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ABSTRACT
Avelumab is an IgG1 anti–programmed death ligand 1 (anti–PD-L1) monoclonal antibody that has been 
approved as a monotherapy for metastatic Merkel cell carcinoma and advanced urothelial carcinoma, and 
in combination with axitinib for advanced renal cell carcinoma. Avelumab is cleared faster and has 
a shorter half-life than other anti–PD-L1 antibodies, such as atezolizumab and durvalumab, but the 
mechanisms underlying these differences are unknown. IgG antibodies can be cleared through receptor- 
mediated endocytosis after binding of the antibody Fab region to target proteins, or via Fcγ receptor 
(FcγR)-mediated endocytosis. Unlike other approved anti–PD-L1 antibodies, avelumab has a native Fc 
region that retains FcγR binding capability. We hypothesized that the rapid clearance of avelumab might 
be due to the synergistic effect of both FcγR-mediated and PD-L1 target–mediated internalization. To 
investigate this, we performed in vitro and in vivo studies that compared engineered variants of avelumab 
and atezolizumab to determine mechanisms of cellular internalization. We found that both FcγR and PD- 
L1 binding contribute to avelumab internalization. While FcγR binding was the dominant mechanism of 
avelumab internalization in vitro, with CD64 acting as the most important FcγR, studies in mice and 
cynomolgus monkeys showed that both FcγR and PD-L1 contribute to avelumab elimination, with PD-L1 
binding playing a greater role. These studies suggest that the rapid internalization of avelumab might be 
due to simultaneous binding of both PD-L1 and FcγR in trans. Our findings also provide a basis to alter the 
clearance and half-life of monoclonal antibodies in therapeutic development.
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Introduction

Tumors employ various strategies to evade immunosurveil
lance, including the inactivation of tumor-infiltrating immune 
effector cells.1,2 Of particular importance is the interaction 
between the programmed death 1 (PD-1) receptor expressed 
on the surface of activated T cells and its ligand, PD-L1, which 
is expressed on the surface of various immune cells and other 
host cells, in addition to some cancer cells, and which acts to 
suppress antitumor T cell responses.1–6 Blocking the PD-1/PD- 
L1 interaction using immune checkpoint inhibitor (ICI) 
monoclonal antibodies is an established therapeutic strategy 
in multiple tumor types.7

All approved monoclonal antibodies developed to date are 
IgG, and their elimination from the body mostly occurs via 
intracellular catabolism after nonspecific fluid-phase pinocyto
sis or receptor-mediated endocytosis.8 Following the binding 
of the antibody Fab region to cell surface proteins, receptor- 
mediated endocytosis results in antibody recycling via endo
somes or degradation within lysosomes. Thus, target binding 
can significantly contribute to the kinetics of antibody elimina
tion. IgG antibodies can also trigger elimination through 

binding of their Fc region to Fcγ receptors (FcγRs).8 These 
receptors are expressed on various types of immune cells that 
can be recruited to tumors through FcγR-Fc interactions with 
antibody-bound targets.9 Recruited immune cells can then 
elicit or mediate immunologic activities, including endocytosis 
and phagocytosis.8,9 FcγR-mediated elimination might domi
nate when an antibody can form soluble immune complexes 
with three or more IgGs, or in cases where the antibody binds 
cells suspended in blood or body fluid.8

During therapeutic development, effector functions of 
monoclonal antibodies are often modulated. For example, 
FcγR binding capability has been enhanced for some targeted 
therapies.10–12 In contrast, most approved ICIs have either 
been engineered to remove FcγR binding capability (eg, via 
Fc sequence changes as in atezolizumab and durvalumab) or 
have been developed using an IgG subclass with limited 
FcγR-binding functionality (eg, IgG4 subclass of nivolumab 
and pembrolizumab).10,11,13–16 Clearance of atezolizumab has 
been shown to involve both specific (target-mediated) and 
nonspecific clearance mechanisms, with the former providing 
a greater contribution at lower doses.14 It has also been shown 
that IgG antibodies with a low isoelectric point (pI) have 
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a longer half-life and reduced elimination.17 Thus, the intrinsic 
properties of therapeutic antibodies can have profound effects 
on their potency and pharmacokinetics (PK).

