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ABSTRACT
Background  Despite the promising efficacy of immune 
checkpoint blockers (ICB), tumor resistance and immune-
related adverse events hinder their success in cancer 
treatment. To address these challenges, intratumoral 
delivery of immunotherapies has emerged as a potential 
solution, aiming to mitigate side effects through reduced 
systemic exposure while increasing effectiveness by 
enhancing local bioavailability. However, a comprehensive 
understanding of the local and systemic distribution of 
ICBs following intratumoral administration, as well as their 
impact on distant tumors, remains crucial for optimizing 
their therapeutic potential.
To comprehensively investigate the distribution patterns 
following the intratumoral and intravenous administration 
of radiolabeled anti-cytotoxic T-lymphocyte-associated 
protein 4 (CTLA-4) and to assess its corresponding efficacy 
in both injected and non-injected tumors, we conducted an 
immunoPET imaging study.
Methods  CT26 and MC38 syngeneic colorectal tumor 
cells were implanted subcutaneously on both flanks of 
Balb/c and C57Bl/6 mice, respectively. Hamster anti-
mouse CTLA-4 antibody (9H10) labeled with zirconium-89 
([89Zr]9H10) was intratumorally or intravenously 
administered. Whole-body distribution of the antibody was 
monitored by immunoPET imaging (n=12 CT26 Balb/c 
mice, n=10 MC38 C57Bl/6 mice). Tumorous responses 
to injected doses (1–10 mg/kg) were correlated with 
specific uptake of [89Zr]9H10 (n=24). Impacts on the tumor 
microenvironment were assessed by immunofluorescence 
and flow cytometry.
Results  Half of the dose was cleared into the blood 
1 hour after intratumoral administration. Despite this, 
7 days post-injection, 6–8% of the dose remained in the 
intratumoral-injected tumors. CT26 tumors with prolonged 
ICB exposure demonstrated complete responses. Seven 
days post-injection, the contralateral non-injected tumor 
uptake of the ICB was comparable to the one achieved 
through intravenous administration (7.5±1.7% ​ID.​cm–3 
and 7.6±2.1% ​ID.​cm–3, respectively) at the same dose in 
the CT26 model. This observation was confirmed in the 
MC38 model. Consistent intratumoral pharmacodynamic 
effects were observed in both intratumoral and 
intravenous treatment groups, as evidenced by a notable 
increase in CD8+T cells within the CT26 tumors following 
treatment.

Conclusions  ImmunoPET-derived pharmacokinetics 
supports intratumoral injection of ICBs to decrease 
systemic exposure while maintaining efficacy compared 
with intravenous. Intratumoral-ICBs lead to high local 
drug exposure while maintaining significant therapeutic 
exposure in non-injected tumors. This immunoPET 
approach is applicable for clinical practice to support 
evidence-based drug development.

BACKGROUND
With the growing landscape of tumor immune 
regulation, immunotherapy, particularly 
immune-checkpoint blockers (ICBs) such 
as anti-cytotoxic T-lymphocyte-associated 
protein 4 (CTLA-4), based on a monoclonal 
antibody scaffold, hold a forefront position 
in cancer management.1 Despite remark-
ably durable responses, resistance to ICBs 
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	⇒ Immune-related adverse events greatly hinder the 
efficacy of immune checkpoint blockers, particular-
ly anti-cytotoxic T-lymphocyte-associated protein 
4 (CTLA-4) antibodies. However, the local delivery 
of anti-CTLA-4 shows promise in mitigating these 
events, necessitating further research for a compre-
hensive understanding.

WHAT THIS STUDY ADDS
	⇒ ImmunoPET monitoring of radiolabeled anti-CTLA-4 
demonstrates superior local drug bioavailability with 
intratumoral antibody injection, lower systemic ex-
posure in healthy tissues with equivalent accumu-
lation, and efficacy in distant non-injected tumors 
versus intravenously-treated mice.
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PRACTICE OR POLICY

	⇒ Our findings highlight the importance of immunoPET 
imaging and pharmacokinetic modeling as valuable 
tools for enhancing interventional radiology for local 
tumorous injection commonly used in clinical proto-
cols and offering a potent predictive biomarker.
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dampens their impact. This has been linked to several 
factors, including tumor microenvironment alterations, 
which can be bypassed notably by combination with other 
ICBs.2 Clinical trials have demonstrated high synergistic 
benefits with systemic ICB combinations.3 4 However, such 
combinations are not without challenges since immune-
related adverse events can limit their success.5–7 The high 
plasma bolus associated with intravenous administration 
results in a much higher peak concentration, particularly 
in the liver, heart, and colon.8 9 Local delivery offers a 
potent means of overcoming these adverse events while 
inducing durable responses. Intratumoral (IT) injection 
relies on the direct delivery of ICBs into the tumor, a 
straightforward concept that requires adequate technical 
background.10 The number of clinical trials addressing IT 
injection has burgeoned in the last 10 years.11

