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Analysis of the intracellular traffic 
of IgG in the context of Down 
syndrome (trisomy 21)
R. B. Cejas, M. Tamaño‑Blanco & J. G. Blanco*

Persons with Down syndrome (DS, trisomy 21) have widespread cellular protein trafficking defects. 
There is a paucity of data describing the intracellular transport of IgG in the context of endosomal‑
lysosomal alterations linked to trisomy 21. In this study, we analyzed the intracellular traffic of 
IgG mediated by the human neonatal Fc receptor (FcRn) in fibroblast cell lines with trisomy 21. 
Intracellular IgG trafficking studies in live cells showed that fibroblasts with trisomy 21 exhibit higher 
proportion of IgG in lysosomes (~ 10% increase), decreased IgG content in intracellular vesicles (~ 9% 
decrease), and a trend towards decreased IgG recycling (~ 55% decrease) in comparison to diploid cells. 
Amyloid‑beta precursor protein (APP) overexpression in diploid fibroblasts replicated the increase 
in IgG sorting to the degradative pathway observed in cells with trisomy 21. The impact of APP on 
the expression of FCGRT  (alpha chain component of FcRn) was investigated by APP knock down 
and overexpression of the APP protein. APP knock down increased the expression of FCGRT  mRNA 
by ~ 60% in both diploid and trisomic cells. Overexpression of APP in diploid fibroblasts and HepG2 
cells resulted in a decrease in FCGRT  and FcRn expression. Our results indicate that the intracellular 
traffic of IgG is altered in cells with trisomy 21. This study lays the foundation for future investigations 
into the role of FcRn in the context of DS.

Down syndrome (DS, trisomy 21) is the most common survivable chromosomal aneuploidy in humans. The 
prevalence of DS in the US is approximately 1 per 700 live births, and there are ~ 200,000 people with DS liv-
ing in the  US1. DS is caused by the presence of an additional whole or partial copy of chromosome 21 which 
results in genome-wide imbalances with a range of phenotypic  consequences2–5. The complex pathobiology 
of DS results in physical deficits and biochemical changes that can lead to multiple comorbid  conditions6. For 
example, some individuals with DS exhibit alterations in the immune system including abnormalities in the B- 
and T-cell compartments, abnormal immunoglobulin levels, and relatively poor immunoglobulin responses to 
certain  vaccines7–10. Individuals with DS are more susceptible to certain infections (e.g., infections in the upper 
respiratory tract). Children with DS are at a significantly higher risk (i.e., 8.7-fold increase) of contracting severe 
respiratory syncytial virus infections (RSV)11. Prophylactic use of the IgG-based monoclonal antibody drug 
(mAb) palivizumab decreases the number of hospitalizations due to RSV infections in children with  DS12,13. 
The American Academy of Pediatrics and other pediatric associations (e.g., Canadian) still do not recommend 
prophylactic routine use of palivizumab in children with DS. The reasons behind the lack of a “universal rec-
ommendation” for the utilization of palivizumab in children with DS are multifactorial. The amount of basic 
pharmacological data derived from this population remains  scarce14,15. This gap of knowledge can be extended 
to the growing pipeline of mAbs that are being developed for the treatment of Alzheimer’s disease (AD) and 
acute myeloid leukemia, two prevalent comorbidities in persons with  DS6,16–18.

The human neonatal Fc receptor (FcRn) plays a key role in controlling the traffic and recycling of immuno-
globulin G (IgG), mAbs, and  albumin19–22. This receptor binds to the Fc region of IgG molecules at acidic pH in 
early endosomes. FcRn-IgG complexes are protected from lysosomal degradation and dissociate at more neutral 
pH at the plasma membrane during IgG recycling and  transcytosis23. FcRn is expressed in a variety of cell types 
and tissues, and contributes to the transport of IgG to target sites for the reinforcement of  immunity24. FcRn 
also acts as an immune receptor by interacting with and facilitating antigen presentation of peptides derived 
from IgG immune  complexes25. Whereas emerging roles for FcRn are becoming evident in conditions such as 
cancers and immune disorders, the potential contribution of FcRn to the complex pathobiology of DS remains 
to be  defined24–26.
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Persons with DS have endosomal and lysosomal protein trafficking defects in various cell  types27,28. Endo-
somal-lysosomal abnormalities in individuals with DS are in part linked to the altered expression of the chro-
mosome 21 gene APP27–29. The extra copy of APP, the gene that encodes the amyloid-beta precursor protein or 
APP, leads to Rab5 overactivation which results in endosomal-lysosomal protein trafficking and sorting defects 
including increased endocytic uptake, decreased lysosomal acidification, and increased protein  misfolding28. The 
dynamics of FcRn-mediated endosomal sorting and trafficking are crucial to the salvage of molecules containing 
Fc-domains. There is a paucity of data describing the intracellular transport of IgG in the context of endosomal-
lysosomal alterations linked to trisomy 21. The goal of this study was to examine the intracellular FcRn-mediated 
traffic and recycling of IgG in cells with trisomy 21.

Materials and methods
Cell culture. Human fibroblasts derived from donors with and without trisomy 21 were obtained from the 
NIGMS Human Genetic Cell Repository at the Coriell Institute for Medical Research (Supplementary Table 1). 
Cells were cultured using MEM (Life Technologies), supplemented with 15% (v/v) fetal bovine serum in stand-
ard incubation conditions at 37 °C, 5%  CO2, and 95% relative humidity. The Institutional Review Board of the 
State University of New York at Buffalo (UB-IRB) approved this research. UB-IRB determined that this research 
is not research with human subjects. All methods were carried out in accordance with relevant guidelines and 
regulations. This research complies with the Office for Human Research Protections, Department of Health and 
Human Services (“DHHS”) regulations for the protection of human subjects (45 CFR Part 46). The use of the 
NIGMS Repository samples is governed by the Coriell Institutional Review Board (“Coriell IRB”) in accordance 
with DHHS regulations. Informed consent was obtained from all donors.

IgG intracellular trafficking assays. 1 ×  104 cells per well (i.e., cell confluence ~ 70%) were seeded into 
96-well plates suitable for fluorescence microscopy and cultured for 24 h in growth medium. Growth medium 
was replaced with MEM supplemented with 0.05 µM LysoTracker Red DND-99 (L7528, Life Technologies) 
and incubated for 30 min at 37 °C. After removal of LysoTracker, cells were supplemented with 0.25 mg/ml 
Alexa Fluor 633-human immunoglobulin G1 (hIgG1) and incubated for 60 min to allow IgG uptake. hIgG1 was 
removed, replaced with MEM supplemented with CellMask Green Plasma Membrane Stain (C37608, Invitro-
gen), and cells were maintained in the incubator for up to 15 min before imaging. hIgG1 (Sigma-Aldrich, Cat# 
400120, RRID: AB_437947) was previously labeled using an Alexa Fluor 633 Protein Labeling Kit (A20170, 
Molecular Probes) following the manufacturer’s instructions. Incubations were performed in serum-free pre-
warmed MEM without phenol red (51200038, Life Technologies).

