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Alfredo Adan h, Miguel González-Barcia d,e, Pablo Aguiar b,c,*, Francisco J. Otero-Espinar a,i, j,*, 
Anxo Fernández-Ferreiro d,e,* 

a Pharmacology, Pharmacy and Pharmaceutical Technology Department, Faculty of Pharmacy, University of Santiago de Compostela (USC), 15705 Santiago de 
Compostela, Spain 
b Molecular Imaging Biomarkers and Nuclear Medicine Department, Health Research Institute of Santiago de Compostela (IDIS), 15706 Santiago de Compostela, Spain 
c Molecular Imaging Biomarkers and Pharmacokinetic Modelling (MIBIOPHARM), Centre for Research in Molecular Medicine and Chronic Diseases (CIMUS), University 
of Santiago de Compostela (USC), 15782 Santiago de Compostela, Spain 
d Clinical Pharmacology Group, University Clinical Hospital, Health Research Institute of Santiago de Compostela (IDIS), 15706 Santiago de Compostela, Spain 
e Pharmacy Department, University Clinical Hospital of Santiago de Compostela (SERGAS), 15706 Santiago de Compostela, Spain 
f Preclinical Imaging Facility, Experimental Biomedicine Centre (CEBEGA), University of Santiago de Compostela (USC), 15782 Santiago de Compostela, Spain 
g Statistics, Mathematical Analysis and Optimisation Department, Faculty of Mathematics, University of Santiago de Compostela (USC), and Galician Center for 
Mathematical Research and Technology (CITMAga), 15782 Santiago de Compostela, Spain 
h Department of Ophthalmology, Hospital Clinic of Barcelona, 08036 Barcelona, Spain 
i Paraquasil Group, University Clinical Hospital, Health Research Institute of Santiago de Compostela (IDIS), 15706 Santiago de Compostela, Spain 
j Institute of Materials, iMATUS, University of Santiago de Compostela (USC), 15782 Santiago de Compostela, Spain   

A R T I C L E  I N F O   

Keywords: 
Adalimumab 
Anti-TNFα 
Pharmacokinetics 
Molecular imaging 
Positron Emission Tomography 
Endotoxin-induced uveitis 

A B S T R A C T   

Adalimumab is an anti-TNFα drug approved for uveitis treatment by subcutaneous injection. This administration 
route exposes patients to systemic adverse effects and makes difficult to obtain therapeutic drug concentrations 
in the site of action due to the anatomical and physiological barriers of the eye. These inconveniences could be 
avoided by intravitreal injection. The aim of this study is to evaluate the pharmacokinetic profile and the bio
distribution of the intravitreal administration of 89Zr-adalimumab in a uveitis rat model using PET imaging. 
Adalimumab was radiolabelled to 89Zr with a maximum specific activity of 10 MBq/mg. Four μL containing 
≃1.74 MBq of 89Zr-labelled adalimumab were injected into the vitreous. A microPET acquisition was carried out 
immediately after the injection and at different time points through a 10-day study and blood samples were 
obtained through the tail vein. Radiolabelling was successfully performed with a radiochemical purity after 
ultrafiltration of 99.69 %. The antibody ocular pharmacokinetics followed a one-compartment model, showing 
an intraocular elimination half-life of 15.57 h for healthy rats and  33.64 h for rats with uveitis, implying that 
89Zr-adalimumab remains around two times longer in rats with the disease compared to healthy ones. However, 
blood concentration half-life had similar values in both groups. In conclusion, this study shows for the first time 
the ocular and blood pharmacokinetic analysis of adalimumab in a uveitis model in rats.   

1. Introduction 

Uveitis includes multiple heterogeneous clinical entities of ocular 
diseases which are characterized by the inflammation of the uveal tissue, 
involving iris, ciliary body and choroid (Bonnet and Brézin, 2020; 

Tsirouki et al., 2018). With regard to epidemiology, there is a wide 
variability in reported data with an estimated incidence between 17 and 
52 per 100 000 of population per year, and a prevalence of 38–714 cases 
per 100 000 of population (Acharya et al., 2013; Hwang et al., 2012; 
Tsirouki et al., 2018). In spite of its rarity, this eye disease is an 
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important cause of ocular morbidity, being the third leading cause of 
blindness in developed countries (Fanlo et al., 2019; Hart et al., 2019). 

Non-infectious uveitis requires in many cases corticosteroids and 
immunosuppressive therapy, which can effectively control the inflam
mation. Depending on the location and severity of the inflammation, 
topical eye drops may not be enough and systemic oral administration 
has to be performed (Shahab et al., 2019). Long-term treatment with 
these agents can cause severe side effects, such as renal and hepatic 
toxicity, hypertension, and hematologic abnormalities (Hamam et al., 
2016). Tumour necrosis factor alpha (TNFα) inhibitors constitute an 
option in these patients due to its promising mechanism of action 
(Murray and Sivaraj, 2005; Robertson et al., 2003). The presence of 
TNFα in the serum and aqueous humour of subjects with active uveitis 
has been demonstrated in clinical and preclinical studies (Hamam et al., 
2016; Nakamura et al., 1994; Pérez-Guijo et al., 2004; Santos Lacomba 
et al., 2001; Sugita et al., 2007). Specifically, it has been reported that 
TNFα may induce the expression of adhesion molecules, chemokines and 
cytokines which are involved in inflammation. Consequently, inhibition 
of TNFα produce results in suppression of infiltrating macrophages, 
hence preventing tissue destruction (Hamam et al., 2016; Murray and 
Sivaraj, 2005; Robertson et al., 2003). 