Avelumab is an anti–PD-L1 inhibitor that has been approved 
in several indications, including advanced urothelial carcinoma 
(first-line maintenance and second-line therapy), metastatic 
Merkel cell carcinoma, and advanced renal cell carcinoma (first- 
line treatment in combination with axitinib).18–23 Unlike other 
approved anti–PD-L1 antibodies, avelumab has a native IgG1 Fc 
region that retains FcγR binding.7,24,25 Preclinical studies have 
shown that in addition to stimulating T cell–mediated immune 
responses by binding to PD-L1 and inhibiting PD-1/PD-L1 
interactions, the native Fc region of avelumab induces innate 
effector functions against tumor cells (eg, antibody-dependent 
cell-mediated cytotoxicity [ADCC]).10,25–28 This extra mode of 
action for avelumab compared with other anti–PD-L1 antibo
dies might provide additional therapeutic potential. Although 
the contribution of ADCC to therapeutic benefit has not been 
demonstrated in clinical trials, it has been demonstrated in 
nonclinical monotherapy studies.29

Avelumab is cleared significantly faster than some other 
anti–PD-L1 antibodies, resulting in a shorter half-life.30 We 
speculated that both PD-L1 binding and FcγR-mediated 
mechanisms might contribute to the rapid clearance of avelu
mab. To elucidate mechanisms responsible for clearance and to 
better understand FcγR-mediated internalization vs PD-L1 
target–mediated internalization, in vitro and in vivo studies 
were performed using variants of avelumab and atezolizumab.

Materials and methods

Antibody variants

Versions of avelumab studied comprised the wild-type (WT) 
version with full FcγR binding capability, an FcγR binding– 
deficient variant (containing an N297A substitution), a PD-L1 
binding–deficient variant (R99K substitution), and a lower pI 
variant containing several substitutions (Q16E, S17R, T72D, 
and Q81E), which has a calculated pI of 8.7 compared with 9.1 
for WT avelumab (Table 1). Additionally, an anti–PD-L1 anti
body with an amino acid sequence identical to atezolizumab, 
including its N297A substitution (FcγR binding–deficient), 
was assessed, along with a modified version of atezolizumab 
with a restored WT Fc region and intact glycosylation site 
(FcγR binding). All antibody variants were generated intern
ally. Initial in vitro studies included assessment of different 
antibody batches to confirm that observations were not due 
to batch-specific effects.

Antibody affinity determination

The binding affinity of anti–PD-L1 antibodies for histidine- 
tagged PD-L1 (PD-L1–His; human and mouse) was deter
mined using a Biacore 4000 instrument (GE Healthcare). The 
Fc region of anti–PD-L1 antibodies was captured using goat 
anti-human IgG immobilized to a CM5 sensor chip. Anti–PD- 
L1 antibodies were captured at 0.5 and 1.0 µg/mL for 120 sec at 
30 μL/mL. Human PD-L1–His analyte was bound at 0, 1.25, 
2.5, 5, 10, and 20 nM. Mouse PD-L1–His analyte was bound at 

0, 2.5, 5, 10, 20, and 40 nM. During the association phase, 
samples were injected at 30 μL/min for 180 sec. For the dis
sociation phase, wash buffer was injected at 30 μL/min for 
600 sec. Binding affinities (KD) were determined from the 
measured association (ka) and dissociation (kd) rate constants, 
where KD = kd/ka, using the Biacore 4000 Evaluation software.

