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Abstract
The clinical use of therapeutic monoclonal antibodies (mAbs) for the treatment of cancer, inflammation, and other indications 
has been successfully established. A critical aspect of drug-antibody pharmacokinetics is immunogenicity, which triggers 
an immune response via an anti-drug antibody (ADA) and forms drug/ADA immune complexes (ICs). As a consequence, 
there may be a reduced efficacy upon neutralization by ADA or an accelerated drug clearance. It is therefore important to 
understand immunogenicity in biological therapies. A drug-like immunoglobulin G (IgG) was radiolabeled with tritium, 
and ICs were formed using polyclonal ADA, directed against the complementary-determining region of the drug-IgG, to 
investigate in vivo biodistribution in rodents. It was demonstrated that 65% of the radioactive IC dose was excreted within 
the first 24 h, compared with only 6% in the control group who received non-complexed 3H-drug. Autoradiographic imaging 
at the early time point indicated a deposition of immune complexes in the liver, lung, and spleen indicated by an increased 
radioactivity signal. A biodistribution study confirmed the results and revealed further insights regarding excretion and 
plasma profiles. It is assumed that the immune complexes are readily taken up by the reticuloendothelial system. The ICs 
are degraded proteolytically, and the released radioactively labeled amino acids are redistributed throughout the body. These 
are mainly renally excreted as indicated by urine measurements or incorporated into protein synthesis. These biodistribution 
studies using tritium-labeled immune complexes described in this article underline the importance of understanding the 
immunogenicity induced by therapeutic proteins and the resulting influence on biological behavior.
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Introduction

Monoclonal antibodies (mAbs) and other biotherapeutics 
enable the targeted treatment of a broad spectrum of diseases 
(1). While great efforts are being made in drug develop-
ment to reduce the immunogenicity of antibody therapeutics, 
this liability remains challenging. Undesirable events such 
as abrogation of pharmacologic effects or hypersensitivity 
reactions can be triggered by the binding of anti-drug anti-
bodies (ADAs) to the circulating drug (2). ADAs can act in 
a neutralizing or non-neutralizing manner. Neutralization of 
therapeutic mAbs is largely driven by the binding of ADAs 
to the complementary-determining region (CDR) and can 
consequently lead to the abrogation of pharmaceutical activ-
ity (3, 4). These ADAs, which target the CDR of a therapeu-
tic mAb, have been reported from both humanized and fully 
human molecules (5, 6). In addition to hindering the binding 
of the drug to its target, the formation of ADA can lead to 
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the formation of immune complexes (ICs). ICs can have an 
effect on the pharmacokinetics (PK) of the drug, as they 
can be rapidly removed from circulation (6–8). Although 
the detailed interaction between ADA and drug to form ICs 
is well understood and it is well known from the literature 
that large ICs are cleared faster than smaller ICs, quantita-
tive information on the exact size or structure of the formed 
ICs as well as their disposition has been investigated rarely 
so far (9–12).

Our recent publication has reported on in vivo studies in 
rats where pre-formed drug/ADA ICs were dosed to demon-
strate the impact of drug/ADA ICs on drug PK by analyzing 
the IC pattern changes in the in vivo samples (7). The formed 
ICs consisted of dimeric, tetrameric, hexameric, octameric, 
and high molecular weight (HMW) ICs (Fig. 1). Rapid clear-
ance of larger ICs (larger than hexamers) only 0.25 h after 
administration without dissociation into smaller ICs or their 
non-complexed components raised the question of where 
the ICs ended up in the body. To explore the effects of IC 
formation on the biodistribution of therapeutic mAbs, in vivo 
studies were performed. Rats were dosed with pre-formed 
ICs, like described in a previous publication, but using a 
radiolabeled drug (tritium-labeled IgG; hereafter referred to 
as 3H-drug) and a polyclonal ADA (pADA) (7). The disposi-
tion of monomeric 3H-drug was compared to 3H-drug fully 
complexed with pADAs (hereafter referred to as “3H-IC”). 
The radioactive label is used to gain quantitative information 

about the fate of the ICs by quantitative whole-body auto-
radiography (QWBA) and radioactive measurements of 
defined organs.

Materials and Methods

Reagents and Antibodies Used

The drug surrogate  IgG1 for this study was produced in-
house. The polyclonal ADA surrogate  pAb<CDR> was gener-
ated by immunization of rabbits in-house (13). Sodium chlo-
ride (1.06404) was obtained from Merck KGaA (Germany). 
Histidine was ordered from Sigma (H6034 and 56190). Anti-
bodies and buffers used to generate the in vivo dosing solu-
tions were tested and approved for endotoxin levels.