Cell imaging was performed at 37 °C with 5%  CO2 in a humidified incubator using a Dragonfly spinning 
disk confocal microscope (Andor Technology Ltd.) attached to a DMi8 base (Leica Microsystems). Images (16 
bits, 0.096 μ per pixel) were obtained in sequential mode with a Zyla 4.2 PLUS sCMOS camera using a PlanApo 
40 × 1.10 NA water immersion objective. Images from multiple fields (~ 10 fields/well) were taken, and independ-
ent incubations were performed in at least 3 different wells for each cell line. Fields were randomly selected for 
the imaging of healthy-looking cells.

IgG recycling assay. The IgG recycling assay was adapted from Grevys et al.30. 2 ×  105 cells per well were 
seeded into 24-well plates and cultured for 24 h in growth medium. Cells were washed twice with PBS, starved 
for 60 min at 37 °C in MEM, and incubated in pre-warmed MEM with 0.50 mg/ml hIgG1 (Sigma-Aldrich, 
Cat# 400120, RRID: AB_437947) for 60 min at 37 °C. The medium containing IgG was removed, and cells were 
washed three times with PBS. Pre-warmed MEM was added to the cells and incubated for 0 min (control), or 
60 min at 37 °C to allow IgG recycling. The concentrations of IgG in cell lysates and supernatants after recycling 
were measured with an IgG Human ELISA Kit (88-50550, Invitrogen), following the manufacturer’s instruc-
tions.

Immunofluorescence. For studies in fixed specimens, fibroblasts (including cells expressing FcRn-GFP) 
were grown on glass coverslips to ~ 70% confluence, and incubated for 1 h with 0.50 mg/ml hIgG1. After wash, 
cells were fixed in 4% paraformaldehyde in PBS for 20 min at 4 °C and permeabilized with 0.1% Triton X-100 
and 200 mM glycine in PBS for 2 min at 4 °C. Samples were blocked in 3% bovine serum albumin (BSA)-PBS 
for 1 h, and then incubated for 2 h at room temperature with the following primary antibodies: rabbit anti-EEA1 
(1:3000, Thermo Fisher Scientific Cat# PA1-063A, RRID:AB_2096819), rabbit anti-Rab11 (1:50, Thermo Fisher 
Scientific Cat# 71-5300, RRID:AB_2533987), and mouse anti-LAMP1 (1:100, Thermo Fisher Scientific Cat# 
14-1079-80, RRID:AB_467426). After wash, samples were incubated with the following secondary antibod-
ies for 1 h: Alexa 546-conjugated goat anti-rabbit IgG (1:1000, Thermo Fisher Scientific Cat# A-11010, RRID: 
AB_2534077), and Alexa 647-conjugated goat anti-mouse IgG (1:1,000, Molecular Probes Cat# A-21235, RRID: 
AB_2535804). Controls for immunostaining specificity were included by replacing the primary antibody with 
a non-specific IgG isotype at the same final concentration (Figure S1). Samples were mounted onto glass slides 
using FluorSave (Calbiochem).

Images (8 bits) were obtained in sequential mode with a point scanning confocal microscope (Carl Zeiss, 
LSM 510 Meta) using a PlanApo 60 × 1.40 NA oil immersion objective. Images from multiple randomly selected 
fields (~ 10 fields/condition) were taken. Identical microscope configuration and camera settings were maintained 
during image acquisition for conditions from the same experiment.

Quantitative image analysis. Image analysis was performed with the ImageJ  software31. Comparisons 
were performed by analyzing similar numbers of cells per condition with identical image processing parameters. 
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Images were pre-processed for noisy pixel elimination and background subtraction using Gaussian smoothing 
followed by the rolling ball method in  Fiji32. Cellular regions of interest (ROIs) were created by segmentation 
from the differential interference contrast (DIC), bright field, or CellMask Plasma Membrane Stain channel 
(Figure S2). Cellular ROIs were obtained from cells with well-defined edges, healthy-looking, and non-mitotic. 
Cells not crossing or with a minimal area crossing the edge of the field of view were selected for analysis. For 
cells stained with CellMask Plasma Membrane marker, binary masks were obtained using automated global 
thresholding. The resulting cell masks were inspected for detection of individual cells, manually separated using 
the pencil tool if necessary, and ROIs were added to the ROI manager in Fiji. For cells with borders detected with 
DIC or bright field, cellular ROIs were manually created with the freehand selection tool, and added to the ROI 
manager in Fiji. To quantify the average size and number of vesicles/mm2 per ROI, binary masks for each chan-
nel were obtained using automated global thresholding and the Analyze Particles approach (particles size ≥ 0.019 
µ2) followed by watershed transform to enable separation of contiguous vesicles. For colocalization analysis, 
Pearson’s correlation coefficient (PCC) was calculated for each ROI with the Colocalization test extension using 
Costes’ automated thresholding method within the Fiji  software31,32.

Cell transfections. For FCGRT  and APP knock down, cells were transfected using Dharmafect 4 transfec-
tion reagent (T-2004-02, Dharmacon) following the manufacturer’s recommendations. Briefly, 2 ×  104 cells per 
well were seeded into 24-well plates 24 h prior to transfection in antibiotic free media, and transfected with 5 nM 
siRNA. Cells were incubated at 37 °C in 5%  CO2 for a total of 96 h, with replacement of transfection medium 24 h 
post-transfection. Non-Targeting siRNA Control Pool (NS-siRNA, D-001206-13-05), siRNA Pool targeting APP 
(M-003731–00-0005), and siRNA against FCGRT  were obtained from Dharmacon. The siRNA against FCGRT  
was designed using the web-based software OligoWalk (FCGRT  target sequence NM_001136019.2, Table S2)33.

For expression of proteins with fluorescent tags, cells were transfected using ViaFect transfection reagent 
(E4981, Promega) following the manufacturer’s recommendations. Briefly, 5 ×  104 cells per well were seeded into 
24-well plates 24 h prior to transfection in antibiotic free complete media, and transfected with 500 ng APP cDNA 
ORF Clone C-GFPSpark tag (HG10703-ACG, Sinobiological), or co-transfected with FCGRT  cDNA ORF Clone 
C-GFPSpark tag (HG11604-ACG, Sinobiological) and B2M cDNA ORF Clone (HG11976-UT, Sinobiological). 
For control conditions, cells were transfected with an empty vector (PCMV6XL5, Origene). Cells were incubated 
at 37 °C in 5%  CO2 for a total of 48 h.

