilimumab was successfully gener-
ated and tracer binding verified

Ipilimumab was digested using the Promega 
IdeS protease. To verify the digestion and puri-
fication, PAGE was performed. The full antibody 
localized near 150 kDa, while the F(ab’)2 frag-
ment was near 110 kDa. No band at 150 kDa 
was seen in the F(ab’)2 lane, meaning the diges-
tion was complete; additionally, there was mini-
mal evidence of the Fc fragment in the F(ab’)2 
sample as well.

To verify the binding of both ipilimumab and 
ipilimumab-F(ab’)2, each agent was conjugated 
with fluorescein (both to allow visualization and 
to serve as a surrogate for the presence of 
NOTA) and staining was performed on salivary 

gland tissues (Figure 1B). Both tracers dis-
played binding that was similar to that of the 
commercial CTLA-4 antibody used in the CD3 
and CTLA-4 co-staining, proving that both trac-
ers retain their specificity even in the presence 
of conjugated dye (or NOTA).

For a more quantitative measure of binding, 
flow cytometry was employed. The fluorescein-
conjugated agents were once again employed, 
as seen Figure 1C. Shown are the mean fluo-
rescent intensities of fluorescein on living lym-
phocytes (as selected by size) from each of the 
three conditions. These results demonstrate 
that, when used on the same cells, both ipilim-
umab and ipilimumab-F(ab’)2 display higher 
intensities than the control tracer, indicating 
greater binding affinity, evidenced by the longer 
tail regions of the histogram plot and signifi-
cantly higher mean fluorescence intensities 
(Figure 1D).

Figure 1. In vitro studies. (A) Salivary gland tissues contain infiltrating human T-cells, as evidenced through co-
staining of human CD3 and CTLA-4. (B) Intact ipilimumab and ipilimumab-F(ab’)2 retain their binding specificity to 
CTLA-4+ tissues. Scale bar (A) 20 µm, (B) 10 µm. (C) Results of flow cytometry binding assay with human PBMCs 
indicate higher binding of the targeted over nontargeted agent. (D) Significantly higher binding of ipilimumab and 
ipilimumab-F(ab’)2 to PBMCs is verified through quantitative mean fluorescence intensity analysis of flow results. 
**P<0.05.
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Figure 2. 64Cu-NOTA-Ipilimumab PET. PET imaging of 64Cu-NOTA-ipilimumab in humanized (PBL) and control (NBSGW) 
mice. Salivary glands (sites of T-cell infiltration) are outlined by red dashed circles. Maximum intensity projection 
(MIP) images are shown, representative of 3-5 mice per group.

PET imaging localizes CTLA-4+ human T-cells

Three tracers were investigated in the PBL 
mice: 64Cu-NOTA-ipilimumab, 64Cu-NOTA-ipilimu- 
mab-F(ab’)2, and 64Cu-NOTA-IgG, while two trac-
ers were also studied in control NBSGW mice: 
64Cu-NOTA-ipilimumab and 64Cu-NOTA-ipilimu- 
mab-F(ab’)2.

The clearance patterns of the tracers were well-
visualized in the PET imaging (Figures 2-4). For 

the full antibody-based tracers (64Cu-NOTA-
ipilimumab and 64Cu-NOTA-IgG), this clearance 
mainly proceeded through the hepatobiliary 
pathway, evidenced through high liver uptake 
which slowly decreased over time (between 10 
and 20 %ID/g in PBL mice). The F(ab’)2 tracer 
was excreted through renal clearance, visual-
ized by notable kidney and urinary bladder 
accumulation (kidneys: 10-30 %ID/g through-
out the study).
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Figure 3. 64Cu-NOTA-Ipilimumab-F(ab’)2 PET. PET imaging of 64Cu-NOTA-ipilimumab-F(ab’)2 in humanized (PBL) and 
control (NBSGW) mice. Salivary glands (sites of T-cell infiltration) are outlined by red dashed circles. Maximum in-
tensity projection (MIP) images are shown, representative of 3-5 mice per group.