Internalization assay

Antibody internalization in healthy donor blood was measured 
using a commercially available flow, cytometry–based assay in 
which pHrodo (ThermoFisher Scientific), a pH-sensitive fluor
escent dye, was used to directly monitor antibody endocytosis 
and lysosomal degradation.31,32 Antibodies were labeled with 
pHrodo iFL Red Microscale Labeling kits (ThermoFisher 
Scientific), following the manufacturer’s instructions. Briefly, 
100 µL of 1 mg/mL antibodies were purified from primary 
amines using Zeba Spin Desalting Columns (Thermo Fisher 
Scientific). Antibodies were then mixed with 1 M sodium bicar
bonate and 2 mM pHrodo iFL Red labeling solution and incu
bated in the dark at room temperature for 15 min. Finally, the 
reaction mixture was purified using a purification spin column, 
according to the manufacturer’s instructions. The DOL (degree 
of labeling) and absorbance maximum of the dye were deter
mined from the absorbance at 280 nm and 560 nm, respectively, 
using a Nanodrop ND-1000 (Thermo Scientific). Labeled anti
bodies were measured with the same DOL during investigation.

Blood samples were collected from the different donors using 
sodium heparin tubes. Internalization was measured using 
100 µL of whole blood. Each tube was treated with 30 µg/mL 
of selected pHRodo-labeled antibody and incubated at 37°C 
with 5% CO2 for different times. For negative controls, whole 
blood was incubated with pHrodo-labeled antibody at 4°C. After 
treatment, each tube was incubated for 20 min on ice with 
external staining antibodies. Cells were stained with CD45-PE 
Cy5, CD3-FITC, CD16-PE Cy7, CD14-BV421, and CD56-APC 
(Becton Dickinson). Internalization in natural killer (NK) cells 
(CD56+CD16+), lymphocytes (CD3+), total monocytes 

Table 1. Characteristics and affinity of anti–PD-L1 antibody variants ana
lyzed. The binding affinities of anti–PD-L1 antibodies were determined using 
surface plasmon resonance. Human PD-L1 analyte was bound at 0, 1.25, 2.5, 5, 10, 
and 20 nM. Mouse PD-L1 analyte was bound at 0, 2.5, 5, 10, 20, and 40 nM. 
Binding affinities were determined from the measured association and dissocia
tion rate constants.

Anti-PD-L1 antibody (amino acid 
substitutions)

Outcome of 
mutation(s)

Human 
PD-L1 

affinity, 
nM

Mouse 
PD-L1 

affinity, 
nM

WT avelumab NA 0.4 0.7
Avelumab (N297A) FcγR binding– 

deficient
0.3 0.8

Avelumab (R99K) PD-L1 binding– 
deficient

NB NB

Avelumab (Q16E, S17R, T72D, 
Q81E)

Lower pI* 0.8 1.2

WT atezolizumab NA 0.2 2.5
Atezolizumab (N297A) FcγR binding– 

deficient
0.2 2.4

FcγR, Fcγ receptor; NA, not applicable; NB, no binding; PD-L1, programmed 
death-ligand 1; pI, isoelectric point; WT, wild-type. 

*Calculated pI of 8.7 compared with 9.1 for WT avelumab.
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(CD14+CD16−, CD14+CD16+, and CD14−CD16+), and gran
ulocytes was assessed.

Antibody internalization studies were also performed in the 
presence of various soluble Fc receptors.33 Blood samples were 
collected from the different donors using CPT tubes (Becton 
Dickinson). Peripheral blood mononuclear cells (PBMCs) were 
isolated and counted using a Nucleocounter NC-200 instrument 
(Chemometec), following manufacturer’s instructions. PBMCs 
were then resuspended in Gibco AIM V medium 
(ThermoFisher Scientific) and aliquoted at 5 × 105 cells/tube. 
Each tube was first treated with 30 µg/mL of selected recombi
nant human receptor proteins (FcγRI/CD64, FcγRIIA/CD32a, 
FcγRIIB/C [CD32b/c], FcγRIIIA/CD16a, FcγRIIIB/CD16b, 
FcRn [neonatal Fc receptor]; R&D Systems) or with WT avelu
mab. PBMCs were then treated with 30 µg/mL of selected 
pHrodo-labeled antibodies and incubated at 37°C with 5% 
CO2 for 2 h. For negative controls, PBMCs were incubated 
with pHrodo-labeled antibody at 4°C in parallel. After treat
ment, each tube was incubated for 20 min on ice with various 
staining antibodies (CD3, CD14, CD16, CD45, and CD56; 
Becton Dickinson). Internalization was assessed on NK cells 
(CD56+CD16+), lymphocytes (CD3+), and total monocytes 
(CD14+CD16−, CD14+CD16+, and CD14−CD16+).