Quantitative real‑time polymerase chain reaction. Total RNA was isolated from cells using Trizol 
reagent following the manufacturer’s instructions (Thermo Fisher). FCGRT  (alpha chain component of FcRn) 
and APP mRNA expression was analyzed with specific primers (Table S2). Total RNA (12.5 ng) was reverse 
transcribed and amplified with the iTaq Universal SYBR Green One-Step Kit (Bio-Rad). FCGRT , APP and the 
reference gene ACTB were amplified in parallel in a CFX96 Touch Real-Time PCR Detection System (Bio-Rad) 
with the following cycling parameters: 50 °C for 10 min (reverse transcription), 95 °C for 1 min, followed by 44 
cycles of 95 °C for 10 s, 60.5 °C for 20 s. Calibration curves were prepared to analyze linearity and PCR efficiency. 
qRT-PCR data were analyzed with CFX manager Software (Bio-Rad). The ΔΔCt method was utilized for deter-
mining the relative abundance of FCGRT  and APP mRNA.

Immunoblotting. Cell lysates (20 μg) were denatured with NuPAGE LDS sample buffer containing 
NuPAGE sample reducing agent and protease inhibitor cocktail (Thermo Fisher Scientific), and boiled at 70 °C 
for 10 min prior to use. Proteins were separated by gel electrophoresis using NuPAGE Novex 4–12% Bis–Tris 
precast gels and transferred onto PVDF membranes using the iBlot Gel Transfer Device (Thermo Fisher Scien-
tific). Membranes were blocked with 5% non-fat milk in 0.2% Tween 20- phosphate-buffered saline (PBS) for 1 h 
at room temperature and then probed with mouse monoclonal anti-FcRn antibody (1:100, Santa Cruz Biotech-
nology Cat# sc-271745, RRID:AB_10707665), mouse monoclonal anti-APP antibody (1:100, Thermo Fisher Sci-
entific Cat# 13-0200, RRID:AB_2532993), rabbit monoclonal anti-APP antibody (1:100, Abcam Cat# ab133588, 
RRID:AB_2629851) or rabbit anti-Rab11 (1:250, Thermo Fisher Scientific Cat# 71-5300, RRID:AB_2533987) 
overnight at 4 °C. Next, membranes were incubated with StarBright Blue 700 goat anti-mouse IgG second-
ary antibody (1:2500, Bio-Rad, Cat# 12004159, RRID: AB_2884948), StarBright Blue 520 goat anti-rabbit IgG 
secondary antibody (1:2500, Bio-Rad, Cat# 12005870, RRID: AB_2884949) and hFAB rhodamine anti-tubulin 
antibody (1:2500, Bio-Rad, Cat# 12004165, RRID: AB_2884950) for 1 h at room temperature. Immunoreactive 
bands were visualized in a ChemiDoc MP gel imaging system (Bio-Rad). Densitometric analysis was performed 
using Fiji (ImageJ)  software31.

Data processing and statistical analysis. Data processing was performed with Excel 2016 (Microsoft 
Office). Statistical analyses were performed with GraphPad Prism version 8. The D’Agostino & Pearson omnibus 
normality test was used to determine the normality of data sets. Comparisons between the means of two groups 
were performed with the Student’s t-test or Mann–Whitney’s U test for sets with normal and non-normal distri-
butions, respectively. Spearman’s rank-order test was used for correlation analyses.

Results
Intracellular transport of IgG in the context of trisomy 21. First, optimal conditions for IgG uptake 
and intracellular trafficking were determined for fibroblast cell lines derived from donors with and without DS 
using cell imaging and ELISA (Figures S3 and S4). After 1 h of incubation with IgG, fibroblasts showed multiple 
IgG + vesicles distributed intracellularly and actively transported in variable directions in live cells (Video 1). 
Cells with trisomy 21 exhibited intracellular IgG + vesicles that were ~ 10% smaller in size (DS: 1.53 ± 0.30 µ2, 
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NDS: 1.67 ± 0.36 µ2) and fewer in number (DS: 57.80 ± 16.52 vesicles/mm2, NDS: 64.17 ± 17.47 vesicles/mm2) in 
comparison to cells without trisomy 21 (Fig. 1A,B). Co-localization analysis revealed that trisomic fibroblasts 
exhibited a ~ 11% increase in the distribution of IgG in lysosomes compared to diploid cells (Pearson’s Colocali-
zation Coefficient, PCC DS: 0.42 ± 0.16, PCC NDS: 0.38 ± 0.17) (Fig. 1A,D). The content of IgG in intracellular 
vesicles was reduced by ~ 9% in trisomic cells (DS: 184.0 ± 99.54 mean fluorescence/µ2, NDS: 203.6 ± 114.9 mean 
fluorescence/µ2) (Fig. 1C). Cellular lysates from cells with and without trisomy 21 showed similar concentrations 
of IgG as measured by ELISA (DS: 24.72 ± 4.47 pg IgG/µg protein, NDS: 24.90 ± 9.17 pg IgG/µg protein). After 
1 h of IgG uptake followed by 1 h of recycling, there was a non-significant ~ 55% decrease in IgG concentration 
in the supernatants from trisomic fibroblasts, on average (DS: 15.29 ± 22.46 ng/ml, NDS 27.70 ± 44.45 ng/ml) 
(Fig. 2A). Trisomic fibroblasts showed decreased IgG recycling in comparison to diploid cell lines derived from 
age- and sex-matched donors (Fig. 2B). The amount of IgG in supernatants after 1 h of recycling was ~ 41 to 57% 
lower in trisomic cells than in diploid cells from age- and sex-matched donors’ (DS-1: 0.30 ± 0.39 ng/ml, NDS-1: 
0.70 ± 0.60 ng/ml; DS-2: 28.26 ± 24.11 ng/ml, NDS-2: 53.55 ± 62.92 ng/ml; DS-3: 16.36 ± 22.81 ng/ml, NDS-3: 
27.73 ± 19.31 ng/ml). 