At present, there is already an approved anti-TNFα drug (adalimu
mab) for the treatment of uveitis that has shown promising results 
(“Humira,” 2018). However, its subcutaneous administration entails 
two major inconveniences. On the one hand, the patient is exposed to 
adverse effects associated with the systemic exposition to the drug and, 
on the other hand, it is difficult to obtain therapeutic drug concentra
tions in the site of action due to the anatomical and physiological bar
riers of the eye, which is relatively isolated from the systemic circulation 
by the tight blood-retinal barrier (Castro-Balado et al., 2020; Sánchez- 
López et al., 2017; Varela-Fernández et al., 2020). To circumvent these 
limitations, a clinical trial has been carried out in order to compare 
intravitreal vs subcutaneous administration of adalimumab in uveitis 
patients, but without reporting results (American University of Beirut 
Medical Center, 2016). Furthermore, intravitreal administration has 
been explored in other ocular diseases such as choroidal neo
vascularization secondary or diabetic macular retinopathy (Hospital 
Universitari Vall d’Hebron Research Institute, 2012; Rafic Hariri Uni
versity Hospital, 2011). 

In the clinical setting, the dose and frequency of adalimumab 
administration are based on concentrations obtained from plasma and 
not on intravitreal pharmacokinetic studies due to the invasiveness of 
collecting vitreous samples. In this sense, the study of intravitreal ada
limumab pharmacokinetics in humans should be preceded by a detailed 
characterization of its pharmacokinetics in preclinical models of uveitis 
providing information on drug concentration not only in the blood, but 
more importantly at the site of action (eye) and different organs and 
tissues of the whole body. In this regard, intravitreal pharmacokinetic 
preclinical studies are usually carried out collecting vitreous samples 
over time on animals sacrificed at different time points. According to the 
3Rs principles in animal experimentation (“The Principles of Humane 
Experimental Technique,” 1960), these studies can be efficiently per
formed using Positron Emission Tomography (PET), which represents a 
promising non-invasive imaging tool for the evaluation of the pharma
cokinetic and biodistribution of antibodies. PET pharmacokinetic 
studies provide images showing the in vivo targeting and off-targeting of 
the antibodies and a follow-up over time in the same animal, avoiding 
the collection of multiple vitreous samples over time and other tedious 
procedures, and drastically reducing the number of animals needed. 
Furthermore, these studies provide quantitative information in real 
time, enabling to estimate the pharmacokinetic profile by carrying out 
longitudinal studies with several measures of each animal over time 
(Fernández-Ferreiro et al., 2017). However, this technique requires 
previous steps that can be challenging, mainly those related to the 
radiolabelling of the antibodies. On this basis, Zirconium-89 (89Zr) is the 
PET radionuclide of choice for the radiolabelling of antibodies because 

of its long half-life (3.3 days), which is favourable for evaluating the in 
vivo distribution during several days, and its chemical properties suit
able for the radiolabelling of antibodies using different chelators. To 
date, although multiple antibodies have been radiolabelled in order to 
conduct PET pharmacokinetic studies in different clinical areas, mainly 
in oncology (Verel et al., 2003), the radiolabelling of adalimumab has 
not been still described. 

The aim of this study is to evaluate the pharmacokinetic profile and 
the biodistribution of the intravitreal administration of 89Zr-adalimu
mab in a uveitis rat model using PET imaging. 

2. Material and methods 

2.1. Conjugation, radiolabelling and quality control 

The radiolabelling of adalimumab has been carried out according to 
the procedures previously developed by Verel et al. for other monoclonal 
antibodies (Verel et al., 2003), which consist of two phases: 

2.1.1. Adalimumab conjugation 
Adalimumab (Imraldi®; Biogen S.L., Madrid, Spain) was purified 

against MilliQ water using Amicon® Ultra-2 mL (NMWL 30 kDa) cen
trifugal filters (Merck®Millipore®, Burlington, Massachussets, USA) to 
remove other excipients of the commercial product. Once the purified 
antibody was obtained, a 2-fold molar excess of tetrafluorphenil-N- 
succinyldeferoxamine-B-Fe3+ (TFP-N-sucDf-Fe) (ABX®, Radeberg, Ger
many) was added in order to conjugate the molecule. Conjugation was 
carried out at 25 ◦C for 30 min in constant motion, adjusting the solution 
to pH 9.0–9.5 with 0.1 M Na2CO3. Once this time has elapsed, the pH 
was again reduced to pH 4.0–4.5 with 0.25 M H2SO4 and a 50-fold excess 
of 25 mg/mL EDTA (ethylenediaminetetraacetic acid) was added to trap 
the iron found in the TFP-N-sucDf-Fe molecule, and then, they were 
incubated at 30 ◦C for 30 min. Conjugated adalimumab was again pu
rified adjusting the antibody concentration to the same as the com
mercial solution (50 mg/mL). Once the antibody conjugation was 
completed, the N-sucDf-adalimumab was stored at − 80 ◦C to maintain it 
in optimal conditions. 

2.1.2. Adalimumab radiolabelling 
Prior to radiolabelling, adalimumab was kept at room temperature 

until completely thawed. The required amount of clinical grade 89Zr- 
oxalate solution (BV cyclotron VU, PerkinElmer, Inc., Waltham, Mas
sachusetts, USA) was collected with 1 M oxalic acid. To perform the 
proper labelling reaction, the pH was raised to a range of pH 4.0–4.5 
with 2 M Na2CO3 and then HEPES buffer (4-(2-hydroxyethyl)-1-piper
azineethanesulfonic acid) was added until a solution at pH 7 was ob
tained. Once the pH was achieved, the N-sucDf-adalimumab was added 
to the solution and incubated for 1.5 h at room temperature. Adalimu
mab was labelled with a maximum specific activity of 10 MBq/mg. Af
terwards, an ultrafiltration with Amicon® Ultra-0.5 mL Centrifugal 
Filters, NMWL 100 kDa (Merck®Millipore®, Burlington, Massachusetts, 
USA) was carried out in order to concentrate and purify the solution. 