PK studies in mice

C57BL/6 male and female mice were dosed with 200 µg of 
antibody variants in 0.3 mL phosphate-buffered saline at pH 
7.4 and blood samples of 0.1 mL were drawn to obtain Li- 
heparin plasma at six time points: 1, 2, 4, 6, 8, and 10 days post 
dosing (three alternating time points for subgroups of three 
mice; six mice per antibody). Plasma concentrations were 
measured by immunoassay, as reported previously.30 The 
initial concentration (C0) was fixed at 200 µg/mL assuming 
a plasma volume of 1 mL (40 mL/kg). When plotting the 
plasma concentration vs time profiles, concentrations at the 
first time point below the lower limit of quantitation (LLOQ) of 
the assay (0.2 µg/mL) were set at 0.5 × LLOQ.

PK studies in cynomolgus monkeys

Cynomolgus monkeys (n = 3 per group) received a single 
intravenous (IV) bolus injection of 5 mg/kg of each antibody 
variant. WT avelumab was investigated in an earlier study and 
was dosed at 4 mg/kg and serum concentrations were normal
ized to 5 mg/kg. Serum concentrations of antibodies were 
measured by immunoassay, as reported previously30; profiles 
affected by anti-drug antibodies were excluded. Internalization 
of antibody variants in circulating immune cells obtained from 
cynomolgus monkey whole blood was assessed using the inter
nalization assay described above.

Ethical approval

Studies using human blood were approved by the local 
ethics committee where studies were performed (Hesse, 
Germany). Healthy donors provided written informed con
sent. All studies in animals were conducted in accordance 
with national guidelines and with formal approval by 

relevant animal care committees. Studies in mice were 
performed in an institute fully authorized by the national 
Ministry of Health (Italy), all parts of the study plan were 
reviewed by the institute’s designated veterinarian and ani
mal welfare officer, and animal protection, housing, and 
welfare were consistent with national laws. Studies in cyno
molgus monkeys complied with all relevant national regu
lations (United States), and the protocol and procedures 
involving use of animals were reviewed and approved by 
the institutional committee before studies were initiated.

Results

Development of the internalization assay

An internalization assay was developed using antibodies labeled 
with pHrodo dyes targeting human immune cells in whole blood 
or PBMCs. The fluorescence intensity of the dyes increases as the 
pH decreases from neutral in the early endosome to acidic in the 
late lysosome, enabling measurement of antibody endocytosis 
and internalization.31,32 The main immune cells that internalize 
labeled antibodies are monocytes and granulocytes 
(Supplementary Figure S1). NK cells can also internalize anti
bodies, whereas T and B cells do not contribute to internalization 
(data not shown). Antibody internalization and kinetics were 
observable after 1 h and the signal plateaued after 6 h. The gating 
strategy is shown (Supplementary Figure S1).

Internalization of WT avelumab and its FcγR binding– 
deficient variant in human monocytes and granulocytes 
in vitro

To determine the role of FcγR binding in the internalization of 
avelumab by human immune cells, internalization of WT ave
lumab in human blood was compared with an FcγR binding– 
deficient variant (N297A). Compared with WT avelumab, the 
N297A variant had significantly reduced internalization in 
FcγR-expressing cells (CD14+ CD16− monocytes; Figure 1a). 
Up to 80% of monocytes internalized avelumab, with peak 
internalization reached in 4–6 hours. Similarly, N297A variants 
were also internalized significantly less than WT avelumab in 
granulocytes (Figure 1b). Up to 25% of granulocytes interna
lized avelumab, with peak internalization reached in 4–6 hours. 
Thus, the avelumab FcγR binding–deficient variant (N297A) 
showed diminished uptake in monocytes and granulocytes 
compared with WT avelumab.