The salivary glands served as a site for localiza-
tion of human T-cells. In PBL mice (n = 3-5), the 
highest salivary gland uptake was found follow-
ing injection of 64Cu-NOTA-ipilimumab at 24 h 
post-injection at 7.00 ± 2.19 %ID/g. The sali-
vary gland uptake of 64Cu-NOTA-ipilimumab-
F(ab’)2 was highest immediately after injection, 
but was also 2.40 ± 0.86 %ID/g at the 24 h 
scan. The control tracer, 64Cu-NOTA-IgG, dis-
played uptake of 4.2 ± 0.6 %ID/g at the same 
time point as well. In the control NBSGW mice, 

64Cu-NOTA-ipilimumab uptake at 24 h in the 
salivary glands was at 4.60 ± 0.10 %ID/g, while 
64Cu-NOTA-ipilimumab-F(ab’)2 was 1.05 ± 0.11 
%ID/g. At the 24 h scan, the salivary gland 
uptake of 64Cu-NOTA-ipilimumab was signifi-
cantly (p<0.05) higher than all groups, except 
for 64Cu-NOTA-IgG in PBL mice (Figure 5A).

While the absolute uptake of the F(ab’)2 tracers 
was much lower in the salivary glands when 
compared to their full antibody counterparts, 
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Figure 4. 64Cu-NOTA-IgG PET. PET imaging of 64Cu-NOTA-IgG (a nonspecific human control full-length antibody) in 
humanized (PBL) mice. Salivary glands (sites of T-cell infiltration) are outlined by red dashed circles. Maximum 
intensity projection (MIP) images are shown, representative of 3 mice per group.

the quick clearance of this tracer enabled high-
er contrast to be achieved, and at earlier time 
points. This is evidenced by the salivary gland - 
to - blood ratios (Figure 5B). In the PBL mice, 
64Cu-NOTA-ipilimumab-F(ab’)2 had the highest 
ratio of 1.78 ± 0.72 at 48 h post-injection, fol-
lowed by 64Cu-NOTA-ipilimumab at 1.19 ± 0.49, 
and 64Cu-NOTA-IgG at 0.34 ± 0.08 (n = 3-5). 
The ratios were lower in the control NBSGW 

mice: 0.82 ± 0.11 for 64Cu-NOTA-ipilimumab-
F(ab’)2 and 0.77 ± 0.19 for 64Cu-NOTA-ipilimu- 
mab. 

Biodistribution studies validate PET quantifica-
tion

The trends found through quantification of PET 
regions-of-interest were corroborated through 

Figure 5. Quantification of PET imaging. (A) Absolute uptake of the respective tracers in the salivary glands. (B) The 
salivary gland - to - blood ratio indicates the higher contrast achieved with the F(ab’)2 tracer.
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%ID/g. This was followed by 
64Cu-NOTA-ipilimumab in NB- 
SGW mice at 5.53 ± 0.18 
%ID/g, 64Cu-NOTA-IgG in PBL 
mice at 3.43 ± 0.28 %ID/g, 
64Cu-NOTA-ipilimumab-F(ab’)2 
in PBL mice at 1.53 ± 0.65 
%ID/g, and 64Cu-NOTA-ipilimu- 
mab-F(ab’)2 in NBSGW mice 
at 0.87 ± 0.19 %ID/g.

With the F(ab’)2 tracer, the 
uptake of the tracer in most 
other organs was compara-
ble, with the highest accu- 
mulation found in the kid- 
neys. However, the distribu-
tion of 64Cu-NOTA-ipilimumab 
was quite different in NBSGW 
mice when compared to PBL, 
likely a result of Fc-dependent 
effects which have been doc-
umented in immunodeficient 
mice [22]. This led to extreme-
ly high accumulation of the 
tracer in the spleen (84.57 ± 
13.30 %ID/g, n = 3), and sig-
nificant bone uptake as well 
(9.93 ± 0.45 %ID/g). For com-
parison, the spleen accumu-
lation of 64Cu-NOTA-ipilimu- 
mab in PBL mice was 8.89 ± 
3.51 %ID/g, while the bone 
uptake was only 0.91 ± 0.36 
%ID/g (n = 5).