2.1.3. Quality control 
The adalimumab conjugation quality control was performed with a 

size-exclusion high-performance liquid chromatography (SE-HPLC) 
using an HPLC system (Agilent 1260 series; Agilent Technologies®, 
Santa Clara, CA, USA) to check whether antibodies aggregation and 
fragmentation processes occurred during conjugation, as well as to 
calculate the conjugation ratio between the N-sucDf and the adalimu
mab. An Agilent Bio SEC-5, 5 μm, 300 Å, 7.8 × 150 mm column was used 
with a flow rate of 0.7 mL/min, the mobile phase consisted of 
phosphate-buffered saline (PBS; pH 7.4). The UV-detector wavelengths 
were set to 220, 280 and 430 nm. The ratio of conjugated TFP-N-sucDf to 
the protein was determined by the antibody-bound versus unbound 430 
nm signal of Fe3+ on SE-HPLC (Luaces-Rodríguez et al., 2020). 
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The radiochemical purity (RCP) of labelled adalimumab was evalu
ated by trichloroacetic acid (TCA) precipitation test. It was performed by 
mixing equal amounts of 1 % HSA (Human Serum Albumin) (Albu
norm® 20 %, Octapharma®, Lachen, Switzerland) in PBS and 20 % 
trichloroacetic acid in MilliQ water, an aliquot of the labelled compound 
is added to this solution. The sample was centrifuged to separate the 
precipitate (protein fraction) from the supernatant, and the radioactivity 
in both fractions were measured by a well counter (Atomlab® Wipe Test 
Counter, Biodex®, New York, USA) to determine the RCP (Luaces- 
Rodríguez et al., 2020). 

2.2. Endotoxin-induced uveitis model (EIU) 

In vivo studies were carried out on male Sprague-Dawley rats with an 
average weight of 250 g supplied by the animal facility at the University 
of Santiago de Compostela (CEBEGA, Santiago de Compostela, Spain). 
The animals were kept in cages under controlled temperature (22 ±
1 ◦C) and humidity (60 ± 5 %), with day-night cycles regulated by 
artificial light (12/12 h) and feeding ad libitum. The animals were 
treated according to the ARVO statement for the use of animals in 
ophthalmic and vision research as well as the approved guidelines for 
laboratory animals (“Guide for the Care and Use of Laboratory Animals - 
NCBI Bookshelf,” n.d.; “The Association for Research in Vision and 
Ophthalmology- Statement for the Use of Animals in Ophthalmic and 
Vision Research,” n.d.). Experiments were approved by the Committee 
for Ethical Research of the Health Research Institute of Santiago de 
Compostela (IDIS) (15012/2021/001) and followed the Spanish and 
European Union (EU) rules (86/609/CEE, 2003/ 65/CE, 2010/63/EU, 
RD 1201/2005, and RD53/2013). Our study design consisted of a con
trol group of healthy rats (n = 3; 6 eyes) and a uveitis group of 
endotoxin-induced uveitis (EIU) rats (n = 6, 12 eyes). EIU model has 
demonstrated being highly appropriate due to its reproducibility and its 
similar clinical changes to those appearing in human uveitis (Garg et al., 
2021). This model was induced inoculating 1 mg/kg Escherichia coli 
lipopolysaccharide endotoxin (LPS) diluted in 0.1 mL balance salt so
lution (BSS) into the rat’s right paw as previously performed by our 
group (García-Otero et al., 2021) and by other authors (da Silva et al., 
2011; Girol et al., 2013). 

2.3. Intravitreal administration of 89Zr-adalimumab 

Rats were kept in a veterinary gas chamber containing 3 % (v/v) 
isoflurane/oxygen (Baxter®, Deerfield, Illinois, USA). Once anaes
thetized, rats were placed in a surface where they continued receiving 
anaesthesia with a face mask (2.5 % isoflurane/oxygen). Intravitreal 
injection was performed according to the procedure described in our 
previous articles (Fernández-Ferreiro et al., 2017; Luaces-Rodríguez 
et al., 2020). Topical anaesthetic eye drops (1 mg/mL tetracaine hy
drochloride, 4 mg/mL oxybuprocaine Hydrochloride; Colircusí anes
tésico doble®, Alcon Healthcare, Texas, USA) were instilled in both eyes 
followed by mydriatic eye drops (10 mg/mL cyclopentolate hydro
chloride; Colircusí Ciclopléjico®, Alcon Healthcare, Texas, USA) in 
order to visualize the eye fundus. The injection procedure was carried 
out 12 h after model induction by using a surgical microscope (Takagi 
OM-5 220–2; Takagi, Tokyo, Japan). A volume of 4 μL of the 89Zr- 
labelled adalimumab was injected into the vitreous through pars plana 
using a NanoFil® syringe (WPI, Friedberg, Germany) attached to a 35 G 
needle. Concerning the activity of the radiolabelled compound, ≃ 1.74 
MBq (≃ 0.17 mg of 89Zr-adalimumab) was injected into each rat eye (≃
3.48 MBq total activity injected per rat). Eyes with lens damage, or with 
significant bleeding when the intravitreal injection was made, were 
discarded from the study. 