Morphological features of compartments involved in the traffic of IgG in cells with trisomy 
21. The number and size of vesicles positive for the following markers: (a) early endosome antigen 1 (EEA1, 
early endosomes), (b) Rab11 (recycling endosomes), (c) lysosomal-associated membrane protein 1 (LAMP-1, 
lysosomes), and (d) FcRn were determined in fixed cells using immunofluorescence and confocal microscopy 
(Figs. 3 and 4). Lysosomes were also characterized in live cells with the marker Lysotracker (Figs. 1 and 3). Cells 
with trisomy 21 showed an increase in the number of Rab11 + vesicles (DS: 262.2 ± 104.9 vesicles/mm2, NDS: 
203.2 ± 87.9 vesicles/mm2), and slightly bigger EEA1 + (DS: 0.28 ± 0.04 µ2, NDS: 0.25 ± 0.05 µ2) and Rab11 + vesi-
cles (DS: 0.31 ± 0.06 µ2, NDS: 0.25 ± 0.05 µ2). The size of LAMP1 + vesicles in fixed cells with trisomy 21 was 
smaller than in cells without trisomy 21 (DS: 0.31 ± 0.05 µ2, NDS: 0.34 ± 0.05 µ2). Confocal microscopy of live 
cells showed that lysosomes detected with Lysotracker were ~ 28% larger in trisomic fibroblasts in comparison 
to diploid cells (DS: 1.09 ± 0.41 µ2, NDS: 0.85 ± 0.37 µ2) (Fig. 3).

Figure 1.  IgG intracellular transport in fibroblast cell lines from donors with and without DS. (A–D) Cell 
imaging and quantitative analysis of IgG uptake and intracellular distribution in diploid (NDS-1, -2, and -3 
cell lines) and trisomic fibroblasts (DS-1, -2, and -3 cell lines) after incubation with 0.25 mg/ml Alexa Fluor 
633-IgG1 for 60 min at 37 °C. (A) Intracellular distribution of IgG1 (green) in representative diploid (upper 
panel) and trisomic (lower panel) cells. Lysosomes were stained with Lysotracker (red), and cell membranes 
were stained with cell mask (grey). Scale bar: 10 µm. (B) Number and size of IgG + vesicles. (C) Intracellular 
IgG content. (D) Quantitative colocalization analysis of IgG distribution in lysosomes (PCC: Pearson’s 
Colocalization Coefficient). Each bar represents the mean ± SD. Each point represents individual measurements 
(NDS, n = 299 cells; DS, n = 254 cells). *P < 0.05, **P < 0.01, ***P < 0.001, ns = not significant, Student’s t test.
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On average, trisomic fibroblasts showed a ~ 23% increase in the number of FcRn-GFP + vesicles (DS: 
269.1 ± 90.9 vesicles/mm2, NDS: 206.4 ± 80.9 vesicles/mm2) and a ~ 6% increase in the size of FcRn-GFP + vesicles 
in comparison to diploid cells (DS: 0.32 ± 0.08 µ2, NDS: 0.30 ± 0.05 µ2) (Fig. 4A,B). The subcellular distribution 
of FcRn in early endosomes and lysosomes was similar in cells with and without trisomy 21 (Fig. 4A,C). In cells 
with and without trisomy 21, the extent of colocalization of FcRn with the endosomal marker EEA1 was ~ 40% 
(PCC DS: 0.40 ± 0.10, PCC NDS: 0.43 ± 0.12), and the extent of colocalization of FcRn with LAMP1 was ~ 10% 
(PCC DS: 0.10 ± 0.05, PCC NDS: 0.09 ± 0.03).

FCGRT  and APP expression in the context of trisomy 21. Trisomic fibroblasts showed higher 
FCGRT  mRNA and FcRn protein expression in comparison to diploid cell lines derived from age- and sex-
matched donors (Fig. 5, Table S1). FCGRT  mRNA expression was ~ 1.5- to 5-fold higher in trisomic cells, and on 
average, FcRn protein levels were ~ 3-fold higher in trisomic cells than in diploid cells (Fig. 5A). Fibroblasts with 
trisomy 21 showed ~ 2-fold higher APP mRNA expression than diploid cells (DS: 2.14 ± 0.64 relative fold, NDS: 
1.00 ± 0.34 relative fold) (Table S3). There was a significant positive correlation between the endogenous expres-
sions of APP and FCGRT  mRNA in diploid and trisomic cells  (R2 = 0.97, Pearson r = 0.99, P < 0.001) (Fig. 5B).

Impact of APP on the expression of FcRn. The impact of APP on the expression of FCGRT  was inves-
tigated with two strategies. First, fibroblasts were transfected with an anti-APP siRNA pool (Fig.  5C). APP 
knock down (APP mRNA expression < 10%) resulted in a ~ 60% increase in the expression of FCGRT  mRNA in 
the diploid cell line AG07095 (NDS control siRNA: 99.7 ± 6.6, NDS APP siRNA: 167.5 ± 22.6% relative fold) and in the 
trisomy 21 cell line AG06922 (DS control siRNA: 99.7 ± 16.4, DS APP siRNA: 160.0 ± 6.22% relative fold). The second 
strategy involved the overexpression of the APP protein in diploid cells. APP-GFP expression was confirmed 
by fluorescence microscopy and immunoblotting (Fig. 5D,E). The specificity of APP and FcRn antibodies was 
examined by immunoblotting in lysates from non-transfected and transfected cells (Figures S5 and 6). Rab11 
expression assessed by immunoblotting was similar between cells overexpressing APP and controls transfected 
with empty vector (Figure S7). Diploid AG07095 fibroblasts overexpressing APP-GFP showed a ~ 86% decrease 
in the expression of FCGRT  mRNA (NDS control: 100.0 ± 25.6, NDS APP-GFP: 14.3 ± 2.7% relative fold), and a ~ 7% 
decrease in FcRn protein expression (Fig. 5D). These observations were extended by examining the interplays 
between APP and FcRn expression in HepG2 cells. HepG2 cells express relatively high basal levels of FcRn and 
APP as evidenced by immunoblotting (Figure S6). HepG2 cells overexpressing APP-GFP showed a ~ 40% reduc-
tion in the expression of FCGRT  mRNA (HepG2 control: 100.0 ± 13.3,  HepG2APP-GFP: 60.8 ± 12.6% relative fold), 
and a ~ 23% decrease in FcRn protein expression (Fig. 5E).