3H‑Labeling of Drug

The drug surrogate was transferred into a Slide-A-Lyzer 
Cassette (G2 Dialysis Cassettes, 10 K MWCO, 3 mL, 
Thermo Fisher Scientific, 87730) and buffer exchanged into 
DPBS (14 mg, 97.9 nmol, in 2.8 mL formulation buffer) 
(Thermo Fisher Scientific, 14190-094). The buffer was 
changed 4 times after 30 min and stored overnight at 6°C. 
The protein solution was warmed to 22°C; a protein con-
centration determination (Eppendorf  BioSpectrometer®) 

Fig. 1  Schematic illustration of 
different IC species and SEC 
of the dosing solution (3H-
IC), detected at 280 nm. a A 
residual, monomeric ADA, B 
dimeric IC, C tetrameric IC, 
D hexameric IC, E HMW ICs. 
b Monomeric drug



The AAPS Journal (2024) 26:33 Page 3 of 12 33

resulted in 4.9 mg/mL. Twenty-five millicuries (925 MBq, 
44.5 µg, 245 nmol)  [3H]NSP (Pharmaron, Cardiff, Wales, 
UK) as a solution in toluene was transferred in portions into 
a 5-mL Eppendorf LoBind tube. Toluene was removed by 
an argon stream, and the solid residue was dissolved in 35 
µL DMSO. A total of 2.8 mL of the protein solution was 
added, and the tube was shaken horizontally at 150 rpm for 
30 min. The solution was transferred into a Slide-A-Lyzer 
Cassette and buffer exchanged into formulation buffer (20 
mM L-histidine and L-histidine monohydrochloride mono-
hydrate (Sigma, H-8000/H-5659), 140 mM sodium chloride 
(Sigma, 71376), pH 6.0). The buffer was changed 4 times 
after 30 min and stored overnight at 6°C. The solution was 
transferred to a 5-mL Eppendorf LoBind tube at 22°C and 
resulted in a protein concentration of 4.4 mg/mL in a vol-
ume of 2.9 mL. A total activity of 10.7 mCi (396 MBq) was 
obtained, resulting in a specific activity of 839 µCi/mg (31.0 
MBq/mg). Radiolabeled antibody was analyzed using an 
Agilent 1200 series HPLC system (Santa Clara, CA, USA), 
equipped with β-radioactivity HPLC detector RAMONA* 
with internal liquid scintillator admixture (Elysia-raytest, 
Straubenhardt, Germany). Absorbance at 280 nm and 320 
nm was used for detection and quantification. For size-
exclusion chromatography (SEC), a TSKgel G3000  SWXL 
column (Tosoh Bioscience, Tokyo, Japan), 7.8 × 300 mm, 
5 μm with 0.2 M potassium phosphate, 0.25 M potassium 
chloride, and pH 7.0 as the mobile phase at a flow rate of 0.5 
mL/min, was used. The injection volume was 10 μL and the 
protein concentration 1 mg/mL. The target concentration of 
1 mg/mL was set by adding the eluent to the protein stock 
solution. The radiochemical purity using SEC was 98.1%; 
the low molecular weight impurity was 1%.

Analytical FcRn affinity chromatography was carried out 
with an FcRn affinity column (Roche Custom Biotech, Man-
nheim, Germany), column volume of 0.5 mL containing 1.5 
mg FcRn protein (14). The 45-min analytical method was 
applied with a flow rate of 0.5 mL/min under the follow-
ing conditions: Eluent [A] was 20 mM 2-(N-morpholino)
ethanesulfonic acid (MES) (with 140 mM sodium chloride, 
pH 5.5) and eluent [B] was 20 mM tris(hydroxymethyl)ami-
nomethane (Tris) (with 140 mM sodium chloride, pH 8.8). 
Starting with isocratic conditions of 20% [B] for 5 min, a 
linear gradient to 100% [B] followed over 35 min to keep 
100% [B] for 5 min. The injection volume was 30 μL and 
the protein concentration 1 mg/mL. The target concentra-
tion of 1 mg/mL was set by adding eluent [A] to the protein 
stock solution. Liquid scintillation counting was accom-
plished using a HIDEX 300 SL (Mainz, Germany) and an 
ULTIMATE GOLD cocktail (PerkinElmer Inc., Waltham, 
MA, USA). A comparison of unlabeled with the tritium-
labeled protein using FcRn affinity chromatography revealed 
no shift in retention times, which indicates that the label 
has no influence on FcRn affinity. The protein solution was 

sterile-filtered using a Millex-GV Durapore (PVDF) filter 
(Merck Millipore, Darmstadt, Germany), divided into two 
portions, and stored at − 80°C.

Generation and Characterization of Dosing 
Solutions

An endotoxin-free 20 mM histidine/HCl buffer (with 140 
mM NaCl, pH 6) was used to generate the dosing solutions 
for the in vivo studies. For the control groups, 2 mg/mL drug 
was prepared. For the IC groups, a solution of 2 mg/mL drug 
and 3 mg/mL ADA was prepared and incubated for 1 h at 
22°C on a shaker at 450 rpm before administration. Aliquots 
of the solutions were stored at − 80°C for further analysis 
by SEC using a Dionex Ultimate 3000 system like described 
previously (7, 10).