2.4. PET acquisition and image analysis 

A preclinical PET/CT system (Albira model by Bruker Biospin, 

Billerica, Massachusetts, USA) was used to perform PET acquisitions 
immediately after intravitreal administration. Two-bed position of 10 
min sequential acquisitions were carried out to include the whole body 
of rats. All animals were kept anaesthetized with 2.5 % isoflurane/ox
ygen through a face mask during the acquisition and the respiration 
frequency was continuously monitored. Each animal was scanned at 
different time points (0, 2, 4, 8, 12, 24, 36 h and every day from 2 to 10 
days) following the same process to obtain the pharmacokinetic profile. 
Dynamic PET images were reconstructed using the maximum likelihood 
expectation maximization (MLEM) algorithm with 12 iterations and an 
image pixel size of 0.5 × 0.5 × 0.5 mm3. All images were analysed using 
Amide’s Medical Image Data Analysis Tool. Quantitative analysis was 
carried out on the different image frames by manually drawing ellip
soidal regions of interest (ROIs) of 12 × 12 × 12 mm (904 mm3), 
significantly larger than the volume of whole rat eye in order to include 
all the radiotracer uptake of each eye (the contour of the radiotracer 
distribution is commonly blurred due to the limited spatial resolution of 
the PET scanners). The mean radiotracer concentration obtained from 
the first image frame after intravitreal administration was taken as 
reference, and the subsequent measures from the following frames were 
expressed as a percentage of this initial uptake. Additional ROIs (7 × 7 
× 7 mm, 343 mm3) were delineated in the heart, liver, spleen and cer
vical lymph nodes for each time. The mean radiotracer concentration 
derived from the different ROIs was corrected by the radioactive decay 
of the 89Zr radioisotope (half-life of 3.3 days). 

The standardized uptake value (SUV) was calculated as the mean 
uptake of 89Zr-adalimumab normalized by the injected activity and the 
bodyweight of the animal, as shown in the following Equation (1). 

SUV =
measuredradioactivityconcentration(Bq/mL)
injectedradioactivity(Bq)/bodyweight(Kg)

(1) 

Finally, a blood sample was obtained through the tail vein of each rat 
immediately after every PET acquisition while maintaining the anaes
thesia. Specifically, two aliquots of a known volume (between 20 and 
100 μL) were extracted and measured in a well counter (Atomlab® Wipe 
Test Counter, Biodex®, New York, USA). Measured activity from the 
blood samples was also corrected for the radioactive decay of 89Zr. Total 
blood activity was calculated taking into account the theoretical rat 
blood volume calculated based on body weight using the expression: 
(Blood volume = 0.06 × Body weight + 0.77 (Lee and Blaufox, 1985)). 

Finally, blood activity levels after intravitreal injection of 89Zr-ada
limumab were reported as the 89Zr-adalimumab uptake value normal
ized by the injected activity and the bodyweight of the animal (Activity 
(%)). The scheme of the experimental design of the study is shown in 
Fig. 1. 

2.5. Pharmacokinetic analysis 

Compartmental data analyses were carried out using GraphPad 
Prism 8 v.8.2.1 software (GraphPad Software, San Diego, CA, USA) to 
calculate the pharmacokinetic parameters of the intravitreally injected 
radiolabelled adalimumab. One- and two-compartment models were 
used to fit the concentration vs time. Nonlinear regression methodology 
was used to fit experimental data. Nonlinear weighting method 1/Y2 

was used to fit the eye 89Zr-adalimumab concentration decay. No 
weighting method was used for blood % activity fitting. To quantify the 
goodness of nonlinear fit, SE (Equation (2)), RMSE (Equation (3)) and 
Akaike method (AIC) parameters were used. 

SE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑(

residual2
)

n − k

√

(2)  

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑(

residual2
)

n − 1

√

(3)  

X. García-Otero et al.                                                                                                                                                                                                                          



International Journal of Pharmaceutics 627 (2022) 122261

4

where k is the number of fitted parameters by regression. 
The compartmental analysis of 89Zr-adalimumab distribution in eye 

was performed using models a) and b) of Fig. 2 and the Equations (5) and 
(8). In the case of blood distribution models b) and c) and Equations (9) 
and (13) were used: 

Open intravitreal one-compartment model with a first order elimi
nation kinetics from eye. 

dX
dt

= − k • X (4)  

X = De− kt (5)  

where D is the dose, X the adalimumab amount and k the elimination 
constant. 

Open two-compartment model with intravitreal administration and 
linear elimination from peripheric compartment. 

dX1

dt
= k21X2 − k12 • X1 (6)  

dX2

dt
= k12X1 − k21 • X2 − k20 • X2 (7)  

X1 =
D(β − k12)

β − α e− αt +
D(k12 − α)
β − α e− βt (8)  

X2 =
Dk12

β − α
(
e− αt − e− βt

)
(9)  

where 

α+ β = k12 + k21 + k20 (10)  

α • β = k12 • k21 (11) 

D is the dose, X1 is the adalimumab amount in the central 
compartment (eye) and X2 the amount in the peripheric compartment. 
k12 and k21 are the distribution constant, k20 the elimination constant, 
and α and β the hybrid constant of two-compartment model. 

Open one-compartment model with first order incorporation kinetic 
and linear elimination (blood). 

Fig. 1. Study timeline for both groups (Healthy and Uveitis group): EIU model induction, intravitreal injections of 89Zr-adalimumab, PET acquisitions and blood 
sample collection. Created with BioRender.com. 

