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A B S T R A C T

Fc receptors (FcRs) constitute a heterogeneous family of membrane-bound proteins that are integral to the 
immune system function, primarily through their ability to bind the constant domain (Fc) of antibodies. These 
receptors mediate a variety of immunological processes and maintain immunological homeostasis. FcRs exhibit a 
broad distribution throughout the body, being expressed not only on the surface of various immune cells but also 
in non-immune cells and tissues. Over the past decade, specific FcRs -most notably the neonatal Fc receptor 
(FcRn) and Fc gamma receptor IIb (FcγRIIB)- have emerged as putative mediators in processes such as antibody- 
mediated uptake. However, the literature presents conflicting evidence regarding their precise roles and 
mechanisms in antibody internalization. In this study, we employed single molecule tracking in living epithelial- 
like cells to investigate the cellular distribution and dynamics of FcγRIIB and FcRn, basic features that are still 
largely uncharacterized. Our findings revealed that FcγRIIB, mostly present on the cell membrane, is highly 
mobile and can be actively internalized. Conversely, FcRn was primarily localized intracellularly, with only a 
minor fraction capable of reaching the cell surface, where it exhibited minimal mobility. These results show that 
FcγRIIB, but not FcRn, displays the basic expected requisites that would be necessary for surface antibody 
binding and uptake.

1. Introduction

Fc receptors (FcRs) are specialized proteins with high binding spec
ificity for the constant Fc domain of antibodies. These receptors are 
classified based on the antibody isotype that they recognize, their role in 
regulating immune responses to infections, and their function in con
trolling inflammation processes [1].

Fc gamma receptor IIb (FcγRIIB) is a type I transmembrane protein 
characterized by a single-pass helical transmembrane domain and a 
cytoplasmic tail containing an immunoreceptor tyrosine-based inhibi
tion motif (ITIM) [2]. FcγRIIB (encoded by the FCGR2B gene) exists in 
two main isoforms—FcγRIIB1 and FcγRIIB2—generated through alter
native splicing of the FCGR2B mRNA [3]. Although FcγRIIB1 and 
FcγRIIB2 share similar signaling pathways, their primary functional 
distinction lies in their subcellular localization and internalization 
behavior. FcγRIIB1 contains a unique 19-amino acid C1 insertion in its 
cytoplasmic tail, which anchors it more stably at the plasma membrane, 
thereby limiting its internalization. In contrast, FcγRIIB2 lacks this 

insertion and is rapidly endocytosed upon ligand binding [4,5]. 
Uniquely among Fc gamma receptors, FcγRIIB functions as an inhibitory 
receptor, playing a crucial role in downregulating immune responses 
and preventing excessive inflammation and autoimmunity. It also con
tributes to immune homeostasis through the clearance of immune 
complexes [5,6]. FcγRIIB is predominantly expressed on B cells, 
monocytes, macrophages, and dendritic cells [5]. According to the 
Human Protein Atlas, it exhibits high expression in the placenta and 
medium expression in the respiratory system. Expression has also been 
reported in non-immune tissues, including the liver [7], gastrointestinal 
tract mast cells [8], human airway smooth muscle cells [9], and 
placental endothelial cells [10]. Notably, emerging studies suggest an 
additional role for FcγRIIB in mediating IgG transport and trafficking 
across epithelial barriers in various tissues [11–13], including targeting 
IgGs to lysosomal degradation pathways [9]. However, the precise 
mechanisms regulating these processes remain to be fully elucidated.

An additional Fc receptor, the neonatal Fc receptor (FcRn), has 
emerged as putative candidate for the uptake and intracellular transport 
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of IgGs as a consequence to its originally discovered role of transferring 
IgGs from the mother to the fetus across the placenta through a polarized 
cell layer [14]. FcRn is associated with β-2-microglobulin (β2M), form
ing a heterodimer with a structure similar to the major histocompati
bility complex (MHC) class I. This receptor is primarily involved in 
regulating the half-life of IgGs and albumin by protecting them from 
lysosomal degradation [15]. Although the expression pattern in humans 
is not yet fully known, this receptor has been found in tissues other than 
the placenta, such as different types of epithelia in the intestine [16,17], 
kidney [18] and liver [19]. FcRn is also expressed in the microvascular 
endothelium cells of the BBB [20], but the precise localization in the 
vascular endothelium is yet to be defined [21]. The role of this receptor 
in other tissues remains unclear. While FcRn plays a known role in IgG 
directional transport across polarized epithelial cells [22] and might be 
associated with efflux transport in the endothelial cells of the BBB [20], 
some authors claim that FcRn has an important role in IgG clearance 
from the brain [23], whereas for others it participates only marginally to 
the IgG transport across brain endothelial cells [24], or in the overall 
brain distribution of IgGs [25,26]. Recent findings in murine models 
indicate that neither FcRn, nor FcγRIIB [25], seem to contribute 
significantly to IgG binding and intracellular trafficking. Nonetheless, 
FcγRIIB has been shown to play a role in maternal IgG transport across 
human placental endothelial cells [27], although other studies have 
proposed that it is FcRn, rather than Fcγ receptors, that mediates this 
process in the placenta [28]. Additionally, FcγRII expression has been 
detected in the olfactory epithelium [13], raising the possibility that 
FcγRs could participate in IgG trafficking at other barrier interfaces such 
as the airway.

In this study, we focused on precisely characterizing the cellular 
localization and plasma membrane dynamics of FcγRIIB (isoform 1) and 
FcRn receptors in living epithelial cells by means of genetically engi
neered chimeric constructs and single molecule tracking, an important 
essential, but rather understated, information to properly evaluate the 
role of these two receptors in IgG binding, internalization and 
trafficking.