Internalization of avelumab anti–PD-L1 binding–deficient 
variant in human monocytes and granulocytes in vitro

Although the FcγR binding–deficient variant of avelumab 
was internalized less than WT avelumab, internalization of 
the FcγR binding–deficient variant was still observed at 
later time points (Figure 1a, b). This observation suggested 
a role for PD-L1–mediated internalization. To test this, 
internalization of WT avelumab and the FcγR binding– 
deficient variant (N297A) was compared with a PD-L1 
binding–deficient variant (R99K). In both human mono
cytes and granulocytes, the R99K avelumab variant had 
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reduced internalization compared with WT avelumab but 
some internalization was observed, particularly at late time 
points (Figure 2a, b). In contrast to the R99K variant, and 
consistent with prior experiments, the N297A variant 
showed substantially reduced internalization at early time 
points (Figure 2a, b).

To confirm that both FcγR and PD-L1 binding contrib
uted to avelumab internalization, the internalization of WT 
avelumab was compared with internally generated antibo
dies that had the same Fab domain as atezolizumab linked 
either to an FcγR binding–deficient (N297A) Fc domain or 
its WT IgG1 (FcγR binding–restored) variant (Figure 3a, 
3b, Supplementary Figure 1b, 1c). The atezolizumab and 
avelumab WT IgG1 antibodies had starkly different levels 
of internalization, with WT atezolizumab internalized at 
a much lower level than WT avelumab, indicating that 
FcγR binding alone does not explain the difference in 
internalization between avelumab and atezolizumab. 
However, the FcγR binding–deficient (N297A) variant of 
atezolizumab also had very low levels of internalization, 
lower than WT atezolizumab, indicating the occurrence of 
FcγR-mediated internalization (Figure 3a, 3b).

Internalization of a low pI variant of avelumab in human 
PBMCs in vitro

To confirm that PD-L1 binding characteristics are an important 
factor that contributes to internalization, studies were performed 
to compare an additional variant of avelumab that had a lower pI 
(containing several amino acid substitutions) with WT avelu
mab, the PD-L1 binding–deficient variant (R99K), and the FcγR 
binding–deficient variant (N297A). Differences in affinity for 
PD-L1 for each variant are shown (Table 1). In human 
PMBCs, the N297A variant had the lowest internalization of 
the variants assessed; in comparison, WT avelumab had the 
highest internalization, followed by the PD-L1 binding–deficient 
variant (R99K) and the lower pI variant (Figure 3c).

PK studies in mice

The PK of the PD-L1 antibodies and variants was investigated 
in mice (Figure 4). Following IV dosing, WT avelumab was 
cleared faster than each of the variants assessed. This difference 
in clearance was observed only in the terminal phase, 8–10 days 
after dosing. In the terminal phase, elimination was fastest for 

Figure 1. Internalization of WT avelumab compared with its FcγR binding–deficient variant (N297A) in human monocytes and granulocytes. Internalization in 
(a) CD14+ CD16− monocytes and (b) granulocytes. A flow cytometry–based antibody internalization assay with pH-sensitive fluorescent dye, pHrodo, was used to 
directly monitor antibody internalization in healthy donor blood. Blood samples were treated with pHrodo-labeled antibodies, and immune cells were detected with 
external staining antibodies. Error bars represent standard deviations. FcγR, Fcγ receptor; WT, wild type.
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the WT avelumab and slowest for the PD-L1 binding–deficient 
variant (R99K) (Figure 4a, 4b). The elimination rates of the 
FcγR binding–deficient (N297A) and low pI variants were 
between that of WT avelumab and the PD-L1 binding–defi
cient variant (R99K). Similarly, WT atezolizumab was elimi
nated slightly faster than its FcγR binding–deficient variant 
(N297A) in mice (Figure 4c).