Study Design QWBA (Quantitative Whole‑Body 
Autoradiography)

This study was performed at a contractor research organiza-
tion. Tissue distribution and kinetics as well as blood distri-
bution were investigated after i.v. administration of the radi-
olabeled drug to female rats. For this purpose, CRL:WI rats 
were dosed with 3H-drug (4 mg/kg) or 3H-drug complexed 
with  pADA<CDR> (4 mg/kg and 6 mg/kg, respectively) (n 
= 1) and sacrificed 0.25 h after administration. The body 
of the animals was embedded as a whole in a frozen state. 
The concentration of radioactivity in tissues and organs 
was determined in whole-body sections of the animals by 
means of the QWBA technique. Just before the sacrifice, 
blood was taken from the sublingual vein under anesthesia 
(K3-EDTA). The aliquots were separated and used for the 
determination of total radioactivity in the blood by liquid 
scintillation counting (LSC) after solubilization using tis-
sue solubilizer Solvable (PerkinElmer). Immediately, after 
blood sampling, the animals were sacrificed by an overdose 
of carbon dioxide.

QWBA: Preparation of Animal Sections

The preparation of the whole-body animal sections was per-
formed using a cryostat microtome Cryo Macrocut Leica CM 
3600 XP (Leica Instruments GmbH, Nussloch, Germany). 
After sacrifice, the animals were immediately frozen as a 
whole at approximately − 80°C in a mixture of hexane in 
solid carbon dioxide until the animals were completely fro-
zen (approximately 0.5 h). Thereafter, the frozen animals 
were stored for at least 1 day in the deep freezer at approxi-
mately − 20°C for equilibration. The animals were then pro-
cessed as soon as possible. The tail and limbs of the carcass 
were trimmed in a frozen state. The carcass was placed on a 
specimen frame. An aqueous solution of Methylan (Henkel, 
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Düsseldorf; 125 g/7 L tap water) was poured over the car-
cass. The specimen frame containing the animal was put into 
a freezer (− 20°C for at least 24 h). Prior to sectioning, the 
embedded animal was allowed to equilibrate for approxi-
mately 1–2 h to the temperature of the cryostat (− 20 ± 2°C). 
The frozen block was cut in a cryomicrotome at a temperature 
of − 20 ± 2°C. Sections of 40 μm thickness were automati-
cally sliced to the section of interest. Prior to the removal of 
the section for radioluminography, a piece of adhesive trans-
parent tape (Scotch Tape 810; 3M, Neuss, Germany) was 
firmly placed onto the frozen surface of the carcass in order 
to adhere the cut section to the tape. Sections were taken at 
different levels through the embedded animal. About 6–7 
levels were selected to cover all tissues. The sections were 
dehydrated in the microtome at (− 20 ± 2°C) for at least 48 h. 
The sections were then treated with talcum to cover the unoc-
cupied sections of the adhesive tape. A series of 8 blood cali-
bration standards with different concentrations of  [3H]glucose 
plus one blank prepared with control blood was used. The 
concentrations of radioactivity covered a range from 10,000 to 
30,000,000 dpm/g. The radioactivity of each blood calibration 
standard was determined after dissolving using a tissue solubi-
lizer followed by LSC. The mean value of each standard was 
used to establish a calibration curve for the correlation of PSL 
(photo-stimulated luminescence) and dpm (radioactivity).

Biodistribution Study

All studies were conducted with the approval of the local 
veterinary authorities in strict adherence to the Swiss fed-
eral regulations on animal protection and to the rules of the 
Association for Assessment and Accreditation of Labora-
tory Animal Care International (AAALAC). Tissue, serum, 
urine, and feces distribution and kinetics were investigated 
after i.v. administration into the tail vein of the radiolabeled 
drug to female Wistar rats (CRL:WI; age approximately 8 
weeks old and body weight of 230 g). For this purpose, rats 
were dosed with 3H-drug (4 mg/kg) or 3H-drug complexed 
with  pADA<CDR> (4 mg/kg and 6 mg/kg, respectively) (n 
= 5). Blood samples were taken from the sublingual vein 
under anesthesia after 0.25, 1, 3, 7, 24, 48, 72, and 168 h 
(n = 2 per time point). For organ collection, animals were 
sacrificed 0.25, 3, 7, and 168 h after administration (n = 1 
per time point). The liver, lung, muscle, kidney, spleen, skin, 
heart, bone marrow, and pancreas were collected. Urine and 
feces from all rats were collected in 2 blocks, from 0 to 24 
h and 24 to 48 h.