Dosimetric evaluation of 
tracers

The results of the dosimetric 
study well-mirrored the bio-
distribution of the respective 
tracers (Figure 7). Across all 
groups injected with full-
length antibodies, the salivary 
glands received the highest 
dose (between 0.015-0.018 
mSv/MBq). As aforemention- 

Figure 6. Biodistribution studies. Ex vivo gamma counting biodistribution 
studies at 48 h post-injection support the findings from PET region-of-interest 
analysis (n = 3-5).

ex vivo biodistribution studies (Figure 6). No- 
tably, the salivary gland uptakes as calculated 
through gamma counting were very well-ma- 
tched to the image-derived values at the final 
time point. The highest accumulation in the 
salivary glands was noted in PBL mice injected 
with 64Cu-NOTA-ipilimumab, at 6.27 ± 2.14 

ed, this uptake was due to graft-versus-host 
disease onset and would not be expected in a 
human patient so the dose to the salivary 
glands would be much lower. Consistent with 
the clearance patterns of antibodies, the liver 
and gastrointestinal tract also received doses 
over 0.004 mSv/MBq in these groups. For the 

Figure 7. Dosimetric extrapolation. Dosimetric extrapolation to an adult fe-
male human indicates the relative safety of the tracer (n = 3-5).
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F(ab’)2 groups, the highest doses were calcu-
lated for the bladder wall (0.009-0.013 mSv/
MBq), since this tracer is primarily cleared from 
the kidneys. Kidney doses in these groups were 
also notably larger than that from the full-anti-
body groups, but still below 0.004 mSv/MBq.

Discussion

A greater understanding of the mechanisms of 
immunotherapy treatments is one of the great-
est scientific needs in the medical community. 
Molecular imaging allows noninvasive visualiza-
tion of target dynamics and potentially may 
allow patient stratification and monitoring of 
responses [23]. Checkpoint immunotherapy 
treatments with ipilimumab (targeting CTLA-4) 
have demonstrated significant promise, with 
response rates up to 50%, but also with adverse 
effect rates near 80%. Therefore, we developed 
molecular imaging agents based upon ipilim-
umab and validated them in humanized mouse 
models, providing a means of noninvasively 
tracking CTLA-4+ T-cells.

As immunotherapy treatments have taken hold 
in oncology treatments, molecular imaging of 
the immune system has correspondingly grown 
as well [23]. Direct imaging of immune check-
points (like CTLA-4 and PD-1) have shown 
promise; however, imaging of other immune 
cell - related targets has also been investigated 
successfully preclinically [24, 25]. Traditional 
PET agents, like 18F-fluorodeoxyglucose, have 
been thoroughly studied clinically, but often 
lack the necessary specificity for immune cells 
[26, 27]. Radiolabeled full-length antibodies 
are beginning to see clinical translation for can-
cer imaging [28, 29], given their high specificity. 
However, the high background and slow clear-
ance that occurs in antibody-based imaging 
may preclude their use in certain situations. 
Therefore, other biological platforms, such as 
antibody fragments, are also being explored. In 
this study, both full-length ipilimumab and its 
F(ab’)2 fragment were labeled with 64Cu to allow 
for PET imaging. Ipilimumab provided higher 
absolute uptake in target organs, while ipilim-
umab-F(ab’)2 allowed higher contrast imaging 
at earlier timepoints, albeit at lower absolute 
uptake values.