PK studies in cynomolgus monkeys

Internalization of different antibody variants was assessed 
in vitro in whole blood obtained from cynomolgus mon
keys, and results were similar to in vitro studies in human 
blood. Compared with WT avelumab, the FcγR binding– 
deficient variant (N297A) was internalized less in mono
cytes and granulocytes, similar to WT atezolizumab 
(Figure 5a). The PD-L1 binding–deficient variant (R99K) 
of avelumab was internalized less than WT avelumab but 
more than the FcγR binding–deficient variant (N297A). 
PK studies with different antibody variants were per
formed in cynomolgus monkeys to correlate in vitro 

findings with in vivo studies. Following IV dosing, WT 
avelumab was eliminated faster than each of the variants 
assessed (Figure 5b). In the terminal phase, clearance was 
fastest for WT avelumab and slowest for PD-L1 binding 
deficient variant (R99K); clearance rates for the FcγR 
binding–deficient variant (N297A) and the low pI variant 
were very similar and were between clearance rates for 
WT avelumab PD-L1 binding–deficient variant 
(Figure 5b, Supplementary Table S1). In studies of atezo
lizumab variants in vivo, the FcγR binding–deficient var
iant (N297A) showed a minimal reduction in elimination 
compared with WT atezolizumab (Figure 5c). 
Consequently, WT avelumab had a shorter half-life 
(53.6 h) and faster clearance (1.18 mL/h/kg) than the 
other antibody variants (Supplementary Table 1).

Internalization of avelumab and variants in the presence 
of competing soluble receptors

To assess the contribution of different FcγRs to the internaliza
tion of avelumab, further internalization studies were performed 

Figure 2. Internalization of WT avelumab compared with its anti–PD-L1 binding–deficient variant (R99K) and FcγR binding–deficient variant (N297A) in 
total human monocytes and granulocytes. Internalization in (a) total monocytes and (b) granulocytes from a representative donor is shown. Results were similar in 
other donors (data not shown). Error bars represent standard deviations of replicate assays from the same donor. Anti–PD-L1, anti–programmed death ligand 1; WT, 
wild-type.
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in the presence of various competing soluble FcγRs (Figure 6). 
The presence of soluble CD64, which is an FcγR with high 
affinity for IgG1, significantly reduced the internalization of 
WT avelumab and the PD-L1 binding–deficient variant 
(R99K). Other soluble FcγRs had minimal effects on the inter
nalization of avelumab. Free avelumab had no impact on the 
internalization of labeled avelumab.

Discussion

Avelumab has a shorter half-life than some other anti–PD-L1 
antibodies, namely atezolizumab and durvalumab (≈4 days for 
avelumab vs ≈21 days for atezolizumab and durvalumab)30; how
ever, the reasons for this observation had not previously been 
investigated. Mechanisms of antibody clearance from circulation 
include target-mediated and FcγR-mediated endocytosis, and 

Figure 3. Internalization of anti–PD-L1 antibodies compared with their variants. Internalization of WT avelumab was compared with antibodies containing the 
atezolizumab Fab domain attached to either an FcγR binding–deficient (N297A) or a WT IgG1 Fc domain (FcγR binding–restored) in (a) CD14+ CD16− monocytes and (b) 
granulocytes. (c) Internalization of WT avelumab compared with a low pI variant, as well as FcγR binding–deficient (N297A) and PD-L1 binding–deficient (R99K) variants, 
in human PBMCs. Error bars represent standard deviations. FcγR, Fcγ receptor; PBMC, peripheral blood mononuclear cell; PD-L1, programmed death ligand 1; pI, 
isoelectric point; WT, wild-type.
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FcγR-mediated phagocytosis.8 In addition, IgGs with a higher pI 
are cleared efficiently via nonspecific pinocytosis.17 The half-life 
and clearance of therapeutic antibodies can be fine-tuned by 
modulating their biophysical properties, which influences inter
nalization by circulating immune cells.