2. Materials and methods

2.1. Cloning

To generate the fusion constructs AP-FcRn-mBFP and AP-FCGR2B- 
mBFP, two different plasmids were used with the sequences contained 
in the vector pCMV6-ENTRY (NM_001136019 for FcRn and NM_004001 
for FCGR2B transcript variant 1, Origene).

To develop the AP-FcRn-mBFP plasmid, first, two new restriction 
sites (NheI, AscI) were added right after the signal peptide (SP) using the 
QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technol
ogies) with 5′-GAGCCTGGGCGCAGCTAGCCAGGGCGCGCCAGAAAGC 
CACCTCTC-3′ as a forward primer and 5′-GAGAGGTGGCTTTCTG 
GCGCGCCCTGGCTAGCTGCGCCCAGGCTCC-3′ as a reverse primer. 
Then, the genetic AP tag was added by inserting the annealed oligos 
after opening the plasmid with NheI and AscI (forward oligo: 5′- 
CTAGCGAGGGCCTGAACGATATCTTCGAGGCCCAGAAGATCGAGT 
GGCACGAGAGTGG-3′ reverse oligo: 5′-CGCGCCACTCTCGTGCCACTC
GATCTTCTGGGCCTCGAAGATATCGTTCAGGCCCTCG-3′). After adding 
the AP tag, a monomeric variant blue fluorescent protein (mBFP) [29] in 
the C-terminal part of the FcRn was added. mBFP was extracted from the 
plasmid Adam10-mBFP [30] by PCR reaction (Forward primer 
5′-TAAGCAACGCGTATGAGCGAGCTGATTAAGGA-3′, reverse primer 
5′-TGGGGCACAAGCTTAATTAACTCGAGTAAGCA-3′). Subsequently, 
the sequence of the mBFP was inserted after opening the FcRn plasmid 
with MluI and XhoI, obtaining the final product AP-FcRn-mBFP.

To develop the AP-FCGR2B-mBFP plasmid the same strategy was 

followed. Two new restriction sites (NheI, AscI) were added right after 
the SP using the QuikChange Lightning Site-Directed Mutagenesis Kit 
(Agilent Technologies) with 5′-CTCCTGTTGCTGGGGCTAGCCAGGG 
CGCGCCAACACCTGCAGCTCC-3′ as a forward primer and 5′- 
GGAGCTGCAGGTGTTGGCGCGCCCTGGCTAGCCCCAGCAACAGGAG-3′ 
as a reverse. Then, the AP tag was added by inserting the annealed oligos 
after opening the plasmid with NheI and AscI (forward and reverse oli
gos: 5′-CTAGCGAGGGCCTGAACGATATCTTCGAGGCCCAGAAGATC 
GAGTGGCACGAGAGTGG-3′, 5′-CGCGCCACTCTCGTGCCACTCGATCT 
TCTGGGCCTCGAAGATATCGTTCAGGCCCTCG-3′). After adding the AP 
tag, a mBFP in the C-terminal part of the FCGR2B was included. The 
fluorescent protein mBFP was extracted from the plasmid AP-Bace1- 
mBFP (previously developed in our lab) by a restriction reaction with 
MluI and SacII and gel extraction. Then inserted in the AP-FCGR2B 
plasmid previously open with the same enzymes (MluI, SacII), obtain
ing the final product AP-FCGR2B-mBFP.

To develop the mCherry-β2M plasmid the fluorescent protein 
mCherry was extracted from the plasmid pmCherry-N1 (plasmid Cat. 
No. 632523, Clontech) by PCR reaction (Forward primer 5′- TAAG
CAacgcgtATGGTGAGCAAGGGCGAGGA-3′, reverse primer 5′- 
TGCTTActcgagCTACTTGTACAGCTCGTCCATGC-3′) in order to add the 
MluI and XhoI restriction sites. Then inserted in the β2-microglobulin 
(β2M) plasmid (NM_004048, Origene) previously open with the same 
enzymes (MluI, XhoI), obtaining the final product mCherry-β2M.

2.2. Cell cultures

T24 (Bladder carcinoma, epithelial like) and HEK293t (Human em
bryonic kidney) cells from American Type Culture Collection (A.T.C.C.) 
were cultured in Dulbecco’s Modified Eagle Medium (DMEM), (Ther
moFisher Scientific) supplemented with 1 % penicillin/streptomycin 
solution and 10 % fetal bovine serum (FBS). Cell cultures were incubated 
at 37 ◦C, 5 % CO2 in a humidified atmosphere. Cell cultures were grown 
to 90 % confluency.

T24 bladder epithelial cells and HEK293t cells were used in this 
study. Both are highly transfectable and widely employed for studies on 
membrane receptor dynamics and trafficking. T24 cells were chosen as 
the primary model, as they retain key epithelial characteristics relevant 
for analyzing receptor behavior at the cell surface, while HEK293t cells 
served as a secondary system to validate observations.

2.3. Cell transfection

T24 and HEK293t cells were plated on 18 mm glass coverslips in 12- 
well plates at 100000 cells per well. 24 h after plating HEK293t cells 
were transfected with Lipofectamine 2000 (ThermoFisher Scientific) 
according to the manufacturer’s instructions, with 1 μg DNA in total and 
2 μL Lipofectamine in OPTIMEM medium (ThermoFisher Scientific), 24 
or 48 h before imaging. T24 cells were transfected with FuGene HD 
(Promega) according to the manufacturer’s instructions, with 1 μg DNA 
in total and 3 μL FuGene in OPTIMEM medium, 24–48 h before imaging.

For experiments with AP-FcRn-mBFP, cells were co-transfected with 
β2M using a commercially available, validated construct widely used in 
published studies (NM_004048, Origene) and Bir A [31], a biotin ligase 
that specifically binds biotin to the AP tag. Biotin is added to the cell 
media at 10 mM final concentration, 8 h after transfection and 12 h 
before imaging or flow cytometry analysis [32].