Impact of increased APP expression on the intracellular transport of IgG. Diploid fibroblasts 
over-expressing APP showed a ~ 20% increase in the distribution of IgG in lysosomes (PCC NDS control: 0.56 ± 0.14, 
PCC NDS APP-GFP: 0.67 ± 0.15) and a ~ 16% reduction in the intracellular content of IgG (mean fluorescence NDS 
control: 28.54 ± 5.10, NDS APP-GFP: 23.85 ± 2.31), after 1 h of incubation with IgG at 37 °C (Fig. 6A,B,D). Diploid 
fibroblasts over-expressing APP-GFP showed no differences in the size (NDS control: 1.75 ± 0.47 µ2, NDS APP-GFP: 

Figure 2.  Uptake and recycling of IgG in fibroblast from donors with and without DS. (A) IgG1 detected in 
lysates of cells previously incubated for 60 min with 0.5 mg/ml IgG1 for uptake (right panel), or cell media 
(left panel) after 60 min of recycling. Each bar represents the mean ± SD of three determinations performed 
in duplicate (left), or six determinations performed in duplicate or sextuplicate (right) for each cell line (NDS, 
n = 3; DS, n = 3). (B) IgG1 detected in cell media after 60 min of recycling in trisomic (DS-1, -2, and -3) and 
diploid fibroblasts (NDS-1, -2, and -3) from sex and age-matched donors. Each bar represents the mean ± SD. 
Each point represents individual measurements from six determinations performed in duplicate or sextuplicate.
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1.78 ± 0.49 µ2) and number (NDS control: 83.93 ± 22.50 vesicles/mm2, NDS APP-GFP: 79.18 ± 23.89 vesicles/mm2) of 
IgG + vesicles in comparison to diploid fibroblasts not expressing APP-GFP (Fig. 6C,D). The extent of colocaliza-
tion between IgG + vesicles and APP-GFP was ~ 40% (PCC: 0.43 ± 0.23) (Fig. 6D).

Discussion
With the exception of neuronal phenotypes in DS, the impact of endosomal-lysosomal dysfunction on prominent 
receptor-mediated protein trafficking pathways has been scarcely  documented28,34,35. In this study, we analyzed 
the FcRn mediated-intracellular traffic of IgG in human fibroblasts with trisomy 21, a cellular model that reca-
pitulates protein trafficking defects linked to  DS27,36.

FcRn is the only high affinity and pH specific receptor of  IgG23. Monomeric IgG internalized by fluid phase 
pinocytosis is protected from lysosomal degradation by pH-dependent binding to FcRn at endosomes (pH 
5.5–6.0). FcRn then transports IgG in Rab11 + recycling endosomes back to the extracellular media or across 
cell layers in polarized  cells21,37. Our intracellular IgG trafficking studies showed that fibroblasts with trisomy 
21 exhibit a higher proportion of IgG in lysosomes, decreased IgG content in intracellular vesicles, and a trend 
towards decreased IgG recycling in comparison to diploid cells (Figs. 1 and 2). In general, recycling endosomes 
are tubulovesicular structures, and recent studies showed FcRn-mediated recycling of IgG in tubulovesicular 
transport  carriers21,38,39. Here, we documented ~ 10% decreases in size and number of IgG-containing intracel-
lular vesicles in fibroblasts from donors with trisomy 21. In diploid cells, many of the IgG + vesicles displayed a 
tubular-like shape with low overlapping to late endosomes/lysosomes. In contrast, IgG + vesicles in trisomic cells 
were more puncta-like shaped, smaller than the tubular structures, and overlapped more frequently with late 
endosomes/lysosomes (Fig. 1A). The increased expression of FcRn in trisomic cells did not result in increased 

Figure 3.  Characterization of the compartments involved in the trafficking of IgG. (A) Representative confocal 
microscopy images showing the distribution of early endosomes (EEA1, cyan), recycling endosomes (Rab11, 
green), and lysosomes (LAMP1, orange) in diploid (NDS) and trisomic (DS) fibroblasts after incubation 
with IgG for 60 min at 37 °C. Scale bar: 10 µm. (B) Number and size of EEA1 + endosomes (upper panel), 
Rab11 + recycling endosomes (upper middle panel), and lysosomes (LAMP1, Lysotracker) (lower middle and 
lower panels) in NDS (NDS-1, -2, and -3) and DS (DS-1, -2, and -3) cells. Each bar represents the mean ± SD. 
Each point represents measurements in individual cells (NDS, 72–296 cells/marker; DS, 82–250 cells cells/
marker). **P < 0.01, ***P < 0.001, ns = not significant, Student’s t test.
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IgG salvage from the degradative pathway (Figs. 1, 2 and 5A,B). These observations suggest that increased FcRn 
expression in cells with trisomy 21 is a compensatory response for decreased FcRn activity. Fibroblast cell lines 
expressed relatively low levels of endogenous FcRn, and detection of FcRn expression by immunofluorescence 
was difficult (Figures S5 and 6). For this reason, an FcRn-GFP construct was used to analyze the subcellular 
distribution of  FcRn21,32. FcRn-GFP localized mainly in EEA1 + endosomes, and the distribution in sorting 
endosomes and LAMP1 + lysosomes was similar between trisomic and diploid cells (Fig. 4A,C). FcRn + vesicles 
in fibroblasts with trisomy 21 were more numerous (~ 23% increase) and slightly bigger (~ 6% increase) than 
vesicles in diploid cells (Fig. 4B). The subcellular localization of FcRn in fibroblasts was in line with previous 
studies documenting the distribution of FcRn in other cell types (transfected and non-transfected cells)21,40,41. 
Our observations suggest that the sorting of IgG to recycling endosomes is decreased in cells with trisomy 21 
with a consequent increase in lysosomal degradation. Abnormal targeting of FcRn to lysosomes appears not to 
be a cause for increased IgG detection in lysosomes.

Alterations in the morphology of endosomes have been described in primary fibroblasts, neurons, peripheral 
blood mononuclear cells, and lymphoblastoid cell lines from individuals with  DS27,36,42–44. Our comparative 
morphological analysis of IgG + vesicles and subcellular compartments in fibroblasts with and without trisomy 
21 revealed enlargement of subcellular organelles from the endosomal pathway, resembling the “traffic jam” previ-
ously described for DS and Alzheimer’s  disease27,44,45. We found that trisomic cells have larger EEA1 + endosomes 
(~ 12%), Rab11 + endosomes (~ 24%), and Lysotracker-stained lysosomes (28%) than diploid cells (Fig. 2). In 
agreement, other reports have noted a ~ 18% increase in the size of EEA1 + vesicles without significant differences 
in the number of this type of vesicles. Enlargement of lysosomes in fibroblasts from individuals with trisomy 21 
has also been  reported44. Of note, the average size of LAMP1 + vesicles in fixed cells with trisomy 21 was smaller. 

Figure 4.  Subcellular distribution of FcRn in trisomic cells. (A) Localization of GFP-tagged FcRn (green) in 
early endosomes (EEA1, red) and lysosomes (LAMP1, magenta) in representative diploid (NDS) and trisomic 
(DS) fibroblasts. Scale bar: 10 µm. (B) FcRn + vesicles number and size. (C) Quantitative colocalization analysis 
of FcRn with EEA1 + endosomes (left panel) or LAMP1 + lysosomes (right panel). Each bar represents the 
mean ± SD. Each point represents measurements in individual cells (NDS-1, -2, and -3 cell lines, n = 53 cells; 
DS-1, -2, and -3 cell lines, n = 58 cells). *P < 0.05, ***P < 0.001, ns = not significant, Student’s t test.
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It remains to be determined whether the observed differences reflect vesicular heterogeneity or result from 
microscopy approaches (i.e., fixed cells vs live cells), or a combination of both  factors46. Although the magnitudes 
of some of the observed cellular changes may appear modest at first glance, effect sizes are in line with other 
cellular phenotypes in DS (e.g., mitochondrial dysfunction, endosomal defects)35,47,48.