Several questions must be addressed when developing 
IT clinical trials. Limiting factors include ICB pharmaco-
kinetics, whole-tissue distribution over time, and defining 
several tumor microenvironment factors such as the 
homing of T cells, local regulatory T cells (Treg), and 
macrophages. In addition, distant effects on non-injected 
tumor sites are limited,12 and the challenge is under-
standing if this is due to an insufficient drug dose or insuf-
ficient cytotoxic immune infiltration. IT immunotherapy 
efficacy is driven by drug distribution kinetics within the 
injected (enestic) tumor and distant (anenestic) tumor.13

Despite their importance, whole-body pharmacokinetic 
studies for injection techniques are lacking.14 Immu-
noPET presents the advantage of revealing distribution 
over time of radiolabeled ICBs at the molecular level, as 
demonstrated by Momin et al in vivo, with the retention 
of interleukin-2 in the enestic tumor.15 The pharmacoki-
netic analyses based on positron emission tomography 
(PET) imaging revealed that maximal tumor exposure was 
correlated to an efficient tumorous response. For other 
ICBs, redistribution via blood circulation for anenestic 
responses in distant tumors has yet to be elucidated. IT 
delivery of anti-CTLA-4 is of particular interest given 
its high systemic toxicity.16 This ICB has been evaluated 
in multiple mouse models with impressive therapeutic 
responses,17–19 but none have evaluated anenestic tumors 
in terms of accurate dose evaluation. This study proposes 
a holistic approach evaluating the kinetic distribution of 
IT-injected anti-CTLA-4 in enestic and anenestic tumors, 
using pharmacokinetic modeling from immunoPET with 
the radionuclide isotope zirconium 89 (89Zr; 3.3 days 
half-life).

METHODS
Radiolabeling of 9H10 and its isotype with [89Zr]
9H10 is a hamster antibody directed against the 
mouse CTLA-4 from Bio X Cell (Catalog #BE0131). Its 
isotype recommended by Bio X Cell is the polyclonal 
Syrian Hamster IgG (Bio X Cell Catalog#BE0087). 
9H10 and its isotype were covalently conjugated with 
the chelator p-isothiocyanatobenzyl-desferrioxamine 

(p-NCS-Bz-DFO, Macrocyclics) on random lysine 
residues. Radiolabeling with 89Zr (PerkinElmer) was 
performed according to a published protocol.20 21 Briefly 
1 mL of 9H10 solution (5 mg/mL in phosphate-buffered 
saline (PBS), pH 9.3) reacted with a fivefold molar 
excess of p-NCS-Bz-DFO (10 mM in dimethyl sulfoxide 
(DMSO)) for 45 min at 37°C. The DFO-9H10 and DFO-
isotype conjugates were purified with a desalting column 
(PD-10, GE HealthCare), using PBS as the mobile phase. 
150 µL of [89Zr]Zr-oxalic acid solution was neutralized 
with Na2CO3 and incubated with DFO-9H10 and DFO-
isotype solutions (2.5 mg/mL and 6.4 mg/mL, respec-
tively) for 1 hour at 37°C. The mixtures were adjusted 
to pH 7.2 with 4-(2-hydroxyethyl)-1-piperazineethanesu
lfonic acid (HEPES, 1 M, pH 7.1–7.3). The 89Zr-labeled 
DFO-9H10 and the 89Zr-labeled DFO-isotype conjugates 
were first purified with a PD-10 column using PBS as the 
mobile phase before being further concentrated with 
a Vivaspin centrifugal concentrator (Sartorius). The 
radiochemical purity of the 89Zr-DFO-9H10 solution was 
assessed by instant thin-layer chromatography (iTLC) 
and size-exclusion high-performance liquid chromatog-
raphy. 89Zr-DFO-isotype radiolabeling purity was assessed 
by iTLC. Binding assays were conducted to assess the 
minimal influence of the radiolabeling process on the 
9H10 antibody’s recognition of CTLA-4 (online supple-
mental figure S5).

Cell culture
The mouse colorectal carcinoma cells lines CT26 (ATCC 
CRL-2638) and MC38 (Kerafast, ENH204-FP) were 
cultured in cell culture media such as respectively RPMI-
1640 and DMEM medium supplemented with 10% fetal 
bovine serum (Gibco) and 1% antibiotic-antimycotic 
solution (Gibco), at 37°C in a humidified atmosphere 
with 5% CO2.

Animals and ethics
Animal experiments were performed according to 
the European Directive 2010/63/EU and its applica-
tion in French law (Decree No. 2013–118). Research 
was approved by a local ethics committee (APAFIS 
#34522–2022010412087915 v1).

CT26 and MC38 tumor cells were collected and 
suspended at a concentration of 1.106 cells/100 µL in 
PBS at 4°C. Female Balb/c mice (Janvier Laboratories) 
and female C57BL/6 mice (Janvier Laboratories) were, 
respectively, subcutaneously inoculated in both lower 
flanks with 1×106 CT26 cells and MC38 cells per flank and 
monitored for 8 days until treatment.