For experiments with AP-FCGR2B-mBFP, cells were co-transfected 
with Bir A.

2.4. Cell labeling for imaging

For labeling, 24–48h after transfection, cells were fixed for 10 min at 
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room temperature (RT) with 4 % (w/v) paraformaldehyde (PFA), 
washed with phosphate buffer saline (PBS) (supplemented with CMgCl2 
0,5 mM, CCaCl2 0,8 mM) and permeabilized for 10 min at RT with 
0.075 % Triton X. The samples only fixed and not permeabilized for 
surface labeling skipped the permeabilization step.

After washing with PBS, cells were blocked for 30–60 min with 4 % 
bovine serum albumin (BSA) in PBS. Cells were labeled with different 
combinations of fluorophores and antibodies and all of them were 
diluted in PBS with 4 % BSA.

For Figs. 1b, 3b and 4c, Alexa Fluor™ 488 conjugated with strepta
vidin for 30 min at RT (1:1000 ThermoFisher Scientific).

For Figs. 1c and 3c, Alexa Fluor™ 488 conjugated with streptavidin 
for 30 min at RT (1:1000 ThermoFisher Scientific) and wheat germ 
agglutinin (WGA) Alexa Fluor™ 594 for 30 min at RT (1:500 Thermo
Fisher Scientific).

For Fig. S1 and S2, primary anti-FcRn 488 for 60 min at RT (1:250 
mouse anti-human, sc-271745 AF488, Santa Cruz).

For Fig. S3, primary anti-FcRn for 40 min at RT (1:250 rabbit anti- 
FcRn PA5-97738, ThermoFisher Scientific), secondary antibody for 30 
min at RT (1:500 donkey anti-rabbit AlexaFluor 568, ThermoFisher 
Scientific) and Alexa Fluor™ 488 conjugated with streptavidin for 30 
min at RT (1:1000 ThermoFisher Scientific).

2.5. Confocal microscopy analysis

The analysis was performed with a Nikon Eclipse TE300C2 LCSM 
(Nikon) equipped with a Nikon Plan Apo 60x 1.4 NA immersion oil 
immersion objective or Plan Apo λ 100x 1.49 NA oil immersion objective 
and with Coherent CUBE (diode 405 nm), Melles Griot (Argon 488 nm) 
and Coherent Sapphire (Sapphire 561 nm) lasers. Emission filters for 
imaging were 452/45 nm, 514/30 nm and 595/60 nm. For each sample, 
optical sections at median planes of the cells were taken (1024x1024 
pixels) using sub-saturation settings and all of them were kept constant 
for each analysis (laser power, detector gain, and pinhole diameter). 
Images were processed and analyzed with the Fiji software and Origin 
(Pro) ("Version 2022b", OriginLab Corporation).

2.6. Intracellular colocalization with subcellular compartments

For the intracellular colocalization with organelles experiments, cells 
were co-transfected with AP-FcRn-mBFP or AP-FCGR2B-mBFP and the 
plasmid for the specific subcellular compartment.

For Golgi apparatus mEmerald-TGNP-N-10 (Addgene, plasmid 
#54279), for endoplasmic reticulum mEmerald-Calnexin-N-14 (Addg
ene, plasmid #54021), for early endosomes, GFP-EEA1wt (Addgene, 
plasmid #42307) [33].

For lysosomes staining, cells were incubated with LysoTracker™ Red 
DND-99 (ThermoFisher Scientific) at a final concentration of 1uM for 30 
min at 37 ◦C.

For plasma membrane staining, cells were incubated with WGA 
Alexa Fluor™ 594 for 30 min at 37 ◦C (1:500, ThermoFisher Scientific).

For live cell imaging, living T24 cells 24 h after transfection were 
washed with PBS one time and the media was replaced with Leibovitz’s 
L-15 (ThermoFisher Scientific) supplemented with 2 % FBS.

The analysis was performed as explained in the previous section 
(confocal microscopy analysis) using 488 nm excitation for Golgi 
apparatus, endoplasmic reticulum and early endosomes and 561 nm 
excitation for lysosomes and plasma membrane.

To characterize the colocalization degree between the subcellular 
compartment and the receptors, the JACoP plugin [34] for Fiji software 
was used. Specifically, to calculate Pearson’s correlation coefficient 
[35], which estimates the covariance of signal intensities between two 

images by analyzing them on a pixel-by-pixel basis, and Manders’ 
overlap coefficient [36], which measures the fraction of pixels in image 
1 that overlap with those in image 2, and vice versa. The data was 
analyzed with Origin (Pro).

2.7. Flow cytometry analysis

T24 cells co-transfected with AP-FcRn-mBFP, Bir A and β2M or AP- 
FCGR2B-mBFP and BirA were washed with PBS and harvested in 
DMEM after mild trypsin treatment 24 h after transfection. A BD Cyto
fix/CytopermTM Fixation/Permeabilization Solution kit (BD Bio
sciences, Lake Franklin, NJ, USA) was used for fixation and 
permeabilization according to the manufacturer’s instructions.

For experiments with AP-FcRn-mBFP, Bir A and β2M, cells were 
incubated with anti-β2M primary antibody for 60 min at RT (1:100, 
rabbit anti β2M (D8P1H) Cell signaling technology) followed by a sec
ondary antibody for 30 min at RT (1:1000 mouse anti-rabbit AlexaFluor 
647, ThermoFisher Scientific) and Alexa Fluor™ 488 conjugated with 
streptavidin for 30 min at RT (1:1000 ThermoFisher Scientific).