Determination of Radioactivity in Serum 
and Organs by Liquid Scintillation Counting (LSC)

Ten microliters of serum sample were directly pipetted into 
a 6-mL scintillation vial (PerkinElmer, polypropylene), 

and 3.5 mL of Scintillation Cocktail (PerkinElmer, Ultima 
Gold™, 6013329) was added. The tubes were rigorously 
mixed using a Vortex mixer, and the radioactivity was meas-
ured using a liquid scintillation analyzer (Packard A3100). 
For tissue, approximately 200 mg material was transferred 
into Precellys24 tubes, and 3 mL of a 1:1 Soluene350/2-pro-
panol solution was added. Samples were homogenized with 
the Precellys24 homogenizer three times for 10 s. An aliquot 
of 250 µL of the homogenates was transferred into 20-mL 
scintillation vials. One milliliter of a 1:1 Soluene350/2-
propanol solution was added to the sample and incubated 
at 40°C overnight. Depending on the organ, a bleaching 
step was needed (e.g., kidney). In this case, 50 µL hydrogen 
peroxide 35% was added to the sample, and the vial was 
incubated at 40°C for 2 h. Fourteen milliliters of scintillation 
cocktail was added to the vial and rigorously mixed using 
a Vortex mixer, and the radioactivity was measured using 
a liquid scintillation analyzer (Packard A3100). Following 
equation is used to determine the total radioactivity per gram 
collected organ.

Size‑Exclusion Chromatography and Reconstruction 
of Complex Profile by Solid Scintillation Counting

Protein separation was carried out by SEC on an Agilent 
1290 Infinity II UHPLC system (Agilent Technologies Inc., 
Santa Clara, CA, USA) using an Acquity BEH SEC column 
(450 Å, 2.1 × 150 mm, Waters Corporation, Milford, MA, 
USA) with 100 mM sodium phosphate buffer at pH 7.4 con-
taining 5% ethanol as mobile phase. Column oven tempera-
ture was set to 30°C. The method run time was 10 min at 250 
μL/min isocratic flow. UV absorbance was measured with 
a diode array detector at 250 and 280 nm. Fractions were 
collected between 2.5 and 9.2 min every 0.07 min (17.5 μL) 
in a Deepwell LumaPlate-96 (PerkinElmer, Waltham, MA, 
USA), and radioactivity was measured by solid scintilla-
tion counting on a TopCount NXT HTS Microplate Counter 
(PerkinElmer, Waltham, MA, USA) after drying the plate 
in a rotational vacuum concentrator (Martin Christ Gefrier-
trocknungsanlagen GmbH, Osterode am Harz, Germany).

Peptide separation was carried out by SEC on an Agilent 
1290 Infinity II UHPLC system (Agilent Technologies Inc., 
Santa Clara, CA, USA) using a Superdex 30 Increase (3.2 
× 300 mm, Cytiva Marlborough, MA, USA) with 100 mM 
sodium phosphate buffer at pH 7.4 containing 5% ethanol 
as mobile phase. Column oven temperature was set to 25°C. 
The method run time was 60 min at 400 μL/min isocratic 
flow. UV absorbance was measured with a diode array detec-
tor at 215 and 280 nm. Fractions were collected between 
37.5 and 57.5 min every 0.052 min (20.8 μL) in a Deepwell 
LumaPlate-384 (PerkinElmer, Waltham, MA, USA), and 
radioactivity was measured by solid scintillation counting 
on a TopCount NXT HTS Microplate Counter (PerkinElmer, 
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Waltham, MA, USA) after drying the plate in a rotational 
vacuum concentrator (Martin Christ Gefriertrocknungsan-
lagen GmbH, Osterode am Harz, Germany).

Results

Formation and Characterization of the Immune 
Complex Dosing Solution

The preparation of the dosing solutions was performed as 
previously described by Hoffmann and coworkers (10). As 
a drug surrogate, a non-targeting  IgG1 was used, which car-
ried a mutation in the Fc part that ablated the Fc effector 
function (15). The drug was labeled with tritium (3H-drug) 
in analogy to the previously reported method by conjugation 
of  [3H]N-succinimidyl propionate to lysine in the protein 
sequence (16). On average, a humanized monoclonal  IgG1 
protein consists of approximately 80 lysine residues. Peptide 
mapping experiments identified nearly 40 lysine residues for 
possible conjugation (17). The study was conducted with 
a  [3H] drug with a degree of labeling (DoL) of 1.2. Dur-
ing the labeling process, the label was randomly distributed 
across the accessible lysine residues. This distribution of 
radiolabels on the antibody allows tracking of metabolized 
protein fragments.

For the dosing solution containing ICs, the 3H-drug was 
mixed at a ratio of 1:1.5 with a polyclonal ADA surrogate 
directed against the CDR of the drug  (pADA<CDR>). By 
using a 1:1.5 ratio of drug and ADA, full complexation of 
drug by ADAs was ensured, which avoided free circulating 
drug but kept the excess of ADAs as low as possible. As the 
focus of the study was on drug/ADA ICs, no monomeric 
drug should bias the results. The use of pre-formed ICs ena-
bles us to follow directly the kinetics of the different IC sizes 
in serum (Fig. 3).