Mice were examined daily and weighed every 2 days. 
Tumors were measured twice weekly using Vevo F2 ultra-
sonography system (Fujifilm VisualSonics, Canada). Each 
tumor was measured in the three planes of space with a 
high-frequency linear transducer (20–46 MHz), allowing 
calculation of the tumor volume.
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[89Zr]9H10/9H10 and [89Zr]Isotype imaging
Mice were allocated to two experimental groups evaluating 
(1) the pharmacokinetic and biodistribution of anti-CTLA-4 
with [89Zr]9H10 and [89Zr]Isotype immunoPET imaging 
and (2) antitumoral efficacy in relation to [89Zr]9H10 immu-
noPET tumorous distribution (online supplemental figure 
S1 and table S1). Twelve mice (age 10±1 weeks; 18.1±0.9 g) 
were used for the pharmacokinetic/biodistribution exper-
iment for the CT26 model and 10 mice (age 10±1 weeks; 
19.7±1.0 g) for the MC38 model. Intravenous administration 
(100 µg, 4.8±0.2 MBq; n=6 for CT26 and 100 µg, 2.3±0.3 n=5 
for the MC38) was compared with IT injection in one flank 
(enestic tumor; 100 µg for 10 µL, 4.6±0.6 MBq; n=6 for the 
CT26 and 100 µg for 10 µL, 2.1±0.3 MBq n=5 for MC38) 
(online supplemental figure S2). For the pharmacokinetic 
and biodistribution of the isotype group, nine mice (age 
10 weeks, 20.6±1.5 g) were injected with 100 µg of [89Zr]
Isotype: four intratumorally and five intravenously (with 
1.2±0.1 MBq for the IT and 1.5±0.3 MBq for the intravenous 
group, respectively). In the antitumoral efficacy experiment, 
24 mice (age 10±1 weeks; 19.2±1.1 g) bearing CT26 model 
were divided into four groups: (1) control, with IT injection 
of a polyclonal Syrian Hamster IgG without PET imaging 
(100±9.8 µg/10 µL), (2) 20 µg IT injection (1 mg/kg) with 
[89Zr]9H10 at 3.7±0.1 MBq/10 µL, (3) 100 µg IT injection 
(5 mg/kg) with [89Zr]9H10 at 3.7±0.1 MBq/10 µL, and (4) 
200 µg IT injection (10 mg/kg) with [89Zr]9H10 at 3.6±0.3 
MBq/10 µL (online supplemental figure S3). [89Zr]9H10 
solutions were concentrated to 10 µL per dose to avoid 
exceeding 10% of the tumor volume. After treatment, tumors 
were measured twice weekly for 4 weeks using an ultrasonog-
raphy system (FUJIFILM VisualSonics, online supplemental 
figure S4).

PET emission scans were performed using microPET scan-
ners (Siemens). PET images were reconstructed with the 
maximum a posteriori algorithm (OP-OSEM3D-MAP) (2 
OSEM3D iterations, 18 MAP iterations with 16 MAP subsets). 
This iterative deconvolution algorithm enhanced the spatial 
resolution, achieved throughout the entire field of view, 
devoid of directional discrepancies. A 60 min dynamic PET 
scan was performed immediately after the injection of the 
[89Zr]9H10. Twenty min static PET scans were subsequently 
acquired at selected times (4, 24, 48, 72 hours, and 7 days) 
post-injection. Volumes of interest (VOIs) were defined 
with PMOD software (V.3.9). Fixed‐size spherical VOIs 
(3.5–8 mm3) were drawn in representative parts of the brain, 
heart, liver, spleen, inguinal lymph nodes, kidney, intestines, 
bone, and muscle. Subcutaneous tumors were delineated 
semi-automatically. The mean activity concentration (​kBq.​
cm–3) in each VOI was divided by the total injected dose 
(kBq) to obtain the percentage of injected dose per volume 
of tissue (%​ID.​cm–3).

Ex vivo biodistribution
Immediately after the last PET imaging session, mice were 
sacrificed by cervical dislocation. Blood and major organs 
(brain, heart, lung, liver, kidney, spleen, intestine, muscle, 
and bone) were collected, weighed, and counted with 

a Wizard2 gamma counter (PerkinElmer). Radioactivity 
data (kBq) were background-corrected, decay-corrected 
to injection time, and divided by the total injected activity 
(kBq) and the organ weight (g), to obtain the percentage 
injected dose per gram of tissue (%ID/g) (online supple-
mental figure S6).