For experiments with AP-FCGR2B-mBFP and BirA cells were incu
bated with Alexa Fluor™ 488 conjugated with streptavidin for 30 min at 
RT (1:1000 ThermoFisher Scientific).

All the fluorophores and antibodies were diluted in 1 × BD Perm/ 
Wash buffer. After 3x washing with 1 × BD Perm/Wash buffer samples 
were analyzed using the Accuri-C6 flow cytometer (BD Biosciences, Lake 
Franklin, NJ, USA) equipped with 488 nm and 640 nm lasers. Green- 
fluorescence was excited using the 488 nm laser, and the emitted fluo
rescence was collected through a 530/15 nm band-pass filter. Red 
fluorescence was excited using the 640 nm laser and the emitted fluo
rescence was collected through a 675/12.5 nm band-pass filter. Data 
was analyzed using the BD Accuri-C6 software. The cellular debris was 
excluded by gating cells on the Forward scatter area/Side scatter area 
(FSC/SSC). Approximately 25000 events were acquired for each sample.

2.8. Single molecule imaging and tracking

The methodologies for quantum dots (QDs) surface labeling and live 
imaging used in this study, have been already reported [37–39].

Living T24 cells transfected for 24–48 h with the AP-FcRn-mBFP, Bir 
A and β2M, or AP-FCGR2B-mBFP and Bir A plasmids, were incubated in 
Leibovitz’s L-15 medium 2 % FBS at 37 ◦C with Qdot™ 655 streptavidin 
conjugate (1:10.000 Invitrogen) in QD binding buffer [37] for 5–10 min, 
and washed afterwards.

Cells were analyzed with an Olympus IX2-UCB wide-field epifluor
escence microscope equipped with a 100× UPlanSAPO Olympus oil- 
immersion objective, a four-channel LED Driver Thorlabs DC4014 
(using 405 excitation LED) and a custom heating chamber. Dichoric 
FF552-Di02 and emission FF02-655/40-25 filters were used for QDs 
emitting at 655 nm. All filters were from Semrock. Single-molecule 
tracking was performed at 37 ◦C with recordings of 30 s per cell, at a 
temporal resolution of 1 frame every 100 ms. This acquisition speed 
allows for reliable detection of receptor mobility at the plasma mem
brane. Movies were acquired with an Electron Multiplying Charge- 
Coupled Image MX2 camera (Hamamatsu). Recording sessions did not 
last more than 30 min. Tracking and analysis of single QDs recon
structing the trajectories was performed with TrackMate [40]. Only 
trajectories with a minimum of 30 consecutive steps were further 
analyzed. Then with the selected trajectories, the mean squared 
displacement (MSD) of the trajectories was calculated with TraJClassi
fier [41]. The MSD measurements can be compared with simulation 
models to identify the trafficking dynamics of the receptor [41]. This Fiji 
plugin loads the trajectories from TrackMate, identifies and classifies 
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them into normal diffusion, subdiffusion, confined diffusion and direc
ted/active motion by a random forest approach. Moreover, other pa
rameters such as the diffusion coefficient (D), mean velocity, exponent α 
as well as confidence values, MSD ratio and fractal dimension are 
automatically calculated [41], providing a very detailed and robust 
characterization of the trajectories.

3. Results

3.1. Cellular localization of FcγRIIB

We genetically engineered a versatile FcγRIIB construct (AP- 
FCGR2B-mBFP) that bears the short biotin acceptor peptide tag (AP) 
[31] at the N-terminus, immediately after the signal peptide (SP), and a 
monomeric blue fluorescent protein (mBFP) [29] at the C-terminus. The 
construct was co-transfected in T24 cells with a plasmid encoding for the 
ER targeted BirA [31,32], which specifically biotinylates the AP tag.

To ensure that the genetically engineered AP-FCGR2B-mBFP 
construct was correctly expressed and that the biotinylated AP tag was 
accessible for further labeling, transfected T24 cells were fixed, per
meabilized and labeled with streptavidin conjugated with Alexa Fluor™ 
488, which binds specifically to the biotinylated AP tag (Fig. 1a and b). 
The resulting co-localization of mBFP and streptavidin Alexa Fluor™ 
488 support the proper expression of AP-FCGR2B-mBFP. Proper high 

expression levels of AP-FCGR2B-mBFP were also tested with flow 
cytometry (Fig. S4).

On the other hand, to exclusively assess the presence of AP-FCGR2B- 
mBFP on the cell surface, transfected cells were only fixed (not per
meabilized) and subsequently labeled with streptavidin Alexa Fluor™ 
488 and with WGA Alexa Fluor™ 594, a commonly used marker that 
binds specifically to the sialic acid present in the plasma membrane [42] 
(Fig. 1c). The co-localization of the three fluorescent markers demon
strates that AP-FCGR2B-mBFP is efficiently targeted to the cell 
membrane.

In order to further characterize the cellular distribution of the re
ceptor within T24 cells, we quantified the potential co-localization be
tween AP-FCGR2B-mBFP and the markers of the Golgi apparatus, 
endoplasmic reticulum, early endosomes, lysosomes and plasma mem
brane (Fig. 2a–c). As expected, the plasma membrane showed the 
highest level of co-localization, as demonstrated by the calculated 
Pearson’s (0.74 ± 0.01) and M1/M2 Mander’s coefficients (M1 = 0.76 
± 0.03; M2 = 0.78 ± 0.02, with M1 referring to the degree of overlap of 
FcγRIIB with the plasma membrane marker, and M2 referring to the 
inverse overlap). The co-localization with the Golgi apparatus was more 
modest, with a Pearson’s coefficient of 0.52 ± 0.02, and M1 and M2 of 
0.35 ± 0.07 and 0.37 ± 0.04, respectively. The degree of co-localization 
was lower for the other organelles (Fig. 2b and c, Table S1).