Several studies implemented receptor-mediated uptake approaches to examine endosomal defects in trisomic 
 cells36,44,49. There is limited information describing IgG traffic following internalization by fluid phase pinocytosis 
in the context of trisomy  2121,50. Cataldo et al. documented increased endocytic fluid phase uptake of horseradish 
peroxidase in trisomic  fibroblasts36. We did not detect increases in intracellular IgG content or number and size 
of IgG + vesicles during the IgG trafficking assays (Figs. 1C and 2A). It is possible that under our experimental 
conditions, there is uptake of IgG followed by cellular recycling and re-uptake with no IgG accumulation. An 

Figure 5.  FcRn expression in trisomic fibroblasts and impact of APP on FCGRT  expression. (A) FCGRT  mRNA 
relative fold expression (left), and FcRn protein expression (right) in trisomic (DS-1, -2, and -3) and diploid 
fibroblasts (NDS-1, -2, and -3) from sex and age-matched donors. Each bar represents the mean ± SD from 
two separate measurements performed in quadruplicate. Upper right panel: densitometric analysis of FcRn 
bands normalized to tubulin. (B) Linear regression analysis of FCGRT  versus APP mRNA relative expression 
in diploid and trisomic fibroblasts (n = 8 cell lines). Each point represents the mean from two separate 
measurements performed in quadruplicate. (C) FCGRT  mRNA relative expression in diploid (left panel, line 
AG07095, NDS-2) and trisomic fibroblasts (right panel, line AG06922, DS-2) analyzed 96 h post-transfection 
with a non-sense siRNA (NS-siRNA, control) or a siRNA pool against APP (APP siRNA). (D,E) FCGRT  mRNA 
relative expression (left panel), APP-GFP expression detected by fluorescence microscopy (upper middle panel), 
and FcRn and APP protein expression detected by immunoblotting (right panel) in AG07095 (NDS-2. D) 
and HepG2 (E). Lower middle panel: densitometric analysis of FcRn bands normalized to tubulin. Cells were 
analyzed 48 h post-transfection with an empty vector (EV, control) or an APP-GFP plasmid. Each bar represents 
the mean ± SD from at least two measurements performed in quadruplicate. ***P < 0.001, **P < 0.01, *P < 0.05, 
Student’s t test.
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alternative scenario involves increased IgG degradation during trafficking. This latter scenario is supported by our 
live cell imaging observations that showed increased distribution of IgG in lysosomes and decreases in number, 
size, and fluorescence levels of IgG + vesicles in trisomic cells (Figs. 1B,C, and 2). The intracellular accumulation 
of IgG in diploid and trisomic cells in presence of inhibitors of lysosomal degradation remains to be defined.

Evidence indicates that the increased expression of APP is linked to widespread cellular endosomal-lysosomal 
abnormalities in  DS28,29. The APP gene triplication contributes to the development of early-onset AD in  DS28. 
APP is processed in endosomes by the β-site APP cleaving enzyme 1 (BACE1) to form APP β‐carboxyl‐terminal 
fragment (APP-βCTF). In DS and AD, APP-βCTF over-activates Rab5 by recruiting APPL1, resulting in endoso-
mal trafficking defects and abnormal endosome-mediated  signaling27,28. We observed that APP overexpression 

Figure 6.  Intracellular distribution of IgG in cells overexpressing APP. Analysis of IgG1 + intracellular vesicles 
after incubation with 0.25 mg/ml Alexa Fluor 633-hIgG1 for 60 min at 37 °C in diploid fibroblasts (NDS, 
AG07095) expressing APP-GFP (NDS APP-GFP). (A) Quantitative analysis of IgG distribution in lysosomes. 
(B) Intracellular IgG content. (C) IgG + vesicles number and size. Each bar represents the mean ± SD. Each 
point represents individual measurements (NDS, n = 85 cells; NDS APP-GFP, n = 67 cells). ***P < 0.001, ns = not 
significant, Student’s t test. (D) Representative images showing the intracellular distribution of IgG1 (green) 
in non-transfected cells (upper panel) or overexpressing APP-GFP (magenta) (lower panel). Lysosomes 
were stained with Lysotracker (red). Right panel: zoomed region showing the colocalization of IgG1 with 
APP + vesicles (white arrows). Scale bar: 10 µm.
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in diploid fibroblasts replicated the increase in IgG sorting to the degradative pathway observed for cells with 
trisomy 21 (i.e., ~ 20% increase in IgG into lysosomes and ~ 16% reduction in IgG content. Figures 1 and 6). In 
diploid fibroblasts overexpressing APP, the number and size of intracellular IgG vesicles remained unaltered, 
which suggests that other factors contribute to morphological alterations in trisomic cells in addition to increased 
APP  expression43,44. It remains to be defined whether the increased sorting of IgG to lysosomes is a direct con-
sequence of APP overexpression, or is mediated by other proteins regulated by APP, or by other genes altered 
in trisomy 21. Examples of other trisomy 21 genes with roles in endosomal function and protein transport 
include SYNJ1 and DOPEY2. Elevated SYNJ1 expression alters the metabolism of the signaling phospholipid 
phosphatidylinositol-4,5-biphosphate (PI[4,5]P2), and results in enlargement of early endosomes and protein 
sorting defects in  DS28,43. DOPEY2 is part of an endosome-associated membrane re-modelling complex that is 
involved in SNX3-retromer  function51. Retromer complex proteins have also been shown to be reduced in cells 
from subjects with  DS52. It is probable that the traffic of IgG in the context of DS is modified by diverse mediators 
which may or may not act similarly in different cell types. It is now recognized that the complex and variable 
architecture of DS phenotypes is modeled by the combined effects of relatively subtle spatiotemporal changes 
in multiple cellular  pathways34,53.