Previously, avelumab, durvalumab, and atezolizumab were 
shown to bind PD-L1 with different binding characteristics, 
including use of distinct surfaces and with different binding 
orientations.34 Furthermore, avelumab was reported to bind to 
PD-L1 with a higher affinity than durvalumab and atezolizumab, 
which have similar affinities (KD values: avelumab, 0.0467 nmol/L; 
durvalumab, 0.667 nmol/L; atezolizumab, 1.75 nmol/L).34 In our 
studies, however, WT avelumab showed a binding affinity of 
0.4 nmol/L, similar to other anti–PD-L1 antibodies. Despite 
their similar affinities, these anti–PD-L1 antibodies demonstrated 

unique binding kinetics that might contribute to differences in 
PK.34 Furthermore, unlike other approved anti–PD-L1 antibodies, 
avelumab has a native IgG1 Fc region with FcγR binding 
capability.7,24,25 We hypothesized that FcγR-mediated clearance, 
in addition to PD-L1 binding-mediated internalization, might 
underlie the faster clearance and shorter half-life of avelumab 
compared with other anti–PD-L1 antibodies.

To investigate this, we performed studies with variants of 
avelumab engineered to remove its capability to bind to either 
FcγR or PD-L1, or to reduce its pI.17 The lower pI variant was 
found to have a slightly lower affinity for PD-L1 than WT 
avelumab (KD values for human PD-L1: low PI variant, 
0.8 nM; WT avelumab, 0.4 nM). For comparison studies, 
engineered antibodies containing the Fab region of atezolizu
mab joined to FcγR-binding or non–FcγR-binding Fc regions 

Figure 4. Serum concentration profiles of PD-L1 antibodies and their variants in mice. Serum concentration profiles of (a) WT avelumab and its FcγR binding– 
deficient (N297A) and PD-L1 binding–deficient (R99K) variants, (b) WT avelumab and its low pI variant, and (c) WT atezolizumab and its FcγR binding–deficient variant 
(N297A). C57BL/6 mice were dosed with 200 µg of antibodies. Blood samples were collected at various time points, and serum concentrations were measured by 
immunoassay. Error bars represent standard deviations. FcγR, Fcγ receptor; PD-L1, programmed death ligand 1; pI, isoelectric point; WT, wild-type.
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were also assessed. The avelumab FcγR binding–deficient var
iant showed reduced internalization in human monocytes and 
granulocytes in vitro; however, internalization still occurred at 
later time points. The avelumab PD-L1 binding–deficient var
iant also showed reduced internalization, albeit mostly at early 
time points and to a lesser extent than the FcγR binding– 
deficient variant. These data suggested that both 
FcγR-mediated and PD-L1–mediated mechanisms contribute 
to avelumab internalization, with FcγR binding playing the 
major role in vitro. Compared with monocytes, 

FcγR-mediated internalization in granulocytes was severely 
impacted at all the time points, indicating that granulocytes 
internalize avelumab efficiently. The involvement of both 
monocytes and granulocytes might increase avelumab clear
ance compared with other ICIs. Such clearance mechanisms 
might include FcγR-mediated endocytosis or opsonization fol
lowed by phagocytosis.8 The FcγR-binding (WT) variant of 
avelumab was internalized more than the FcγR-binding variant 
of atezolizumab, indicating that FcγR binding alone is not 
solely responsible for differences in PK characteristics between 