Fig. 1. Expression of AP-FCGR2B-mBFP. a) Schematic representation of the site-specific biotinylation of AP and labeling with streptavidin Alexa Fluor™ 488. b,c) 
Representative confocal images of T24 cells transfected for 24 h with AP-FCGR2B-mBFP and Bir A plasmids. In (b) cells were fixed, permeabilized and labeled with 
Alexa Fluor™ 488 conjugated to streptavidin. In (c) cells were only fixed and labeled with Alexa Fluor™ 488 conjugated with streptavidin and WGA Alexa Fluor™ 
594. Scale bar 20 μm.
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Fig. 2. FcγRIIB co-localization with cellular compartments. a) Representative confocal images of living T24 cells transfected with AP-FCGR2B-mBFP and 
mEmerald-TGNP-N-10, mEmerald-Calnexin-N-14 and GFP-EEA1wt plasmids to label Golgi apparatus, endoplasmic reticulum and early endosomes, respectively. To 
label lysosomes, cells were incubated with LysoTracker™ Red DND-99 for 30 min before acquisition. To label the plasma membrane cells transfected with AP- 
FCGR2B-mBFP were stained with WGA Alexa Fluor™ 594 for 30 min before acquisition. n > 30 cells from 3 independent experiments. Scale bar 10 μm. b) Pear
son’s coefficient histogram. c) Manders’ colocalization coefficients histogram (M1, fraction of FcγRIIB overlapping with cellular marker; M2, fraction of cellular 
marker overlapping with FcγRIIB). Error bars, standard error (SE). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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3.2. Cellular localization of FcRn

A construct analogous to AP-FCGR2B-mBFP was developed also in 
the case of the FcRn (AP-FcRn-mBFP) and its potential labeling with 
streptavidin Alexa Fluor™ 488 was tested under fixation and per
meabilization, or fixation only, conditions (Fig. 3a–c). As the binding of 
β2M to FcRn appears to be an important factor for the surface expression 
of the FcRn [43,44], cells were co-transfected also with β2M.

We observed an overlay between the AP-FcRn-mBFP and streptavi
din Alexa Fluor™ 488 labeling only in cells that had been fixed and 
permeabilized (Fig. 3b and c). Moreover, no colocalization was detected 
between the cell membrane labeled with WGA Alexa Fluor™ 594 and 
the receptor (Fig. 3c), indicating that the receptor was not translocated 
to the cell membrane.

To ensure that the exogenous tags (AP and mBFP) were not inter
fering with the correct folding of the protein, cells were co-transfected 
with plasmids containing the FcRn protein without tags (OriGene- 
FcRn) and β2M, and then immunolabeled with the fluorescent anti- 
FcRn488 antibody, whose specificity was successfully validated, in 
contrast to the results obtained with another widely used commercial 
antibody (Fig. S1–S3). FcRn appeared to be present in the cytoplasm of 
the cells, but was still not detectable on the cell surface, as in the 

experiments using the tagged construct (Fig. S1). This result indicated 
that the tags (AP or mBFP) were not responsible for the lack of trans
location of the FcRn to the cell membrane.

To assess proper β2M expression, flow cytometry was performed in 
T24 cells co-transfected with AP-FcRn-mBFP and β2M (Fig. 4). FcRn was 
labeled with Alexa Fluor™ 488 conjugated to streptavidin and β2M with 
an anti-β2M primary antibody followed by an Alexa Fluor™ 647 sec
ondary antibody. The forward (FSC-A) and side scatter (SSC-A) profile 
showed similar population distribution in both not labeled and labeled 
cells (Fig. 4 a and b left panel). Using the same gating strategy, we 
confirmed that the analyzed cell populations were comparable. Within 
this population, comparison of FL1-A (green) and FL4-A (red) fluores
cence revealed a strong overlap of signals, indicating that cells 
expressing FcRn (green) also expressed comparable high levels of β2M 
(red) (Fig. 4b).

As an additional control, β2M was genetically engineered with an 
mCherry tag and co-transfected it in T24 cells with AP–FcRn–mBFP. 
Confocal microscopy imaging revealed a clear overlay of the mCherry- 
tagged β2M and the FcRn labeled with Alexa Fluor™ 488 conjugated 
to streptavidin (Fig. 4c), further validating the co-expression and 
intracellular association of the two proteins.

We then characterized the potential co-localization of AP-FcRn- 

Fig. 3. Expression of AP-FcRn-mBFP. a) Site-specific biotinylation of AP and surface labeling with streptavidin Alexa Fluor™ 488 scheme. (b, c) Representative 
confocal image from T24 cells transfected with AP-FcRn-mBFP, Bir A and β2M plasmids, labeled with Alexa Fluor™ 488 conjugated with streptavidin. In (b) cells 
were fixed, permeabilized and labeled with Alexa Fluor™ 488 conjugated to streptavidin. In (c) cells were only fixed and labeled with Alexa Fluor™ 488 conjugated 
with streptavidin and WGA Alexa Fluor™ 594. Scale bar 20 μm.
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mBFP with different cellular markers (Fig. 5a–c). In contrast to FcγRIIB, 
the FcRn was predominantly found in the Golgi apparatus (Pearson’s 
coefficient = 0.76 ± 0.05; Manders’ coefficients M1 = 0.83 ± 0.03, M2 
= 0.75 ± 0.04), with minimal presence in other compartments (Fig. 5b 
and c, Table S2).

3.3. Single molecule tracking of FcγRIIB and FcRn

T24 cells were co-transfected with either AP-FCGR2B-mBFP and Bir 
A, or AP-FcRn-mBFP, Bir A and β2M, and incubated with streptavidin 
conjugated with QDs to follow the dynamics of individual receptor 
proteins on the surface of living cells (Fig. 6a–d and video S1).