Analysis of endogenous expression of FCGRT  and APP mRNA in fibroblasts derived from donors with and 
without trisomy 21 revealed substantial “inter-individual” variability in gene expression (APP range: ~ 1- to 
5-fold, FCGRT  range: ~ 1- to 9-fold). There was a positive correlation between APP and FCGRT  mRNA expression 
levels in the group of diploid and trisomic cell lines (Fig. 5B). This observation prompted us to further examine 
potential interplays between APP and FcRn expression. Notably, APP knock down increased the expression of 
FCGRT  mRNA by ~ 60% in both diploid and trisomic cells (Fig. 5C). Furthermore, overexpression of APP in 
diploid fibroblasts and HepG2 cells also resulted in a decrease in FCGRT  and FcRn expression (Fig. 5D,E). It is 
known that APP plays many roles and a growing amount of evidence suggests that APP may also act as a tran-
scriptional  regulator54–56. Cleavage of APP-βCTF by γ‐secretase results in the generation of Amyloid-β (Aβ) and 
APP intracellular domain (AICD)57. Studies suggest that AICD regulates gene transcription, although the exact 
role that this fragment plays is still controversial because detection of endogenous AICD is  difficult56, 58–60. It 
will be of interest to test whether the AICD fragment regulates the expression of FcRn. Points that merit further 
consideration are (1) whether the observed FCGRT -APP gene expression correlation extends to “inter-individual” 
comparisons involving various cell types and tissues from multiple donors, and (2) additional regulatory mecha-
nisms that may impact FCGRT  and FcRn expression in trisomic  cells61,62.

Our results suggest that the intracellular traffic of IgG is altered in cells with trisomy 21. This study lays 
the foundation for future investigations into the role of FcRn in the context of DS. For example, children with 
DS are susceptible to infections (e.g., recurrent respiratory infections) and many suffer from chronic immune 
 dysregulation63,64. FcRn plays an important role during the regulation of innate immune responses and immu-
nosurveillance at mucosal  sites24. It is possible that alterations in IgG traffic extend to other cell types (e.g., cells 
of hematopoietic origin, epithelial cells, and endothelial cells) and could eventually limit the availability of IgG 
in specific tissues in individuals with DS. Polarized epithelial cells play a fundamental role in the transport of 
immunoglobulins across the  mucosa24. It would be of interest to analyze the traffic of IgG, therapeutic mAbs 
(e.g., palivizumab), and other types of immunoglobulins (e.g., IgA and IgM) in polarized cells with trisomy 21. 
In addition, it is licit to hypothesize that augmented transport of IgG to the degradative pathway in dendritic cells 
with trisomy 21 could impact antigen presentation of peptides derived from IgG immune complexes (IgG IC)25.

Data availability
The datasets generated during the current study are available from the corresponding author upon request.

Received: 30 December 2020; Accepted: 10 May 2021

References
 1. de Graaf, G., Buckley, F. & Skotko, B. G. Estimation of the number of people with Down syndrome in the United States. Genet. 

Med. 19, 439–447. https:// doi. org/ 10. 1038/ gim. 2016. 127 (2017).
 2. Bittles, A. H., Bower, C., Hussain, R. & Glasson, E. J. The four ages of Down syndrome. Eur. J. Pub. Health 17, 221–225. https:// 

doi. org/ 10. 1093/ eurpub/ ckl103 (2007).
 3. Freeman, S. B. et al. Ethnicity, sex, and the incidence of congenital heart defects: A report from the National Down Syndrome 

Project. Genet. Med. 10, 173–180. https:// doi. org/ 10. 1097/ GIM. 0b013 e3181 634867 (2008).
 4. McCabe, L. L. & McCabe, E. R. Down syndrome: Issues to consider in a national registry, research database and biobank. Mol. 

Genet. Metab. 104, 10–12. https:// doi. org/ 10. 1016/j. ymgme. 2011. 03. 018 (2011).
 5. Stoll, C., Dott, B., Alembik, Y. & Roth, M. P. Associated congenital anomalies among cases with Down syndrome. Eur. J. Med. 

Genet. 58, 674–680. https:// doi. org/ 10. 1016/j. ejmg. 2015. 11. 003 (2015).
 6. Hefti, E. & Blanco, J. G. Pharmacotherapeutic considerations for individuals with Down syndrome. Pharmacotherapy 37, 214–220. 

https:// doi. org/ 10. 1002/ phar. 1880 (2017).
 7. Verstegen, R. H. J. et al. Defective B-cell memory in patients with Down syndrome. J. Allergy Clin. Immunol. 134, 1346-1353.e1349. 

https:// doi. org/ 10. 1016/j. jaci. 2014. 07. 015 (2014).
 8. Costa-Carvalho, B. T. et al. Antibody response to pneumococcal capsular polysaccharide vaccine in Down syndrome patients. 

Braz. J. Med. Biol. Res. 39, 1587–1592. https:// doi. org/ 10. 1590/ s0100- 879x2 00600 12000 10 (2006).
 9. Barradas, C. et al. IgG subclasses serum concentrations in a population of children with Down syndrome: Comparative study with 

siblings and general population. Allergol. Immunopathol. 30, 57–61. https:// doi. org/ 10. 1016/ s0301- 0546(02) 79091-5 (2002).
 10. Avanzini, M. A. et al. Humoral immunodeficiencies in Down syndrome: Serum IgG subclass and antibody response to hepatitis 

B vaccine. Am. J. Med. Genet. Suppl. 7, 231–233. https:// doi. org/ 10. 1002/ ajmg. 13203 70746 (1990).
 11. Beckhaus, A. A. & Castro-Rodriguez, J. A. Down syndrome and The Risk Of Severe RSV infection: A meta-analysis. Pediatrics 

https:// doi. org/ 10. 1542/ peds. 2018- 0225 (2018).

https://doi.org/10.1038/gim.2016.127
https://doi.org/10.1093/eurpub/ckl103
https://doi.org/10.1093/eurpub/ckl103
https://doi.org/10.1097/GIM.0b013e3181634867
https://doi.org/10.1016/j.ymgme.2011.03.018
https://doi.org/10.1016/j.ejmg.2015.11.003
https://doi.org/10.1002/phar.1880
https://doi.org/10.1016/j.jaci.2014.07.015
https://doi.org/10.1590/s0100-879x2006001200010
https://doi.org/10.1016/s0301-0546(02)79091-5
https://doi.org/10.1002/ajmg.1320370746
https://doi.org/10.1542/peds.2018-0225


11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:10981  | https://doi.org/10.1038/s41598-021-90469-z

www.nature.com/scientificreports/

 12. Simon, A., Gehrmann, S., Wagenpfeil, G. & Wagenpfeil, S. Palivizumab use in infants with Down syndrome-report from the Ger-
man Synagis Registry 2009–2016. Eur. J. Pediatr. 177, 903–911. https:// doi. org/ 10. 1007/ s00431- 018- 3142-x (2018).

 13. Kashiwagi, T., Okada, Y. & Nomoto, K. Palivizumab prophylaxis against respiratory syncytial virus infection in children with 
immunocompromised conditions or Down syndrome: A multicenter, post-marketing surveillance in Japan. Paediatr Drugs 20, 
97–104. https:// doi. org/ 10. 1007/ s40272- 017- 0264-y (2018).