Fig. 2. Compartmental analysis of 89Zr-adalimumab distribution. a) Open intravitreal one-compartment model with first order elimination kinetics from eye, b) 
Open two-compartment model with intravitreal administration and linear elimination from peripheric compartment and c) Open one-compartment model with first 
order incorporation kinetic and linear elimination (blood). 
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dX
dt

= kaXa − k • X (12)  

X =
Dka
ka − k

(
e− kt − e− kat

)
(13)  

where D is the dose, Xa is the adalimumab amount in the eyes, X the 
adalimumab amount in blood, ka is the distribution constant from eyes 
to blood and k the elimination constant. 

The curve of remaining radioactivity in the eye (%) versus time and 
curves of the SUV in blood, heart, liver, spleen and cervical lymph nodes 
in each rat versus time after intravitreal injection of 89Zr-adalimumab 
were generated using GraphPad Prism 8 v.8.2.1 software (GraphPad 
Software, San Diego, CA, USA). Statistical analysis was performed to 
verify if there were significant differences between the Healthy and the 
Uveitis group. Two-tailed Mann-Whitney test and two-tailed parametric 
t-test were carried out for the different pharmacokinetic parameters, 
elimination and absorption constant (k and ka), and also for the area 
under the curve (AUC∞

0 ) and mean residence time (MRT), respectively. 
MRT gives information about the average time that adalimumab mole
cule remains in the eye or in the blood depending on the data. This 
parameter is calculated with the following Equation (14): 

MRT =

∫∞
0 t • C(t)dt
∫∞

0 C(t)dt
=
AUMC∞

0

AUC∞
0

(14)  

where C (t) is the concentration at each time t. The AUC∞
0 and AUMC∞

0 
were calculated using trapezoidal rules. 

Since the volume of distribution (V) observed in rabbits and humans 
is similar to the vitreous anatomical volume, the same assumptions are 
made for rats (del Amo et al., 2015; del Amo and Urtti, 2015; Schmitt 
et al., 2019). Volume (V) value was calculated according to the exper
imental results obtained by Sha et al. (Sha and Kwong, 2006) and taking 
into account that the rats used in this study were 10 weeks old. The 
clearance (CL) can be calculated according to the following equation CL 
= k ⋅ V, where k corresponds to the rate elimination constant, and the 
vitreous anatomical volume (V) is 47 μL. The same distribution volume 

was used for both healthy and uveitis rats. 

3. Results 

3.1. Conjugation, radiolabelling and quality control 

The conjugation result between the chelating agent (N-sucDf) and 
the antibody was 1.466 chelating groups per adalimumab molecule. The 
N-sucDf group percentage bound to the antibody that is available for 
89Zr chelation was 94.37 % for N-sucDf-adalimumab. The absence of 
adalimumab dimerization processes during conjugation was achieved, 
avoiding a loss of antibody activity in this step. 

The result obtained for the radiolabelling efficiency of 89Zr-adali
mumab was 90.36 %. This radiolabelled compound was subjected to an 
ultrafiltration process in which a Radiochemical purity (RCP) of 99.69 % 
was obtained. 

3.2. Pharmacokinetics after intravitreal administration 

3.2.1. Ocular levels 
The radioactive uptake of 89Zr-adalimumab at different times 

through PET/CT images in the group of healthy rats and uveitis rats is 
shown in Fig. 3. It is possible to appreciate that the uptake in the eye 
declines as the study progresses in both groups. Nevertheless, there is a 
greater uptake at all times in the case of the Uveitis group except at the 
initial time, since it starts from the same activity. The information that 
can be obtained in these images is shown in more detail in Fig. 4. 

As can be seen in Fig. 4, the percentage of remaining activity in the 
eye after intravitreal injection shows significant differences between 
healthy rats and uveitis rats. In Healthy group, there is a much more 
pronounced ocular elimination during the first timepoints post-injection 
compared to the Uveitis group. In contrast, in the Uveitis group, the 
antibody clearance occurs more slowly. 

Fitting parameters of eye pharmacokinetic data to one- or two- 
compartment models are shown in Table 1. Both models had a well 
adjustment to the experimental concentrations with similar fit 

Fig. 3. Fused PET/CT images displayed in coronal plane showing ratś head at different time points (initial, 24 h, 3 days and 10 days) following intravitreal 
administration of 89Zr-adalimumab in both groups (Healthy and Uveitis). The colour scale represents the radioactive uptake of 89Zr-adalimumab from lower (blue) to 
higher (red) intensity. 
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parameter goodness. The two-compartment model has a very low k21 
constant value in both groups suggesting that there is a minimal 89Zr- 
adalimumab distribution from blood to the eye. As it can be seen in the 
semilogarithmic plots of Fig. 4, healthy animals show a slight two- 
compartment behaviour with the presence of a small initial distribu
tion phase. However, this phase is not detected in the case of animals 
with uveitis. For this reason and for the fact that the k21 values are 12 
times smaller than k12 the simplest one-compartment model can be 
selected to predict drug concentration. 

Table 2 shows the results of some pharmacokinetic parameters 
concerning the elimination of intravitreal adalimumab. Half-life was 
15.57 ± 2.64 h for healthy rats and 33.64 ± 6.69 h for uveitis rats, this 
implies that 89Zr-adalimumab remains approximately-two times longer 
in diseased rats compared to healthy ones. The area under the ocular 
activity-time curve (AUC∞

0 ) values was again higher for the Uveitis 
group (2540.66 ± 476.14 %⋅hours) than for the Healthy group (6624.59 

± 732.84 %⋅hours), this means that the adalimumab quantity inside the 

eye during the whole study is around three times higher in the diseased 
group. Finally, the mean residence time (MRT) was (56.07 ± 3.99 h) and 
(72.32 ± 10.86 h) for healthy rats and uveitis rats, respectively. 