Pharmacokinetic modeling
Plasma activity concentrations were calculated from 
image-derived whole-blood activity concentrations from 
the left cardiac ventricle within the CT26 model. Areas 
under the curve (AUC) of the intravenous and IT groups 
were compared with obtain the bioavailable fraction (F). 
The measured signal in tissue is the sum of the specific 
uptake due to the target engagement by the radiolabeled 
antibody and the non-specific uptake from activity in 
blood and interstitial fluid, especially in tumors bene-
fiting from the enhanced permeation effect. These two 
components can be isolated by Patlak linearization.22 The 
slope represents the net rate of irreversible uptake, Ki (in 
mL.g−1.min−1), and the offset represents the distribution 
volume, VT (in ​mL.​cm−3). The reversible and irreversible 
contributions to the uptake of [89Zr]9H10 at the different 
time points were calculated as described by Jauw et al.23

Immunofluorescence and autoradiography
For the pharmacokinetic/biodistribution experi-
ment, after the last imaging session at 7 days, tumors of 
each group, control, intravenous, and IT (enestic and 
anenestic), were collected. Excised tumors were snap-
frozen and stored at −80°C until processing. Frozen 
tumors were cryosectioned as 10 µm thick slices. Frozen 
tumor sections were fixed for 10 min at room tempera-
ture in 10% neutral-buffered formalin solution (Sigma-
Aldrich). Non-specific binding sites were blocked by 
incubation for 2 hours at room temperature with 10% 
fetal bovine serum (Gibco) and 1% bovine serum 
albumin (Thermo Fisher). After blocking, treated tumor 
slides were incubated overnight at 4°C with goat anti-
hamster secondary antibody conjugated with Alexa Fluor 
546 (Thermo Fisher), to target the 9H10 antibody struc-
ture. DAPI (4′,6-diamidino-2-phenylindole) was used 
for nuclear acid staining in fluorescence microscopy. 
Transmitted light images of stained tumor sections were 
acquired with the Axio Observer 5 microscope (Zeiss) 
at 20× magnification. Image post-processing (stitching, 
white balance, global contrast adjustment and addition 
of scale bar) was performed with ZEN software (V.2.6, 
Zeiss). To determine [89Zr]9H10 distribution within the 
tumor precisely, tissue sections (10 µm) were exposed to 
a phosphoscreen for autoradiography and read with a 
phosphor-imager (GE-Lifesciences, Storm 860).

Flow cytometry
After harvesting the CT26 cells with a GentleMACS disso-
ciator (Miltenyi Biotec), a total of 1×106 cells in 100 µL of 
Cell Staining Buffer (Miltenyi, France). Cells were incu-
bated first at room temperature with the LIVE/DEAD 
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near-infrared(NIR) fixable viability dye (Invitrogen, 
France) for 30 min. The Live/Dead was then neutral-
ized with an excess of Cell Staining Buffer. After washing, 
the cells were centrifuged and resuspended into 100 µL 
of Cell Staining Buffer. First, the extracellular proteins 
were stained with the anti-CD3, anti-CD4, anti-CD8 and 
anti-CD25 or their corresponding isotype on ice (4°C) 
for 40 min, then washed and resuspended in 250 µL of 
Cell Staining Buffer. The cells were then permeabilized 
with 250 µL of Inside Stain Kit (Miltenyi, France) at room 
temperature for 20 min. Cells were washed and resus-
pended in 1 mL of the Inside Perm solution (Miltenyi, 
France). After another washing step, the cells were resus-
pended in 100 µL of Inside Perm Solution with the anti-
FoxP3-PE or its isotypes for 10 min at room temperature. 
After washing, cells were analyzed using the Attune NxT 
Acoustic Focusing Cytometer (Invitrogen). Fluorescence 
compensations were performed on the corresponding 
isotypes (Miltenyi, France). Data were analyzed with 
FlowJo (V.10.7).

Statistics
Statistical analyses were performed with GraphPad Prism 
(V.9.0.1) and R (V.4.0.2). Influence of the route of admin-
istration and treatment was assessed by analysis of vari-
ance followed by pairwise comparison of means with 
Bonferroni’s p value adjustment. When only the route of 
administration was considered, two-tailed Student’s t-test 
was used. Results were considered statistically significant 
for p values<0.05.

RESULTS
PET imaging and biodistribution following intratumoral or 
intravenous administration
The radiochemical purity of [89Zr]9H10 exceeded 95% 
with a molar activity of 130.5 ​MBq.​nmol–1 (online supple-
mental figure S5). [89Zr]9H10 was injected on day 8 after 
tumor implantation for the CT26 model (Vtumor CT26 = 
97.1±44.0 mm3) and on day 10 post implantation for the 
MC38 model (Vtumor MC38 = 139.2±60.0 mm3).

Tissue-associated activity, measured by immunoPET at 
several time points, allowed evaluation of the biodistribu-
tion of [89Zr]9H10 in blood, organs of interest, and tumor 
tissue (enestic and anenestic in the IT group) (figure 1, 
online supplemental table S2 and figure S6,S12). Compar-
ison of ex vivo biodistribution with PET image-derived 
biodistribution confirms a strong correlation between 
these measurement methods (Pearson r=0.92, p<0.001; 
Online supplemental figure S7,S8).