Figure 5. Studies with PD-L1 antibodies and their variants in cynomolgus monkeys. (a) Internalization of avelumab and its FcγR binding–deficient (N297A) and 
PD-L1 binding–deficient (R99K) variants was assessed in whole blood samples from cynomolgus monkeys. Serum concentration profiles of (b) WT avelumab, n = 2; 
avelumab FcγR binding–deficient (N297A), n = 1; avelumab PD-L1 binding–deficient (R99K), n = 3; avelumab low pI: n = 3; and (c) WT atezolizumab with, n = 2 and 
atezolizumab N297A (FcγR binding-deficient), n = 1. Cynomolgus monkeys were dosed with 5 mg/kg of antibody variants (WT avelumab was dosed at 4 mg/kg and 
normalized to 5 mg/kg). Serum concentrations were measured by immunoassay; profiles affected by antidrug antibodies were excluded. Error bars represent standard 
deviations. FcγR, Fcγ receptor; pI, isoelectric point; WT, wild-type.
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avelumab and atezolizumab, and suggesting that differences in 
PD-L1 binding affinity, structural conformation, and/or pI 
might influence either internalization or fate after internaliza
tion. The combination of FcγR and PD-L1 binding might 
increase internalization of avelumab, providing a primary 
elimination pathway. Subsequent studies showed that a low 
pI variant of avelumab had lower levels of internalization 
in vitro than WT avelumab and PD-L1 binding–deficient and 
FcγR binding–deficient variants. Thus, the distinct PD-L1 
binding characteristics of avelumab, including its unique bind
ing kinetics and conformation, might increase specific or non
specific internalization, leading to faster clearance.30,34

While FcγR largely determined internalization in vitro, 
serum concentration profiles in mice and cynomolgus mon
keys showed an observable decrease in avelumab elimination 
in the terminal phase associated with loss of either FcγR or PD- 
L1 binding capability. Loss of PD-L1 binding had the greatest 
effect, suggesting that binding to antigens in trans strongly 
influences FcγR-mediated antibody internalization. 
Consistent with these observations, the FcγR and PD-L1 bind
ing–deficient variants had longer half-lives and slower clear
ance than WT avelumab, with the PD-L1 binding–deficient 
variant showing the greatest differences. The avelumab low pI 
variant also showed reduced elimination; given that internali
zation is strongly influenced by antigen binding, the presence 
of a surface charge patch that lowers affinity might slow the 
internalization rate and decrease clearance.

In assays performed in the presence of soluble competitor 
FcγR proteins, avelumab internalization was strongly inhibited 
by CD64, a high-affinity receptor for human IgG1.33 These data 
show that CD64 is an important receptor for FcγR-mediated 
internalization of avelumab, although it does not rule out 
a lesser role for other FcγRs. Furthermore, free avelumab did 
not impact the internalization of labeled avelumab, indicating 
the occurrence of FcγR-mediated endosome recycling and sorting 

into lysosomes. This suggests that the machinery and/or pathways 
mediating internalization and recycling are always present and 
cannot be saturated by the presence of free avelumab or other 
antibodies in whole blood. Therefore, internalization might be 
more efficient when antibodies bind simultaneously to the antigen 
and FcγR in trans; as such, the affinity for the antigen determines 
the efficiency of internalization by FcγR and vice versa.

In patients, avelumab clearance might also be influenced by 
tissue-specific Fc receptors.35 For example, liver endothelial and 
Kupffer cells, which express FcγRs, can phagocytose and degrade 
IgG.35,36 Thus, in addition to circulating immune cells, avelumab 
could also be removed from circulation by other cell types.

In conclusion, our findings suggest that the faster clearance 
of avelumab compared with some other anti–PD-L1 antibodies 
is due to multiple mechanisms, with FcγR binding acting in 
synergy with the characteristics of PD-L1 binding (eg, pI) to 
determine the elimination rate. These results provide guidance 
for altering the clearance and half-life of monoclonal antibo
dies in future therapeutic antibody development. The avelu
mab clinical dosing schedule involving administration every 
2 weeks was selected based on the short half-life of avelumab 
compared with other PD-L1 inhibitors. The results described 
provide an explanation for the need to administer avelumab 
with this schedule, which has been associated with clinical 
efficacy in patients with Merkel cell carcinoma, renal cell car
cinoma, and urothelial cancer, and why longer dosing windows 
are not advisable from a PK perspective.
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