Supplementary data related to this article can be found online at htt 
ps://doi.org/10.1016/j.abb.2025.110628

Trajectories of single AP-FcRn-mBFP or AP-FCGR2B-mBFP were 
extrapolated from the real time recordings. The mean squared 
displacement (MSD) measurement of the trajectories was used and 
distinct parameters including diffusion coefficient D and confidence 
values were calculated (Tables 1 and 2) using the publicly available 
algorithms TrackMate [40] and TraJClassifier [41]. As the QDs blink, 
and re-linking is not always possible, some of the individually recon
structed trajectories could belong to the same molecule. In live cell ex
periments, single particle tracking has revealed that molecules can 
exhibit various motion types. These motion types are typically identified 
by analyzing the shape of their MSD curve. The four basic types of 
motion, normal diffusion, subdiffusion, directed motion or confined 
diffusion, have a distinct MSD curve [41,45]. A model of the MSD curve 
for a specific motion type, fitted to the data points, can be used to 
determine key parameters such as the diffusion coefficient D.

The FcγRIIB and FcRn displayed very different features, starting from 
the number of QDs detected in the single molecule experiments: around 

6 (±1.4) QDs per cell in the case of FcRn in comparison to an average of 
168 (±44) for the FcγRIIB (Fig. 6c and d). While a total of 2636 tra
jectories were analyzed for the FcγRIIB, only 96 trajectories from a 
comparable number of cells were analyzed for the FcRn (Tables 1 and 2).

Since sub-trajectories with different types of motion could be 
detected within the same trajectory, we calculated the duration of 
distinct sub-trajectories types over the total length of the trajectory, 
rather than classifying the trajectories according to the main type of 
motion (Fig. 6b). The analysis of FcγRIIB sub-trajectories showed that on 
average FcγRIIB molecules spent the majority of total trajectory time 
moving according to normal diffusion (~70 %), with a median diffusion 
coefficient (D) of 1.10 x 10− 3 μm2/s (Fig. 6e). Some FcγRIIB molecules 
displayed directed motion for approximately 6 % of the total trajectory 
length, with a median D of 1.76 x 10− 3 μm2/s and a mean velocity (v) of 
0.097 μm/s, indicating that this protein can be internalized and actively 
transported. This velocity was comparable to the lower range of re
ported dynein speeds (0,1 < v < 1 μm/s) [46,47]. Few FcγRIIB mole
cules were undergoing sub-diffusion for nearly 7 % of time, with a 
median D of 2.48 x 10− 4 μm2/s and an average anomalous exponent (α) 
of 0.36 (α < 1 corresponds to subdiffusion), and few were spending 
about 6 % of the time in an immobile state (D < 10− 4 μm2/s) [48]. It 
appears that FcγRIIB barely undergoes confined motion, with a median 
D of 5.45 x 10− 3 μm2/s for the confined sub-trajectories, and an average 
confinement radius of 61 nm (Fig. 6e and Table 1).

In contrast, approximately more than a half of FcRn receptors on the 
cell surface were immobile most of the time (~55 %), undergoing sub
diffusion (<30 %) or confined motion (<10 %). The fraction of trajec
tories classified as sub-diffusive displayed a median D of 2.75 x 10− 4 

μm2/s and an average α of 0.17, this suggested that the particle’s 
movement is restricted and heavily constrained. We did not find any 
sub-trajectory that could be classified as normal diffusion or directed 

Fig. 4. Co-expression and colocalization of FcRn and β2M. a) Flow cytometry analysis of T24 cells co-transfected with AP–FcRn–mBFP, Bir A and β2M without 
fluorescent labeling, showing the forward (FSC-A) and side scatter (SSC-A) profile (left) and fluorescence gating (right). b) Flow cytometry analysis of labeled cells: 
FcRn detected with Alexa Fluor™ 488 conjugated with streptavidin (green, FL1-A) and β2M detected with anti-β2M primary antibody and Alexa Fluor™ 647 
secondary antibody (red, FL4-A). The fluorescence intensities of green (FcRn) and red (β2M) channels overlap, confirming co-expression. c) Representative confocal 
image from T24 cells transfected with AP-FcRn-mBFP, Bir A and β2M-mCherry plasmids, labeled with Alexa Fluor™ 488 conjugated with streptavidin. Scale bar 20 
μm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. FcRn co-localization with cellular compartments. a) Representative confocal images of T24 cells transfected with the AP-FcRn-mBFP and β2M plasmids. 
To label Golgi apparatus, endoplasmic reticulum and early endosomes, cells were co-transfected with mEmerald-TGNP-N-10, mEmerald-Calnexin-N-14 and GFP- 
EEA1wt plasmids, respectively. To label lysosomes, cells were incubated with LysoTracker™ Red DND-99 for 30 min before acquisition. To label the plasma 
membrane cells were stained with WGA Alexa Fluor™ 594 for 30 min before acquisition. n > 30 cells from 3 independent experiments. Scale bar 10 μm. b) Pearson’s 
coefficient histogram. c) Manders’ colocalization coefficients histogram (M1, fraction of FcRn overlapping with cellular marker; M2, fraction of cellular marker 
overlapping with FcRn). Error bars, SE. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. SMT of FcγRIIB and FcRn. a) Schematic representation of site-specific biotinylation of AP tag and surface labeling with Qdot™ 655 streptavidin for FcγRIIB 
or FcRn receptors. b) Representation of sub-trajectories associated to different types of motion identified within the same trajectory of a receptor molecule. c) 
Representative images of T24 living cells transfected with AP-FCGR2B-mBFP and Bir A, labeled with Qdot™ 655 streptavidin. The color of the trajectories indicates 
the mean speed of the molecules. n > 10 cells from 5 independent experiments. d) Living cells transfected with AP-FcRn-mBFP, Bir A and β2M, labeled with Qdot™ 
655 streptavidin. n > 10 cells from 5 independent experiments. e), f) Plot of the average sub-trajectory length associated to a certain type of motion (tmotion) in 
relation to the total trajectory length (ttrajectory) for the two Fc receptors. Error bars, SE. Scale bar 10 μm. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)
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motion (Fig. 6f and Table 2).
To ascertain if the presence of antibodies from the FBS could have an 

impact on the FcRn behavior, SMT experiments were performed also in 
FBS free medium (Fig. S5). We did not detect any significant change in 
FcRn number or dynamics with respect to the complete medium 
condition.