Immediately after IT injection, high activity can be 
observed in the enestic tumor, compared with the anenestic 
tumor in the CT26 model. Within 1 hour post-injection, 
42.4% (±5.3%) of the dose remained in the enestic 
tumor (ie, 630.7±​182.​1%​ID.​cm–3). The activity in the 
enestic tumor quickly decreases during the first 24 hours 
and then reaches a “plateau” with an activity of 109.7±​
35.​1%​ID.​cm–3 at day 7 (figure 1C, online supplemental 

figure S9,S10). The activity was notably lower in anenestic 
tumors of the IT group and tumors of the intravenous 
group, with equivalent distribution patterns, reaching 
equivalent activity at day 7 after injection (approximately 
7.5 %​ID.​cm–3). In the intravenous group, tumor activity 
was similar at all time points, irrespective of the tumor 
site. The co-staining of FoxP3+cells confirms that the 
anti-CTLA-4 antibody was bound to its target (online 
supplemental figure 13). The significant differences in 
tumor-to-blood ratios between the [89Zr]9H10 and its 
isotype also supports specific fixation of the antibody in 
tumors whatever the injection route (figure  1D). Simi-
larities can be found between the kinetics of the isotype 
and the 9H10 antibody. However, the isotype is cleared 
faster from the enestic tumor leading to a significantly 
lower remaining concentration at 7 days post-injection; 
53.9±10.9% ​ID.​cm–3 versus 109.7±​35.​1%​ID.​cm–3, p<0.001 
for the isotype and the 9H10, respectively (online supple-
mental figure S9).

Lymph nodes seem to play a major role in the clear-
ance of the antibody from the enestic tumor. The ipsi-
lateral inguinal lymph nodes show a greater uptake of 
the [89Zr]9H10 antibody than the lymph node draining 
the anenestic tumors (figure 1A). No discernible differ-
ences were observed between the lymph nodes draining 
anenestic tumors and the ones draining tumors within 
the intravenously injected group. Biodistribution of 
[89Zr]9H10 revealed significantly lower activity in the 
plasma compartment 1-hour post-injection in the IT 
group (0.49±0.20 %​ID.​cm–3) compared with the intra-
venous group (27.65±1.79 %​ID.​cm–3), p<0.001. Activity 
in all organs of interest was lower in the IT group, espe-
cially at early time points, compared with the intrave-
nous group (figure 1B). This resulted in a lower delayed 
accumulation in the elimination organs, especially the 
liver, with an activity at day 7 of 17.1±​3.​5%​ID.​cm–3 for 
the intravenous group and 11.2±​2.​8%​ID.​cm–3 for the IT 
group (p=0.01; figure 1B). To further support the find-
ings derived from examining the distribution of the anti-
CTLA-4 antibody post IT injection in the CT26 model, we 
extended our analysis to the MC38 model, another colon 
cancer model (figure  1E). Notably, within the initial 
hour, 35.4% (±4.5%) of the administered dose persisted 
in the enestic tumors. Consistent biodistribution patterns 
were observed in the mirroring experiments in the CT26 
model (online supplemental figure 12).

Immunofluorescence and autoradiography specificity
Analysis of the tumor sections on day 7 post-injection 
showed an equivalent distribution of residual radioac-
tivity (anti-CTLA-4 labeled) to that of the anti-CTLA-4 
antibody detected by immunofluorescence, mostly in 
the periphery of the CT26 tumors (figure 2). Comparing 
the IT and the intravenous groups, the quantities of 
anti-CTLA-4 and level of persistent activity were much 
higher in enestic tumors (109.74±35.12 %​ID.​cm–3) than 
anenestic tumors (7.52±1.73 %​ID.​cm–3 – p<0.001) and 
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in the IT group compared with the intravenous group 
(7.55±2.07 %​ID.​cm–3 – p<0.001).

Pharmacokinetics in the CT26 model
Plasma pharmacokinetic profiles differed between the 
intravenous and IT groups but resulted in a similar 

uptake pattern for intravenous and intratumoral 
anenestic tumors at most time points (figure  3A,B). 
The ratio of plasma AUC between the intravenous 
and IT groups is 0.70, corresponding to the bioavail-
able fraction of the IT route. The [89Zr]isotype has 