The dosing solution was analyzed by SEC (UV detection 
at 280 nm) to evaluate the pattern of formed ICs and for bet-
ter comparison of the IC patterns after administration. The 
formed ICs consisted of dimeric, tetrameric, hexameric, and 
HMW ICs as depicted in Fig. 1A. Figure 1B depicts the SEC 
of the dosing solution for the control animals.

Quantitative Whole‑Body Autoradiography (QWBA)

To quantify the distribution of radiolabeled immune com-
plexes in vivo, QWBA was performed after a single-dose 
animal study in rats with 3H-drug and 3H-IC. Animals 
were sacrificed after 0.25 h after IV dosing. The short 
in vivo phase was based on findings from our previous 
work, where fast drug clearance from the circulation was 
observed (7). The whole-body slices were analyzed, and 
radioactivity in organs was quantified (Fig. 2, Table I). 

To provide a better comparison of the radioactive uptake 
of the organs, the tissue-to-blood ratio was calculated. 
For the control group dosed with monomeric 3H-drug, 
the muscle, skin, stomach, and thymus revealed a low 
tissue-to-blood ratio of 0.01–0.06. Higher tissue-to-blood 
ratio was detected in the lung, liver, and kidney (medulla) 
accounting for 0.9, 0.34, and 0.54, respectively. In general, 
the total concentrations of radioactivity in the tissues were 
lower than in the blood.

For the animal dosed with the pre-formed ICs of 
3H-drug and ADA, an increased concentration of radio-
activity was detected in several tissues such as the spleen 
(tissue-to-blood ratio of 1.21) and liver (tissue-to-blood 
ratio of 2.45). In other tissues such as the skin and muscle, 
the tissue-to-blood ratio remained low accounting for 0.04 
and 0.06, respectively. For the pancreas, a high tissue-to-
blood ratio of 1.37 to 3.38 was detected. The area with 
high radioactivity was inhomogeneous leading to a wide 
range.

Biodistribution Study

Like for QWBA, rats were dosed with monomeric 
3H-drug (control group) or with 3H-drug complexed with 
 pADA<CDR> (IC group) (n = 5 per group). Blood samples 
were collected after 0.25, 1, 3, 7, 24, 48, 72, and 168 h for 
analysis of immune complexes. Organs were collected at 
respective time points as described before and prepared for 
determination of radioactive concentration. In addition, 
urine and feces were collected from the animals between 
0 to 24 h and 24 to 48 h to measure excreted radioactivity.

Immune Complex Analysis

To study the IC pattern changes in the collected serum sam-
ples and to compare them with the IC pattern in the dosing 
solution, samples from the IC group (one sample per time 
point) were analyzed by size-exclusion chromatography 
(SEC). Fractions were collected, and the radioactivity in the 
fractions was determined using solid scintillation counting. 
Figure 3 shows the reconstructed IC profiles. Direct compar-
ison of the dosed IC pattern (Fig. 1) with the reconstructed 
IC pattern in serum showed that HMW and hexameric ICs 
disappear very fast. Dimeric and tetrameric ICs stay much 
longer in circulation. Between 24 and 72 h, the tetrameric 
IC content seemed to be very similar. The dimeric IC con-
tent showed few changes between 7 and 72 h. During the 
observed time, no monomeric drug was detected, indicat-
ing that ICs did not dissociate in vivo. This outcome is in 
agreement with previous data generated with the unlabeled 
drug (7).
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Radioactivity in Organs

At 0.25, 3, 7, and 168 h, the liver, lung, spleen, muscle, kid-
ney, skin, heart, bone marrow, and pancreas were collected 
from one animal per group. Organs were homogenized, and 
the radioactivity was determined by LSC. For better com-
parison between organs and between the groups, the ratio 
between organ and serum was calculated and illustrated in 
Fig. 4A, B. Figure 4C, D shows the absolute determined 
values for the control and IC groups (µ-eq/mL and µg-eq/g).

For the control group using monomeric 3H-IgG1, an 
increased radioactivity was observed in the liver after 0.25 
h, followed by a rapid decrease. In all other organs stud-
ied, radioactivity slightly increased over time. At 168 h, the 
tissue-to-blood ratio was ranging between 0.01 and 0.07 for 
all tissues. The skin and muscle revealed the lowest ratios, 
while the lung, heart, and kidney had higher ratios (Fig. 4A, 
C).

For the IC group, the liver showed the highest tissue-to-
serum ratio, followed by the kidney and spleen. Except for 
the liver, spleen, and kidney, all organs showed an increase 
over time of tissue to serum. The liver, spleen, and kid-
ney had a high tissue-to-serum ratio at 3 h (Fig. 4B). The 

absolute values for the organs of the IC group showed a 
decrease of radioactivity over time with the exception of 
the muscle and skin, where a slight increase was detected 
(Fig. 4D).