4. Discussion

Currently, monoclonal antibodies (mAbs), particularly immuno
globulin G (IgG), represent the predominant class of therapeutic anti
bodies in clinical use. Nasal administration of therapeutic antibodies is 

emerging as a promising, non-invasive strategy to bypass the blood- 
brain barrier (BBB). Prior research has demonstrated that full-length 
IgG can be transported from the nasal cavity to the brain via the olfac
tory mucosa [49–52]. Several potential uptake pathways—such as 
intracellular, paracellular and diffusion-based mechanisms—have been 
suggested for enabling CNS delivery [53,54]. However, the molecular 
mechanisms underlying this process and the specific receptors involved 
in facilitating IgG transport remain poorly understood. Among the 
proposed mechanisms, receptor-mediated transcytosis (RMT) is a lead
ing candidate for IgG transport across the olfactory epithelium [55]. 
FcRn and FcγRIIB have been suggested as potential key players in IgG 
trafficking. FcRn appears to be involved in the bidirectional transport of 
IgGs across polarized cell layers as those found in the placenta [14], 
epithelial cells that line mucosal surfaces [56] and other cell types and 
tissues [22]. FcRn is also expressed in the BBB but most likely related 
with the efflux transport [44]. Conversely, other studies suggest that the 
FcRn is not involved in the transport of IgGs in brain endothelial cells 
[24], or in the distribution of IgGs in rodent brain [57]. Another study in 
mice showed that neither the FcRn, nor the FcγRIIB, seemed to be 
involved in the IgGs transport [25]. The role of these receptors in IgG 
transport to the brain remains controversial, with several studies 
yielding conflicting results.

With these premises, we aimed at determining and comparing the 
cellular distribution and dynamics of FcRn and FcγRIIB in a simple 
cellular model, a basic defragmentation step still necessary for a better 
understanding of their complex role in IgG binding and trafficking.

Our findings align with previous studies reporting that only 4–7 % of 
endogenous FcRn is present on the cell surface [58], supporting the 
hypothesis that FcRn predominantly resides in intracellular compart
ments. Consistent with this, our experimental data indicate that FcRn is 
almost entirely retained intracellularly (nearly 100 %) under our con
ditions, with surface expression appearing even lower than previously 
reported [58]. This is also in part consistent with a previous study 
showing that, in the absence of β2M, FcRn remains sequestered in the ER 
(in this study however this result was not quantitatively measured) [44]. 
In another study [58], the degree of co-localization of endogenous FcRn 
with endosomes (Pearson’s coefficient >0.6) was found higher than 
with the Golgi apparatus (Pearson’s coefficient ~ 0.5). In our experi
ments FcRn co-localized mostly with Golgi (Pearson’s coefficient ~ 0.8), 
both in the presence or the absence of β2M. While the high abundance of 
FcRn in this organelle can be a consequence of overexpression, it is 
unclear why FcRn did not proportionally accumulate in the ER, or at the 
endosomal level. On the other hand, we observed that FcγRIIB was 
mostly detected on the cell surface, in agreement with other previous 
studies [59,60].

To study the mobility and potential active transport of these re
ceptors, a fundamental process to guarantee IgG trafficking and recy
cling, we employed single molecule imaging and tracking. FcγRIIB 
molecules displayed a much higher mobility than those few FcRn mol
ecules found on the cell membrane, which were immobile or displayed 
confined mobility. As the very same tags were introduced in the FcγRIIB 
and FcRn constructs (each incorporating an AP tag at the N-terminus 
after the signal peptide, and a mBFP fused to the C-terminus), the dra
matic differences in mobility and cellular distribution between the two 
proteins appear independent from the genetically engineered modifi
cations. According to the Saffman-Delbrück and subsequent models, 
differences in diffusion rates between membrane proteins can be in part 
dependent on the lateral radius (R) of their transmembrane domain, 
following a logarithmic or non-logarithmic inverse relation (D ∝ ln(1/R) 
[61] or D ∝ 1/R [62]. It seems however unlikely that the distinct 
diffusion features of FcγRIIB and FcRn can be a consequence of this 
relation, or of their overall size, as both proteins have a single spanning 
transmembrane domain of similar size (22 amino acids in FcγRIIB, 23 in 
FcRn) and consist of approximately 300 amino acids. Our data on the 
high mobility of FcγRIIB are in agreement with a previous study in a 
model B-cell line [59]. Some events of intracellular directed motion, at a 

Table 1 
FcγRIIB diffusion data. Trajectories were extrapolated from 30s recordings of 
T24 living cells transfected with AP-FCGR2B-mBFP and Bir A and labeled with 
Qdot™ 655 streptavidin conjugate. Only trajectories with a minimum of 30 
consecutive steps were considered for the analysis. Diffusion coefficients (D) are 
reported as median values, as distributed over different orders of magnitude. 
The rest of the values are reported as average ± SE. It should be highlighted that 
the values of the parameters related to the accuracy of the model (confidence, 
MSD ratio and fractal dimension) were within the range expected for each type 
of motion [36]. This supported the robustness of the obtained results (Tables 1 
and 2).