Figure 1  Biodistribution over time of anti-CTLA-4 antibody by PET imaging. (A) Intratumoral injection group and 
(B) Intravenous injection group representative immunoPET maximum intensity projection images of mice bearing a CT26 tumor 
after administration of [89Zr]9H10 (100 µg), over 7 days post-injection and the image-derived in vivo biodistribution of [89Zr]9H10. 
LN=lymph node (inguinal). (C) Quantity of 9H10 in µg of injected antibody in enestic (ITE), anenestic (ITA) and intravenous 
arm tumors, over 7 days post-injection measured from immunoPET imaging-derived biodistribution in CT26 tumor (online 
supplemental figure S9). (D) Comparison of the tumor-to-blood ratios between the [89Zr]isotype and the [89Zr]9H10 antibody 
in the CT26 model at 7 days post-injection. (E) [89Zr]9H10 tumor distribution in a MC38 model at 7 days post-injection with 
representative immunoPET maximum intensity projection images of mice bearing a tumor after administration of anti-CTLA-4 
radioligand (100 µg) (left). Representation of 9H10 quantity in µg of the ITE, ITA and intravenous (right). Data are presented 
as mean±SD, n=6 mice/group for the CT26 and n=5/group for the MC38 model for the [89Zr]9H10 injection, and n=4 for the 
intratumoral group and n=5 for the intravenous group for the [89Zr]isotype injection in CT26 model, %ID.cm–3: percentage 
injected dose per volume of tissue. CTLA-4, cytotoxic T-lymphocyte-associated protein 4; PET, positron emission tomography; 
[89Zr], zirconium-89.
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an equivalent bioavailable fraction implying that the 
bioavailability is not driven by the specific fixation of 
the antibody (online supplemental figure S9).

The reversible and irreversible contributions to the 
measured activity were comparable in the anenestic 
tumor in the IT group and the tumors in the intrave-
nous group. The irreversible contribution in the tumor 
corresponds to the specific target engagement of the 
anti-CTLA-4 and the reversible contribution corre-
sponds to the non-binding antibody accumulation. 
Target engagement, irrespective of injection route, was 
similar. The irreversible and reversible contribution over 
time allowed identification of the most relevant time 
point to study the irreversible binding part of the anti-
body in the IT group, corresponding to the time point 
7 days post-injection (figure 3C,D). Using the progressive 
increase of irreversible contribution to the measured 
activity, estimated by Patlak linearization, we estimated 
that 168 hours (ie, 7 days) was the most accurate time 
point for assessing irreversible binding of the [89Zr]9H10 
antibody to its target in tumor tissue. At earlier time 
points (notably before 72 hours), measured activity 
mainly reflected reversible binding corresponding to 
blood flow. Another reason that can partially explain the 
major contribution of reversible binding, particularly at 
the earliest time points, could be the scarcity of target 
immune cells within the region of interest.

Tumor response in terms of drug administration modality
Antitumoral efficacy was evaluated in terms of [89Zr]9H10 
immunoPET tumorous distribution in the CT26 model. 
All tumors in the control group (isotype) progressed 
rapidly, requiring animal sacrifice before the end of 
the planned follow-up period (figure  4, online supple-
mental figure S14.). For mice receiving IT anti-CTLA-4 
treatment, 17 of the 18 (94%) enestic tumors showed 
complete response, across all three doses. For anenestic 
tumors, the complete response rate was 100% (n=6/6) 
for the 200 µg group, 83% (n=5/6) for the 100 µg group, 
and 50% (n=3/6) for the 20 µg group. We selected the 
intermediate dose of 100 µg to observe the effects of the 
treatment on T lymphocytes tumor infiltration (online 
supplemental table S3, gating strategy in online supple-
mental figure S16). No difference was observed for Treg 
regulation (CD3+/CD4+/CD25+/FoxP3+) in any group, 
with all routes of administration of anti-CTLA-4 leading to 
increased recruitment of CD8+ T lymphocytes in tumors 
compared with the isotype (figure 4E,F). The infiltration 
of CD8+T-lymphocytes was not significantly different 
between enestic and anenestic tumors 7 days after IT 
treatment (p=0.94), which aligns well with the observed 
impact on tumor growth. Moreover, Treg does not seem 
to be depleted whatever the administration route (IT or 
intravenous) and the enestic and anenestic tumor (online 
supplemental table S3). Other immune cell activities may 

Figure 2  Representative images of tumor sections by immunofluorescence and autoradiography (adjacent slices) showing 
intratumoral spatial distribution of all cellular nuclei (DAPI), anti-9H10 and persistent radioactivity 7 days post-injection for 
intratumoral and intravenous administration. Data are presented as mean±SD, n=6 mice/group treated at 100 µg, CT26 model. 
%ID.cm–3: percentage injected dose per volume of tissue. DAPI, 4′,6-diamidino-2-phenylindole; IV, intravenous; IT, intratumoral.
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play a crucial role in long-term survival and tumor growth 
and will be further investigated. Given that the time point 
at 7 days post-injection reliably represents the irreversible 
fixation of the antibody in the tumor, the amount (in µg) 
of antibody still present in the tumor could be estimated. 
These results are summarized in table 1.

DISCUSSION/CONCLUSION
IT-ICBs have shown promise for producing both local and 
distant effects, but their clinical use is currently limited 
due to a lack of empirical pharmacokinetic exploration. 
To address this, we investigated whether anti-CTLA-4 

pharmacokinetic data derived from PET imaging could 
serve as a valuable efficacy biomarker.