A two-tailed Mann-Whitney test was performed to compare the 
elimination constant (k) of both groups showing significant differences 
(α < 0.05) between them. In addition, a two-tailed parametric t-test was 
performed in order to compare the remaining adalimumab amount in 
the eye throughout the study (AUC∞

0 ) and the residence time in the eye 
(MRT) of the two groups, confirming significant differences (α < 0.05) in 
both parameters. 

Regarding the ocular adalimumab clearance, it was 2.094 μL⋅h− 1 for 
Healthy rats and 1.030 μL⋅h− 1 for Uveitis rats (2 times faster in Healthy 
rats). 

3.2.2. Systemic distribution 
Fig. 5 shows the distribution of 89Zr-adalimumab once it is elimi

nated from the eye into the systemic circulation. It is possible to observe 
that the uptake is increased sharply in heart, liver, spleen and cervical 
lymph nodes. In addition, two videos showing the whole-body distri
bution of 89Zr-adalimumab in healthy and uveitis rats can be found as 
Supplementary material 1. 

Fig. 6 represents the blood uptake values (Activity (%)) of 89Zr- 
adalimumab for both groups during the entire study period. The rate of 
adalimumab distribution into the bloodstream was found to be higher in 
Healthy rats compared to Uveitis ones, while at longer times the anti
body amount in blood is equalized. 

As previously performed in the eye case, the blood 89Zr-adalimumab 
distribution values were adjusted to a one- and two-compartment model 
(Table 3 and Fig. 6 solid lines). The values of SE, RMSE and AIC and the 
graphs in Fig. 6 show that healthy animals fit better the 89Zr-adalimu
mab blood concentration to the two-compartment model. On the con
trary, for the uveitis group, better fitting values were obtained for the 
one-compartment model. Additionally, the α and β hybrid constants 
estimated for two-compartment analysis show identical values. In 
consequence one-compartment model can be assumed for uveitis rats. 

In order to compare the main pharmacokinetics parameters between 
Healthy and Uveitis groups, a non-compartmental analysis was made. 
The terminal half-life, maximum concentration (Cmax) and time for 
maximum concentration (tmax) were estimated and the AUC0

∞ and MRT 
were calculated as it is shown in Table 4. 89Zr-adalimumab had a blood 
terminal half-life of 339 ± 96.90 h for the Healthy group and 295.93 ±
46.92 h for the Uveitis group. tmax were 12 ± 0 h for the healthy rats vs 
84 ± 13.15 h for uveitis rats and Cmax were 20.56 ± 3.61 % vs ± 21. 27 
% respectively. The blood AUC∞

0 values for both groups were 6026.15 ±
1727.21 (Healthy) and 5711.35 ± 1545.35 (Uveitis). MRT results were 
172.97 ± 18.67 for the Healthy group and 175.18 ± 17.54 for the 
Uveitis group, respectively. The statistical differences between the 
pharmacokinetic parameters of the two groups were studied. 

Fig. 4. Percentage of remaining radioactivity in the eye versus time after intravitreal injection of 89Zr-adalimumab in both rat groups (Healthy n = 6 eyes and Uveitis 
n = 12 eyes). Filled dots (measured by PET) and error bars represent the mean ± SD of the observed values, whereas the solid lines represent the predicted values 
obtained by a one-compartment model (left, Equation (5)) and two-compartment model with intravitreal administration (right, Equation (8) central compartment). 

Table 1 
Results of the fitting of the eye 89Zr-adalimumab concentration to the one- 
compartment model (Equation (5)) and two-compartment model with intra
vitreal administration (Equation (8) central compartment).   

Healthy group Uveitis group 

Parameter One- 
compartment 
model 

Two- 
compartment 
model 

One- 
compartment 
model 

Two- 
compartment 
model 

k 0.0445 h− 1  0.0206 h− 1  

alfa  0.0041 h− 1  0.0206 h− 1 

beta  0.0566 h− 1  4.9x10-32h− 1 

k12  0.0525 h− 1  0.0194 h− 1 

k21  0.0044 h− 1  5.3x10-32h− 1 

k20  0.0038 h− 1  0.0016 h− 1 

Se 0.1538 0,1141 0.06728 0.07003 
RMSE 0.1431 0.1041 0.06264 0.06264 
AICs − 51.60 − 58.07 − 78,05 − 73.69  

Table 2 
Ocular pharmacokinetic parameters (mean ± SD) for the intraocular percentage 
of remaining activity using a one-compartment model after intravitreal injection 
of 89Zr-adalimumab for both rat groups (Healthy n = 6 eyes and Uveitis n = 12 
eyes).  

Pharmacokinetic 
parameters 

Healthy Uveitis 

Mean SD Mean SD 

k (hours− 1)  0.0445  0.007  0.0206  0.0083 
t1/2 (hours)  15.57  2.64  33.64  6.69 
AUC∞

0 (%⋅hour)  2540.66  476.14  6624.59  1397.37 
MRT (hours)  56.07  3.99  72.32  10.86  
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The two-tailed Mann-Whitney test was performed on the terminal 
half-life showing no significant differences (ns). A two-tailed parametric 
t-test was carried out on Cmax, AUC∞

0 and MRT. Significant differences 
were found in the tmax (α < 0.05). Moreover, Cmax, AUC∞

0 and MRT show 
no significant differences (ns) between both groups. 