It has recently been reported that anti-CTLA-4 
therapy requires an Fc domain to be effective 
[6, 7]; therefore, the F(ab’)2 tracer may have an 
additional benefit for imaging: this agent should 

not induce a therapeutic effect, especially at 
tracer dose levels. This could allow for repeated 
imaging without fear of pharmacologic re- 
sponse. A recent study also reported interest-
ing findings with radiolabeled antibodies in 
immunodeficient mice [22] - a finding that was 
mirrored in the present study. In the control 
NBSGW mice, very high spleen and bone 
uptake was observed, which was hypothesized 
to be as a result of the Fc interactions in this 
group of mice that would not have been pres-
ent in any other groups. For instance, the F(ab’)2 
tracers do not contain Fc portions, and the PBL 
mice would have already been exposed to 
human Fc through the humanization process; 
therefore, this anomalous distribution of the 
tracer was not seen in these groups.

PBL mice provide a simplistic system to image 
human immune cells in vivo. However, this 
model is not without fault. The onset of graft-
versus-host disease in these mice [30] causes 
certain organs to dysfunction and limits the 
mouse’s lifespan. However, this also provides 
targeted sites of localization for the engrafted 
human immune cells, such as the salivary 
glands. Additionally, with this model, it is diffi-
cult to control the level of engraftment of the 
human cells; that is, the percent of circulating 
blood cells that are human versus murine can 
vary anywhere from 1-80+%, leading to unpre-
dictable levels of graft-versus-host disease and 
therefore salivary gland dysfunction [14]. This 
level can increase quite rapidly once engraft-
ment is successful, and, since engraftment is 
monitored through flow cytometry analysis, pre-
cise monitoring can be difficult. Additionally, 
the extent of graft-versus-host disease onset is 
not as severe in PBL mice founded upon the 
NBSGW background as opposed to the NSG 
background (the model used in our previous 
studies in this area [16, 20]). This wide range of 
humanization levels leads to the relatively large 
range of salivary gland uptake values of the 
tracers in the PBL mice, and limits the statisti-
cal power of the comparisons due to relatively 
large error bars. However, comparison with the 
nonspecific antibody in these mice provides 
confidence that the salivary gland uptake is on-
target for CTLA-4+ tissues. While the absolute 
accumulations of the targeted and nonspecific 
antibody tracers in the salivary glands were 
similar, a comparison of the salivary gland-to-
blood ratios for radiolabeled ipilimumab and 
IgG shows the specificity of the targeted tracer. 
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Additionally, the humanization status of the 
mice correlates quite well with the uptake of 
64Cu-NOTA-ipilimumab, for instance, with a lin-
ear fit of salivary gland uptake versus percent 
humanization resulting in an R2 value of nearly 
0.9.

The salivary glands are not an expected site of 
uptake of these CTLA-4-tracers in humans. In a 
clinical immunotherapy setting, the tracer could 
be employed to identify tumor-infiltrating CTLA-
4+ T-cells; however, it could also find applica-
tion in visualizing potential side effects of the 
treatment. In this sense, the graft-versus-host 
disease model herein is quite applicable, as 
autoimmune reactions are quite common in 
checkpoint blockade treatments [31]. These 
tracers may thus be able to stratify patients for 
potential responses based on their tumor-infil-
trating lymphocyte population, and additionally 
identify those who may be particularly suscep-
tible to adverse effects. We foresee such 
immune cell imaging playing a role in monitor-
ing responses to therapy, rather than as a diag-
nostic technique. By noninvasively monitoring 
changes in CTLA-4+ T-cell concentration and 
distributions, therapeutic responses can be 
evaluated, as in on-going clinical trials (NCT- 
003313323).

In this study, PET imaging of CTLA-4+ T-cells 
was enabled through the use of both 64Cu-NOTA-
ipilimumab and 64Cu-NOTA-ipilimumab-F(ab’)2. 
Specific uptake of the tracers was observed in 
the salivary gland tissues of humanized mice, 
an organ with a significant human T-cell popula-
tion in these models. These agents therefore 
show great promise for noninvasive monitoring 
of CTLA-4+ T-cells, and may enable a greater 
understanding of checkpoint immunotherapy 
treatments and strides toward personalized 
cancer immunotherapy.
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