Comparing the ratio of the organ to serum between the 
control and IC groups (Fig. 4A, B), the most significant 
differences were detected in the liver, muscle, spleen, and 
pancreas. Although the actual radioactivity in the pancreas 
is relatively low compared to other organs, the amount of 
radioactivity in the IC group is approximately 5-fold higher 
than in the control group (Fig. 4C, D).

Radioactivity in Urine and Feces

Figure 5 shows the percentage recovery of the administered 
radioactive dose in the corresponding time intervals deter-
mined by LSC. In the urine samples, the control group had 
a maximum of approx. 6% of the administered dose in the 
0 to 24 h time interval. In contrast, approximately 65% was 
observed in the IC group in the first 24 h, indicating a much 
faster excretion of the ICs (18). For feces, the overall radio-
activity was very low, with a maximum of approx. 0.3% in 
the IC group (0–24 h).

Pancreas

A
Control animal
3H-IgG, 0.25 h

IC animal
3H-IC, 0.25 h

B

Fig. 2  Representative whole-body autoradiograms of female rats after single intravenous administration of A 4 mg/kg 3H-drug and B 3H-IC (4 
mg/kg 3H-drug and 6 mg/kg ADA)
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To better understand the excreted molecular 
substance(s) in the urine of the IC group, the urine was 
analyzed by peptide-level SEC determining the radioac-
tivity in each collected fraction (Fig. 6). The radio-chro-
matogram of the urine showed the same pattern in the 
control and IC groups, but different signal intensities. The 
radio-chromatogram also indicated that only one species is 
present. A commercially available calibration standard was 
used to narrow down the molecular weight of the excreted 
substance. The radioactive substance eluted near the cali-
brator with a molecular weight of 1.2 kDa. Taking into 
consideration the impact of the spatial structure on the 
elution behavior, this molecular weight can only be taken 
as a rough approximation.

To assess whether the secreted substrate was the amino 
acid lysine conjugated with  [3H]propionate, a non-radioac-
tive N-ε-propionyl lysine was used as standard and spiked 
into the sample. Analysis was performed by a peptide-level 
SEC (Fig. 6). The control N-ε-propionyl lysine eluted later 
than the substance in the urine, indicating that the unknown 
substance is larger than the labeled amino acid.

Discussion

The formation of immune complexes plays an important 
role in various preclinical and clinical aspects, like auto-
immunity or immunogenicity against biotherapeutics (19). 

Table I  Quantitative Evaluation of Radioactive Uptake in (ng-eq/g) (n 
= 1) in Organs and Tissues and Calculated Ratio of Radioactivity in 
Tissues to Radioactivity in Blood from the Control Animal (3H-drug) 

and IC Animal (3H-IC) After 0.25 h. Tissue-to-Blood Ratios Greater 
Than 0.25 Are Highlighted Blue in the Control Animal and Greater 
Than 1 Are Highlighted Green in the IC Animal

Tissue
Control animal IC animal
(ng-eq/g) Ratio to blood (ng-eq/g) Ratio to blood

Blood 55,030 1 21,357 1
Adrenal (cortex) 13,207 0.24 13,381 0.63
Adrenal (medulla) 48,626 0.88 17,790 0.83
Heart (myocardium without blood) 11,604 0.21 6608 0.31
Kidney (cortex) 26,890 0.49 6722 0.31
Kidney (medulla) 29,710 0.54 8908 0.42
Kidney (papilla) 15,505 0.28 7208 0.34
Large intestine (wall) 2897 0.05 9416 0.44
Liver 18,828 0.34 52,284 2.45
Lung 49,740 0.9 22,058 1.03
Muscle 3391 0.06 1338 0.06
Ovaries 11,533 0.21 5704 0.27
Pancreas 4423 0.08 29,318–72,227 1.37–3.38
Skin 638 0.01 795 0.04
Small intestine (wall) 6757 0.12 3820 0.18
Spleen 8303 0.15 25,854 1.21
Stomach 1204 0.02 5496 0.26
Thymus 1304 0.02 6199 0.29
Urinary bladder 2680 0.05 5595 0.26

IC immune complex
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Previous publications have reported investigations into the 
formation and characterization of drug/ADA ICs and their 
bioanalysis in biological matrices, as well as the impact 
of these ICs on the PK of antibody-based drugs (7, 10).

The question was raised as to which organ or tissue 
caused the fast disappearance of the immune complexes, 
particularly due to the fact that larger immune complexes 
than hexamers already cleared as early as 0.25 h post dosing 
(7). To investigate this question, a QWBA was performed 
using 3H-labeled drug (non-targeting  IgG1 with a PGLALA 
mutation in the Fc domain ablating the Fc effector func-
tion) (control animal) or complexed with a polyclonal ADA 
directed against the CDR of the drug (IC animal).