The pharmacokinetic results of the organs (heart, liver, spleen and 
cervical lymph nodes) were analysed, a first-order absorption one- 
compartment model was the best pharmacokinetics fit for these re
sults. As shown in Fig. 7, in all the organs where there is uptake, it can be 
seen that the speed of adalimumab influx is faster in the Healthy rat 
group at short times. As time goes by, the curves overlap until they 
become equal in the last study stages for both groups, Healthy and 
Uveitis rats. During the study period, the elimination process of the 
monoclonal antibody is not clearly observed. 

4. Discussion 

To our knowledge, this is the first work addressing intravitreal 
pharmacokinetics of adalimumab. In this sense, regarding the ocular 
permanence of adalimumab, although the group of healthy animals 
shows a slight two-compartment behaviour, data obtained from PET 
analysis fits well with a one-compartment model for both Healthy and 
Uveitis groups. The one-compartment model providing significant dif
ferences in the k elimination constant from the eye, and subsequently in 
the time adalimumab remains in the eye (half-life of 15.57 ± 2.64 h for 
Healthy group and 33.64 ± 6.69 h for Uveitis group). These results seem 
to be in contradiction with the behaviour observed in a previous work 
comparing the pharmacokinetics of two radiopharmaceuticals, 18F-NaF 
and 18F-FDG (Fernández-Ferreiro et al., 2017). In this earlier work, an 
increase in 18F-FDG clearance caused by inflammation was observed, 
while 18F-NaF remained unchanged. The explanation for the possible 
causes of the observed increase in 18F-FDG clearance in uveitis was the 

Fig. 5. Rat whole-body PET/CT images displayed in coronal plane (down) and sagittal plane (up) representing the 89Zr-adalimumab distribution in the organs with 
the highest uptake. The colour scale represents the radioactive uptake of 89Zr-adalimumab from lower (blue) to higher (red) intensity. 

Fig. 6. Blood concentration (%) versus time after intravitreal injection of 89Zr-adalimumab in both rat groups (Healthy and Uveitis). Unfilled dots (measured with 
well counter) and error bars represent the mean ± SD of the observed values, whereas the solid lines represent the predicted values obtained by the first-order 
absorption one-compartment model (left, Equation (4)) and two-compartment model (right, Equation (3) peripheric compartment). 
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increased permeability of blood-retinal barrier and the GLUT 
transporter. 

However, the ability of the adalimumab to selectively bind to the 
tumour necrosis factor is well known. Thus, this result is consistent with 
the overproduction of TNFα from macrophages and other cytokines in 
the uveitis process, which activates dendritic cells, starting the inflam
matory cascade in which Th1 cells and Th17 cells migrate and infiltrate 
to the blood-retinal barrier causing damage (Jang et al., 2021). This 
overproduction of TNFα was shown in a previous work of our group 
where rats with uveitis presented a higher presence of TNFα mRNA in 
the eye tissues than healthy rats (García-Otero et al., 2021). These 
measures of TNFα levels have also been carried out by other authors in 
the preclinical and clinical setting (Hamam et al., 2016; Nakamura et al., 
1994). Due to this biochemical mechanism, adalimumab is specifically 
blocking the binding of human TNFα to the receptors in the Uveitis 
group. Since adalimumab binds to TNFα receptors located in the uvea, 
its ocular clearance will be diminished. 

The results of the pharmacokinetic compartmental analysis in blood 
show a different behaviour between healthy and diseased animals. The 
activity vs time in healthy animals fits to a two-compartment model 
showing a rapid uptake of the antibody from the eye simultaneous to the 
tissue distribution process. However, in the case of animals with uveitis, 
the activity vs time fits better to a one-compartment model. This may be 
because the transfer process from the eye to the blood is much slower 
acting as a limiting step, so that the distribution process to the organs is 
not appreciated. 

In order to compare the rate and magnitude of adalimumab transfer 
from the eye to the blood, a non-compartmental analysis was used. 
Regarding to this, our results provided similar blood terminal half-life 
between the Healthy (339.00 ± 96.90 h) and Uveitis groups (295.93 
± 46.92 h), as well as MRT (172.97 ± 18.67 h and 175.18 ± 17.54 h, 
respectively), but significant differences in the tmax between Healthy 

Table 3 
Results of the fitting of the eye 89Zr-adalimumab blood concentration to the one- 
compartment model (Equation (13)) and two-compartment model with intra
vitreal administration (Equation (9) peripherical compartment).   

Healthy group Uveitis group 

Parameter One- 
compartment 
model 

Two- 
compartment 
model 

One- 
compartment 
model 

Two- 
compartment 
model 

k 0.0411 h− 1  0.006212 h− 1  

ka 0.0147 h− 1  0.02511 h− 1  

alfa  0.1957 h− 1  0.0127 h− 1 

beta  0.0055 h− 1  0.0127 h− 1 

k12  0.0414 h− 1  0.007 h− 1 

k21  0.0265 h− 1  0.029 h− 1 

k20  0.1397 h− 1  − 0.009 h− 1 

Se 4.604 1.094 2.439 2.378 
RMSE 4.448 1.019 2.356 2.214 
AICs 54.73 11.20 34.39 36.04  

Table 4 
Blood pharmacokinetic non-compartmental parameters (terminal half-life, tmax, 
Cmax, AUC∞

0 , mean residence time (MRT)) (mean ± SD) for blood concentration 
data using a first-order absorption one-compartment model after intravitreal 
injection of 89Zr-adalimumab in both rat groups (Healthy and Uveitis).  