FCγRIIB

Normal Directed Subdiffusion Confined Immobile

D (μm2/s) 1.10 x 
10− 3

1.76 x 
10− 3

2.48 x 10− 4 5.45 x 
10− 3

<10− 4

Velocity (μm/ 
s)

– 0.097 ±
0.003

– – –

Exponent α – – 0.36 ±
0.009

– –

Confinement 
radius (μm)

– – – 0.061 ±
0.024

–

Total number 
of sub- 
trajectories

1720 414 278 17 207

Confidence 0.70 ±
0.001

0.74 ±
0.003

0.69 ±
0.004

0.7 ±
0.026

0.72 ±
0.003

MSD ratio 0.009 
± 0.004

− 0.05 ±
0.002

0.48 ±
0.057

0.37 ±
0.08

0.49 ±
0.02

Fractal 
dimension

1.78 ±
0.004

1.32 ±
0.004

2.31 ±
0.015

2.83 ±
0.14

2.43 ±
0.02

Table 2 
FcRn diffusion data. Trajectories were extrapolated from 30s recordings of T24 
living cells transfected with AP-FcRn-mBFP, Bir A, β2M, and labeled with Qdot™ 
655 streptavidin conjugate. As described for Table 1, only trajectories with a 
minimum of 30 consecutive steps were considered for the analysis. Diffusion 
coefficients (D) are reported as median values. The rest of the values are re
ported as average ± SE.

FcRn

Normal Directed Subdiffusion Confined Immobile

D (μm2/s) 0 0 2.75 x 10− 4 3.56 x 
10− 4

<10− 4

Velocity (μm/s) – 0 – – –
Exponent α – – 0.17 ±

0.035
– –

Confinement 
radius (μm)

– – – 0.034 ±
0.009

–

Total number of 
sub- 
trajectories

0 0 26 7 63

Confidence – – 0.70 ±
0.009

0.73 ±
0.021

0.75 ±
0.008

MSD ratio – – 0.68 ±
0.073

0.58 ±
0.098

0.97 ±
0.06

Fractal 
dimension

– – 2.61 ± 0.07 3.29 ±
0.157

3.08 ±
0.07
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speed compatible with that of the molecular motor dynein [46,47], were 
observed in the case of FcγRIIB. The restricted mobility found for FcRn 
may be a consequence of direct or indirect interaction with cytoskeletal 
elements, limiting its diffusion and potentially influencing its role in 
receptor-mediated transport [63,64]. The low abundance of FcRn on the 
cell surface, together with its reduced mobility and not frequent inter
nalization, do not appear as the ideal premise to efficiently bind extra
cellular IgGs and promote their internalization and trafficking, at least in 
cultured epithelial-like cells.

FcγRIIB binds monomeric IgG weakly (micromolar KD) compared to 
other Fcγ receptors observed in previous studies [65,66] and primarily 
engages immune complexes or multivalent IgG to trigger signaling or 
internalization. While this limits its role in monomeric IgG trafficking, 
weak binding may actually benefit transcytosis, a type of transport that 
requires reversible interactions. This low affinity could be advantageous 
for therapeutic antibodies, which are present at 
higher-than-physiological levels, allowing efficient binding, internali
zation, directional transport and release of IgGs. A too stable binding 
would indeed work against the release, limiting the probability of 
dissociation events.

Clearly defining the cellular distribution and the mobility of FcRn or 
FcγRIIB on the plasma membrane is propaedeutic to a clear under
standing of RMT processes in the context of N2B delivery. FcRn and 
FcγRIIB displayed very different behaviors, from the number of mole
cules capable of reaching the cell surface, to the type of motion 
extrapolated from their trajectories. The data indicate that FcγRIIB, 
more than FcRn, displays features that could be compatible with the 
internalization and trafficking of IgGs.

Discrepancies between human and murine studies regarding FcγRIIB 
and FcRn in IgG trafficking highlight the complexity of this field. 
Contributing factors may include species-specific differences in receptor 
biology, variability in receptor expression, and differences in experi
mental systems. Murine studies using knockout models for FcRn or 
FcγRIIB have provided valuable insights in vivo, whereas human-based 
studies show variable results depending on the cell model. Ishikawa 
et al. demonstrated that FcγRIIB contributes to maternal IgG transport in 
HUVECs [27], whereas Ruano-Salguero and Lee reported 
FcRn-independent IgG transport across human induced pluripotent stem 
cells (iBECs) [24]. Additionally, Zhu et al. found that FcRn is largely 
sequestered in the endoplasmic reticulum in FO-1 melanoma cells 
lacking β2-microglobulin [44], highlighting cell-type–dependent re
ceptor localization. These findings underscore the need for multiple 
model systems and further mechanistic studies in physiologically rele
vant human contexts.

Although our data contribute to elucidate basic features of FcγRIIB 
(isoform 1) and FcRn, certain limitations remain, which also point to 
important directions for future research: the SMT setup used in this 
study is not suitable for polarized cell cultures, limiting the physiological 
relevance of receptor dynamics in epithelial or endothelial barriers. We 
focused solely on the FcγRIIB1 isoform, though FcγRIIB2, with its 
distinct structural and functional properties, would also be important to 
investigate in future studies. Additionally, receptor–ligand interactions 
were not assessed here, but studying their effects on receptor behavior 
will be an imperative future objective. Finally, it is important to 
emphasize that the physiological roles of both FcγRIIB and FcRn, 
particularly in non-immune tissues, remain only partially elucidated. As 
new evidence emerges, current paradigms regarding their function may 
need to be revised or expanded, underscoring the importance of 
continued investigation into their biology.
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