We focused our studies on intravenous administration 
allowing us to ensure that the IC pattern we generated in 
vitro reaches circulation and monitoring changes of this pat-
tern over time. The QWBA slide generated from the control 
animal after 0.25 h post dosing showed high radioactivity 
in the lung, kidney, and liver. On the slide of the IC ani-
mal, a very high radioactivity was observed in the lung, 
liver, spleen, and surprisingly also in the pancreas (Fig. 2). 
Although the overall tissue-to-blood ratio for the thymus, 
large intestine, urinary bladder, and stomach in the IC ani-
mal is relatively low compared to organs like the liver, lung, 
or spleen (0.26–0.44), the direct comparison to the organ-
to-blood ratio for the control animal showed a meaningful 
difference (0.02–0.05) indicating a deposition of immune 
complexes (Table I). The difference in IC disposition is in 

Fig. 3  3H-IC profiles of serum samples from the IC group. 3H-ICs in 
different serum samples were separated by SEC and fractionated, and 
the radioactivity in the fractions was determined by LSC 0.25, 1, 3, 7, 
24, 48, 72, and 168 h after administration. Potential elution of mono-
meric 3H-drug is marked with a dashed line

Fig. 4  Ratio between tissue/organs and serum in the control group 
(A) and the IC group (B). Absolute values of the detected radioactiv-
ity in collected serum and organs (log scale for x- and y-axes) in the 

control group (C) and the IC group (D). Serum and organs were col-
lected at defined time points (0.25, 3, 7, and 168 h after administra-
tion), and the radioactivity was determined by LSC
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line with current knowledge about the location of the reticu-
loendothelial system (RES) mainly in the liver, lung, and 
spleen.

Involvement of the pancreas was not expected, as there 
was no evidence found in the literature to suggest that the 
pancreas could play a role in IC disposition or metabolism. 
To confirm the findings from the QWBA, a follow-up study 
was performed using a different readout. The same 3H-drug, 
pADA, and dosing regimen were used but with more sam-
pling time points. After 0.25, 3, 7, and 168 h, one animal 
per group was sacrificed, and serum and defined organs 
were taken for further analysis. Serum samples from the 
IC group were separated by SEC and fractionated, and the 
radioactivity in the fractions was subsequently measured to 
reconstruct the immune complex pattern (7, 10). The recon-
structed immune complex patterns indicated that already 
after 0.25 h, most HMW ICs were cleared from circulation 
(Fig. 3). The dimeric immune complex, on the other hand, 
was detectable even after 168 h. The results confirm well to 
the previous study, which used the same molecules with-
out radioactive labeling (7). The immune complex patterns 
in the former study were determined using SEC followed 
by a drug-specific ELISA. The comparison of the previous 
study and the study presented here also demonstrated that 
the readout (LSC/radioactivity vs. drug-specific ELISA) had 
no impact on the reconstructed immune complex pattern 

(data not shown). The collected organs were homogenized, 
and the radioactivity was determined by LSC. For better 
comparison, the radioactivity in the organs was normalized 
by the radioactivity in serum.

Similar to the QWBA study, the control animals showed 
increased radioactivity in the liver, lung, and kidney after 
0.25 h. Over time, radioactivity increased in the lung, kid-
ney, heart, and pancreas (Fig. 4A). For the IC group, the 
liver, lung, and spleen showed the highest radioactivity after 
0.25 h, as in the QWBA (Fig. 4B) (18, 20). Overall, the 
ratio of serum to tissue was much lower than previously 
obtained by QWBA. The values obtained by QWBA are in 
line with previously published data (21). These differences 
can be explained by the residual blood levels, which remain 
in the organ after euthanasia of the animal. As depicted in 
Fig. 4, the serum levels are 10–100 times higher than in 
tissue as a result of the low extravasation of antibodies. For 
both applied techniques, QWBA and biodistribution with-
out perfusion, the confounding factor of residual blood is 
known. The main objective was to identify organs that show 
higher uptake of immune complexes rather than to determine 
absolute (“true”) levels of tissue concentrations.

Interestingly, although in the biodistribution study, radi-
oactivity in the pancreas was up to five times higher than 
in the control group, it appeared to be less pronounced 
compared to the very high radioactivity observed in the 

Fig. 5  Percentages of total administered dose measured in urine (A) and feces (B). Samples were collected in time frames of 0–24 h and 24–48 
h. Radioactivity was determined by LSC