Pharmacokinetic parameters Healthy Uveitis 

Mean SD Mean SD 

Terminal half-life (hours) 339 96.9 295.93  46.92 
tmax (hours) 12 0 84  13.15 
Cmax (%) 20.56 3.61 21.27  6.54 
AUC∞

0 (%⋅hour) 6026.15 1727.21 5711.35  1545.35 
MRT (hours) 172.97 18.67 175.18  17.54  

Fig. 7. Activity (SUV) in the different organs (heart, liver, spleen and cervical lymph nodes) versus time after intravitreal injection of 89Zr-adalimumab in both rat 
groups (Healthy and Uveitis). Filled dots (measured by PET) and error bars represent the mean ± SD of the observed values, whereas the solid lines represent the 
predicted values obtained by a first-order absorption one-compartment model. 
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group and Uveitis group (12 ± 0.0 and 84 ± 13.15, respectively), 
probably due to the fact that, as can be observed in Fig. 6, up to 72 h the 
adalimumab amount in the blood of healthy rats is higher than that of 
uveitis rats. This could be caused by the binding between antibody and 
TNFα when the eyes are inflamed. Although ocular inflammation usu
ally increases the permeability of ocular barriers and clearance of 
intravitreal drugs (Fernández-Ferreiro et al., 2017), our opposite results 
are due to the interaction between adalimumab and the TNFα (Horiuchi 
et al., 2010) present in the ocular cavity, which achieves increased 
values in uveitis as demonstrated in previous studies (García-Otero 
et al., 2021). After 72 h, blood values are equalized until the end of the 
study. 

Intravitreal pharmacokinetic studies in patients are performed from 
the aqueous humour due to the impossibility of obtaining vitreous 
samples (García-Quintanilla et al., 2019). This procedure has also been 
carried out in the preclinical setting, specifically on animals sacrificed at 
different time points in order to obtain vitreous samples. In this sense, 
PET imaging has the advantage of avoiding invasive sampling and 
obtaining concentrations from the same animal over time, with the 
consequent decrease in the number of animals per study group 
(Fernández-Ferreiro et al., 2017). Additionally, PET methodology 
avoids the intrusiveness of the pharmacokinetic studies, which is very 
important taking into account the invasiveness of the intravitreal in
jection itself. PET imaging requires the use of radioactive derivatives 
which are stable over time. In this study, 89Zr was selected because it 
allows to visualize the distribution of antibodies for up to 10 days due to 
its long half-life. In order to obtain radiolabelled adalimumab, defer
oxamine was previously bound to this drug to act as a chelator of 89Zr. As 
studied in previous works of our group (Luaces-Rodríguez et al., 2020), 
89Zr-labelled deferoxamine without monoclonal antibody has a 
completely different kinetic behaviour, the rate of elimination from both 
the vitreous cavity and blood is much faster (24 h) and that vitreous 
elimination is independent of the deferoxamine chelator, only the 
molecule has an influence. 

The main limitation of our study regarding intravitreal pharmaco
kinetics is that all ocular cavities are measured together, including 
aqueous and vitreous humour, as well as surrounding tissues. However, 
this is partially counteracted by the fact that drug concentration declines 
with the same decay rate in the vitreous humour, aqueous humour and 
retina, as several authors state (Gadkar et al., 2015; Hutton-Smith et al., 
2017). As well as other species, rats represent a good model for intra
vitreal pharmacokinetic studies (Sadeghi et al., 2021). However, com
parison with humans should be cautiously made due to the anatomical 
and physiological ocular differences. With this regard, rats have a larger 
len and a simpler inner limiting membrane, which could be a poorer 
barrier to diffusion (Kern, 1997; Peynshaert et al., 2019), and around 50 
μL of vitreous humour (Ahn et al., 2016), which is well below that 
volume in the human eye (4 mL). In addition, it is necessary to take into 
account that the stability of the metal complex formed between 89Zr and 
the bifunctional chelate used (TFP-N-sucDf) was studied by Perk et al. 
who reported a small loss of 89Zr from conjugate over a 7-day period (4.7 
± 0.5 %) (Perk et al., 2010), however, our study lasted 10 days so this 
loss could be slightly higher. 

Regarding adalimumab pharmacokinetics outside the ocular cavity, 
interaction between the anti-TNFα that is removed from the eye and the 
major inflammatory agents is going to occur. The immune system is 
closely related to the lymphatic system, so an accumulation in the 
different lymph nodes close to the site of administration is expected, as 
can be confirmed by our results. In this sense, the highlighted area in the 
inferior part of the mandible (Fig. 5-sagittal plane) corresponds to the 
cervical lymph nodes, as described by Suami et al. (Suami and Scaglioni, 
2017). The elimination process of adalimumab in the body cannot be 
clearly appreciated by observing the pharmacokinetic results of the 
main drug elimination organs. This is due to the fact that anti-TNFα has a 
large molecular weight (≃150 KDa), so filtration by the kidneys and 
elimination through urine is not possible, except under pathological 

conditions (Berdeja et al., 2016; Ryman and Meibohm, 2017). Thus, the 
main route of elimination occurs through intracellular catabolism by 
lysosomal degradation, transforming the monoclonal antibody into 
peptides and amino acids that can be re-used in the body for the de novo 
synthesis of proteins (Waldmann and Strober, 1969). 

5. Conclusions 

This study evaluates for the first time the pharmacokinetic profile of 
intravitreally injected adalimumab in a uveitis rat model, showing that 
this disease produces a major increase in the ocular permanence of this 
drug. 
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