In this study, we have shown that 89Zr immuno-PET for 
IT anti-CTLA-4 administration allowed us to establish 
a precise pharmacokinetic profile of the ICB distribu-
tion at various concentrations for both intravenous and 
IT administration, particularly in the CT26 model. Not 
surprisingly, around half of the dose was still present in 
the enestic tumor a few hours post-injection following 
IT injection. A rapid decrease in the first few days was 
observed, but a significant proportion of the injected 
dose (~7%) remained in the tumor 7 days after the IT 
injection. The concentrations in the enestic tumor at 

Figure 3  Comparative pharmacokinetic parameters for intravenous and intratumoral injection derived from PET imaging in 
CT26 model. (A)  and (B) ImmunoPET imaging-derived [89Zr]9H10 uptake comparison between intravenous and intratumoral 
groups in plasma (A) and tumors (B) (in anenestic tumors only for the intratumoral group) over 7 days post-injection. 
Bioavailability fraction F corresponds to the ratio between intratumoral and intravenous calculated plasma AUC0→∞. (C) and (D) 
Estimation of reversible and irreversible [89Zr]9H10 fixation contributions to measured activity for tumor using Patlak linearization 
for intratumoral (C) and intravenous (D) groups. (E) Pharmacokinetic parameters for each group for the 100 µg dose (Ki, VT and 
AUC) are summarized. Data are presented as mean±SD, N=6 mice/group, %ID.cm–3: percentage injected dose per volume of 
tissue. AUC, area under the curve; PET, positron emission tomography; [89Zr], zirconium-89.



8 Meyblum L, et al. J Immunother Cancer 2023;11:e007433. doi:10.1136/jitc-2023-007433

Open access�

day 7 with IT injection were significantly higher than 
those achievable intravenously, even with higher intrave-
nous doses (10 mg/kg). The IT route thus offers rapid, 

significant, and prolonged exposure of tumor and 
immune cells to ICB, which could result in significant clin-
ical benefit, as anti-CTLA-4 efficacy has been shown to be 

Figure 4  ImmunoPET imaging-determined tumor dose and immune checkpoint blocker efficacy with intratumoral injection 
in CT26 model. (A)  and (B) Comparison of tumor volume in the control group and treatment groups following intratumoral 
injection of an isotype or anti-CTLA-4 (clone 9H10) at three doses: 20 µg (1 mg/kg), 100 µg (5 mg/kg) and 200 µg (10 mg/kg), in 
enestic tumors (A) and anenestic tumors (B). Tumor evolution data for intravenous injection at 100 µg are presented in online 
supplemental figure S14. (C) and (D) Tumor distribution of [89Zr]9H10 (C) and dose quantity of 9H10 (D) in enestic and anenestic 
tumors according to the injected dose. Statistical information on tumor growth impact is represented in online supplemental 
figure S14. (E) and (F) Tumor infiltration by CD8+ T lymphocytes 7 days after intravenous (E) or intratumoral (F) administration 
of 100 µg anti-CTLA-4 antibody or its isotype. CR, complete response; CTLA, cytotoxic T-lymphocyte-associated protein 4; IT, 
intratumoral; [89ZR], zirconium-89.

https://dx.doi.org/10.1136/jitc-2023-007433
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dose-dependent.24 The remote tumor distribution profile 
was confirmed within the second colon cancer model, 
the MC38 model. Antibody clearance into the lymphatic 
vessels cannot explain this difference since functional 
lymphatic vessels are poorly observed in tumors.25 The 
development of antidrug antibodies that can interfere 
with ICB release from the tumor, as suggested by Baniel 
et al,26 is unlikely following a single ICB injection. These 
findings suggest that the tumorous antigen pool was 
not totally saturated at the lowest dose for the anenestic 
tumors, as suggested by low tumor content (0.11±0.07 µg 
at 7 days post-injection). The estimated concentration 
in the anenestic tumor, ~0.6 nM, was much below anti-
CTLA-4’s dissociation constant. Compared with intrave-
nous administration, prolonged exposure via IT ensured 
complete inhibition of the relevant cells, mainly Treg, 
while sparing healthy tissue.