Fig. 6  Peptide SEC analysis 
of collected urine (0–24 h) of 
the control and IC groups with 
radioactive readout (CPM). In 
addition, non-radioactive N-ε-
propionyl lysine was injected as 
control (mAU) at 215 nm. The 
dashed lines mark the elution of 
the SEC standards in the area of 
interest (vitamin B12: 1.2 kDa; 
triglycine: 0.189 kDa)
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QWBA study. The increase of radioactivity over time (up 
to 7 h) indicates an accumulation in the pancreas. These 
results could be explained in two ways; the pancreas is 
taking up immune complexes, or the immune complexes 
were proteolyzed in the liver, and then, the radiolabeled 
amino acid or peptides were taken up by the pancreas 
because of its high protein expression level (22). In the 
case of the second option, this would presume that the 
3H-labeled amino acid could be reused during the pro-
tein expression and processed into new proteins by the 
natural protein expression machinery. This would also 
explain why the radioactivity in the control animal also 
increased over time. The monomeric IgG is taken up as 
part of endogenous processes and degraded by proteolysis. 
This process is much slower compared to immune com-
plexes. Assuming reuse of the labeled amino acid for new 
proteins, the high amount of radioactivity in the pancreas 
was not caused in the first instance by the disposition of 
the immune complexes, but as secondary an effect of the 
increased proteolytic digestion of the immune complexes 
in the liver and subsequent uptake for protein synthesis.

In the biodistribution study, the collected urine of the IC 
animals indicated that 65% of the dosed radioactivity was 
excreted within the first 24 h, compared to only 6% for the 
control group (Fig. 5) (18). This is a clear hint that immune 
complexes are internalized, proteolytically digested, and 
excreted much faster than monomeric IgG.

Interestingly, although the drug was randomly labeled 
via conjugation to lysine residues, only one distinct peak 
was identified in a peptide SEC analysis with a radioactive 
readout, indicating the presence of one molecular species 
(Fig. 6). This radioactive species was found in both the IC 
and control groups. To better estimate the size of this spe-
cies, a commercial SEC standard was used, but also N-ε-
propionyl lysine, which mimics a proteolyzed lysine residue 
after 3H-propionylation on the endogenous nitrogen (Fig. 6). 
The results suggest that the radioactive species in urine is not 
the monomeric labeled lysine, but rather a molecular size of 
approximately 1.2 kDa (excluding the impact of the spatial 
structure on the elution behavior), indicating that the species 
is a peptide consisting of several amino acids. The fact that 
only one species was found, although a random labeling of 
drug lysine residues was performed, could be due to insuf-
ficient separation of the potentially different species present 
by the peptide SEC used. Further analysis of the urine will 
be needed to study more deeply the actual species present.

Comparison of the 0.25 h results from the QWBA and the 
biodistribution study confirmed that the liver, as expected, 
is the central organ for immune complex clearance in the 
first minutes, followed by the spleen (Fig. 4, Table I). It 
can be concluded that the follow-up biodistribution study 
with improved sampling time points and study duration 
contributed significantly to obtaining a better picture of the 

processes during biodistribution and completing the results 
of the QWBA study.

Rojas et al. (12) also reported 2005 accelerated clear-
ance of drug/ADA ICs. However, this study did not address 
additional aspects we focused on. The used drug (inflixi-
mab) is a human/murine chimeric and does not represent the 
properties of modern humanized therapeutic antibodies with 
engineered Fc effector functions. Furthermore, the study by 
Rojas et al. had a different objective by investigating the in 
vivo formation of ICs and their distribution and elimination 
resulting from a low-level immune response in the pres-
ence of excess drug. They also used a different approach of 
IC formation (in vivo vs. our in vitro approach), a different 
animal test model, and a lower total radioactive dose. Fur-
thermore, the labeling chemistry (direct iodination vs. NHS) 
applied was different. As described by Edelmann and Hauri 
(2021) (14), direct iodination could harm an antibody due 
to the harsh oxidative reaction condition, which can lead to 
a higher clearance. In comparison, tritium-labeled propion-
ate has less impact on biological behavior. All these aspects 
make a direct comparison and simple transfer of the results 
very challenging to impossible. Nevertheless, the findings 
are in agreement with our findings

Conclusions

To investigate the in vivo behavior of immune complexes 
(ICs) of drug/ADAs, a drug-like IgG was labeled with trit-
ium and treated with an anti-IgG antibody directed against 
the CDR. A biodistribution study and a QWBA study were 
performed with the 3H-drug and the 3H-IC in rats. These 
studies confirmed that drug/ADA immune complexes are 
removed from the circulation faster than the drug-like IgG. 
Up to now, it was not clear where and when these ICs are 
distributed or excreted in the body. A finding of these biodis-
tribution studies with tritium-labeled compounds was that an 
increased level of radioactivity accumulates in the pancreas. 
To the best of our knowledge, this accumulation has been 
observed in the pancreas for the first time. Furthermore, a 
high amount of radioactivity from the group receiving the 
pre-complexed 3H-IC dose was found in the urine in the first 
24 h. So far, it has not been possible to identify the main 
degradation product. Estimation was possible only with a 
molecular weight marker using SEC, which showed a pep-
tide of a size of approximately 1.2 kDa. Further investiga-
tions are required in order to gain a greater understanding 
of the degradation of IC.
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