When we compare the distribution of anti-CTLA-4 with 
an isotype control, it becomes clear that 9H10 uptake 
within the tumors it is driven by the specific binding to 
Treg cells, while the non-specific retention due to the 
enhanced permeability and retention effect or Fc-binding 
seems to have a relatively low impact.27

As suggested by Fransen et al, lower doses injected via 
the IT route can provide the same efficacy as higher doses 
delivered systemically.18 In our experiments, a complete 
response of the injected tumor was observed in almost 
all cases irrespective of the dose used (1–10 mg/kg), in 
agreement with the expected results, given the steep 
effect-dose with anti-CTLA-4.28

An interesting aspect of this study is the behavior of 
anenestic tumors implanted contralateral to the IT-in-
jected tumor, designed to mimic metastases in a synge-
neic model integrating the impact of the immune system 
on the mode of administration. Our findings indicate 
that the mechanism of action in the distant tumor is intri-
cate and not solely attributed to systemic antitumoral 
immune system activation. In various preclinical studies, 
a noteworthy reduction in IT Tregs has been observed29 30 
which contrasts with our clinical observations, that also 
differ from those reported by Sharma et al in human 
cancers.31 Ongoing inquiries continue to delve into this 
matter. The Patlak approach was used to determine the 
target engagement in the anenestic tumors compared 
with tumors treated intravenously. The irreversible uptake 

in the tumor (anenestic and intravenous), that is, the 
target engagement, increases over time with a clear elim-
ination of non-binding antibodies (reversible phase).23 
This demonstrates potentially valuable immunotherapy 
release over time from the enestic tumor, equivalent to 
the intravenous injection, without the potential toxicity 
induced by the intravenous bolus. Low reversible contri-
bution at 7 days suggests that the uptake for an injected 
dose of 5 mg/kg observed in the anenestic tumor is 
exclusively associated with monoclonal antibody specific 
binding at the latest time point.

As observed by Momin et al, the injected tumor largely 
blocks antibody diffusion into plasma following IT injec-
tion.15 While some antibodies bind to the receptors, the 
majority can move from the tumor into the blood through 
convective transport, as observed with subcutaneous injec-
tion.32 The equivalent plasma dose for IT or intravenous 
administration at later time points after injection has a 
direct impact. For the same injected dose (5 mg/kg) intra-
venous and IT, 7 days after injection, the same antibody 
concentration was found in the anenestic tumor in the 
IT group and the tumors in the intravenous group. The 
corresponding dose-effect relation for anenestic tumors 
is particularly mesmerizing. In the anenestic tumor, 
persistent doses higher than 1 µg, 7 days post-injection 
was linked to an almost complete response with durable 
tumor remission. Below this dose, the tumor response 
to treatment was heterogeneous, with initial partial 
response, followed by a relapse. Multiple doses might be 
beneficial, especially if we envision decreasing the doses 
relative to the intravenous dose. A higher injection dose 
could overcome the problem of relapse but could, theo-
retically, induce more toxicity, even though we did not 
observe any adverse effects at 10 mg/kg in our study. 
The problematics of the immune-related adverse events 
(irAEs) emergence is particularly acute with anti-CTLA-4 
due to a significant dose effect toxicity,16 especially when 
combined with anti-programmed death receptor and 
its ligand (PD-(L)1) in dual therapy.6 33 Thus, the high 
plasma bolus involved via intravenous results in a much 
higher maximum concentration, particularly in organs at 
risk of complications (eg, the colon),8 9 as well as a lower 
accumulation of the antibody in the organs of elimina-
tion (eg, the liver and the kidneys). The lower exposure 
via IT of the organs to the antibody and the expected 

Table 1  [89Zr]9H10 quantification in tumor tissue

Injected (enestic) tumor Contralateral (anenestic) tumor

Treatment 
group

Antibody quantity at 
day 7 (µg)

Percentage of 
injected dose

Antibody quantity 
at day 7 (µg)

Percentage of dose 
in enestic tumor

Percentage of 
injected dose

20 µg 1.48 (±0.32) 7.4 (±1.6) 0.11 (±0.07) 7.4 (±4.7) 0.55 (±0.35)

100 µg 6.27 (±0.85) 6.3 (±0.85) 0.51 (±0.25) 8.1 (±4.0) 0.51 (±0.25)

200 µg 11.78 (±2.05) 5.9 (±1.0) 1.42 (±1.11) 12.1 (±9.4) 0.71 (±0.55)

Data are presented as mean±SD.
[89Zr], zirconium-89.
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decrease of irAEs is a further argument in favor of using 
this injection route, especially as this route usually allows 
the use of much lower doses (rather than the order of 
1 mg/kg). Using slow-release platforms could also be an 
interesting approach to increase the antibody reserves in 
the injected tumor.34

We acknowledge that the selection of the CT26 tumor 
model is limited to those known to be responsive to 
checkpoint inhibitors.35 36 Our objective was to establish 
a correlation between monoclonal antibody pharma-
cokinetics and immunotherapy effectiveness. The next 
ongoing phase involves assessing this injection method in 
a clinical trial with patients (NCT04823403).

To conclude, direct IT injection presents both advan-
tages and drawbacks. It remains the most often employed 
local administration route in clinical protocols to date 
due to its simplicity and the variety of organs that can be 
reached with modern guidance tools. We demonstrate 
consequently that immunoPET imaging and attainable 
pharmacokinetic modeling are highly valuable to inten-
sify interventional radiology, providing a potent predic-
tive biomarker.
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