 14. Paes, B. & Mitra, S. Palivizumab for children with Down syndrome: Is the time right for a universal recommendation? Arch. Dis. 
Child 104, 719–721. https:// doi. org/ 10. 1136/ archd ischi ld- 2018- 316408 (2019).

 15. Huggard, D. & Molloy, E. J. Question 1: Palivizumab for all children with Down syndrome? Arch. Dis. Child 104, 94–97. https:// 
doi. org/ 10. 1136/ archd ischi ld- 2018- 316140 (2019).

 16. Seewald, L., Taub, J. W., Maloney, K. W. & McCabe, E. R. Acute leukemias in children with Down syndrome. Mol. Genet. Metab. 
107, 25–30. https:// doi. org/ 10. 1016/j. ymgme. 2012. 07. 011 (2012).

 17. Hefti, E. & Blanco, J. Anthracycline-related cardiotoxicity in patients with acute myeloid leukemia and Down syndrome: A literature 
review. Cardiovasc. Toxicol. https:// doi. org/ 10. 1007/ s12012- 015- 9307-1 (2015).

 18. Hefti, E. & Blanco, J. G. Pharmacokinetics of chemotherapeutic drugs in pediatric patients with Down syndrome and leukemia. 
J. Pediatr. Hematol. Oncol. 38, 283–287. https:// doi. org/ 10. 1097/ mph. 00000 00000 000540 (2016).

 19. Dickinson, B. L. et al. Bidirectional FcRn-dependent IgG transport in a polarized human intestinal epithelial cell line. J. Clin. 
Investig. 104, 903–911. https:// doi. org/ 10. 1172/ JCI69 68 (1999).

 20. Antohe, F., Radulescu, L., Gafencu, A., Ghetie, V. & Simionescu, M. Expression of functionally active FcRn and the differentiated 
bidirectional transport of IgG in human placental endothelial cells. Hum. Immunol. 62, 93–105 (2001).

 21. Ober, R. J., Martinez, C., Vaccaro, C., Zhou, J. & Ward, E. S. Visualizing the site and dynamics of IgG salvage by the MHC class 
I-related receptor, FcRn. J. Immunol. 172, 2021–2029 (2004).

 22. Anderson, C. L. et al. Perspective–FcRn transports albumin: Relevance to immunology and medicine. Trends Immunol. 27, 
343–348. https:// doi. org/ 10. 1016/j. it. 2006. 05. 004 (2006).

 23. Borrok, M. J. et al. pH-dependent binding engineering reveals an FcRn affinity threshold that governs IgG recycling. J. Biol. Chem. 
290, 4282–4290. https:// doi. org/ 10. 1074/ jbc. M114. 603712 (2015).

 24. Pyzik, M. et al. The neonatal Fc receptor (FcRn): A misnomer?. Front. Immunol. 10, 1540. https:// doi. org/ 10. 3389/ fimmu. 2019. 
01540 (2019).

 25. Rath, T. et al. The immunologic functions of the neonatal Fc receptor for IgG. J. Clin. Immunol. 33(Suppl 1), S9-17. https:// doi. 
org/ 10. 1007/ s10875- 012- 9768-y (2013).

 26. Cines, D. B. et al. FcRn augments induction of tissue factor activity by IgG-containing immune complexes. Blood 135, 2085–2093. 
https:// doi. org/ 10. 1182/ blood. 20190 01133 (2020).

 27. Jiang, Y. et al. Alzheimer’s-related endosome dysfunction in Down syndrome is Abeta-independent but requires APP and is reversed 
by BACE-1 inhibition. Proc. Natl. Acad. Sci. USA 107, 1630–1635. https:// doi. org/ 10. 1073/ pnas. 09089 53107 (2010).

 28. Colacurcio, D. J., Pensalfini, A., Jiang, Y. & Nixon, R. A. Dysfunction of autophagy and endosomal-lysosomal pathways: Roles in 
pathogenesis of Down syndrome and Alzheimer’s Disease. Free Radic. Biol. Med. 114, 40–51. https:// doi. org/ 10. 1016/j. freer adbio 
med. 2017. 10. 001 (2018).

 29. Kim, S. et al. Evidence that the rab5 effector APPL1 mediates APP-betaCTF-induced dysfunction of endosomes in Down syndrome 
and Alzheimer’s disease. Mol. Psychiatry 21, 707–716. https:// doi. org/ 10. 1038/ mp. 2015. 97 (2016).

 30. Grevys, A. et al. A human endothelial cell-based recycling assay for screening of FcRn targeted molecules. Nat. Commun. 9, 621. 
https:// doi. org/ 10. 1038/ s41467- 018- 03061-x (2018).

 31. Schindelin, J. et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 9, 676–682. https:// doi. org/ 10. 1038/ 
nmeth. 2019 (2012).

 32. Pike, J. A., Styles, I. B., Rappoport, J. Z. & Heath, J. K. Quantifying receptor trafficking and colocalization with confocal microscopy. 
Methods 115, 42–54. https:// doi. org/ 10. 1016/j. ymeth. 2017. 01. 005 (2017).

 33. Lu, Z. J. & Mathews, D. H. OligoWalk: An online siRNA design tool utilizing hybridization thermodynamics. Nucleic Acids Res. 
36, W104-108. https:// doi. org/ 10. 1093/ nar/ gkn250 (2008).

 34. Antonarakis, S. E. et al. Down syndrome. Nat. Rev. Dis. Primers. 6, 9. https:// doi. org/ 10. 1038/ s41572- 019- 0143-7 (2020).
 35. Fasano, D. et al. Alteration of endosomal trafficking is associated with early-onset Parkinsonism caused by SYNJ1 mutations. Cell 

Death Dis. 9, 385. https:// doi. org/ 10. 1038/ s41419- 018- 0410-7 (2018).
 36. Cataldo, A. M. et al. Down syndrome fibroblast model of Alzheimer-related endosome pathology: Accelerated endocytosis pro-

motes late endocytic defects. Am. J. Pathol. 173, 370–384. https:// doi. org/ 10. 2353/ ajpath. 2008. 071053 (2008).
 37. Ward, E. S. et al. From sorting endosomes to exocytosis: Association of Rab4 and Rab11 GTPases with the Fc receptor, FcRn, 

during recycling. Mol. Biol. Cell 16, 2028–2038. https:// doi. org/ 10. 1091/ mbc. e04- 08- 0735 (2005).
 38. Gan, Z., Ram, S., Ober, R. J. & Ward, E. S. Using multifocal plane microscopy to reveal novel trafficking processes in the recycling 

pathway. J. Cell Sci. 126, 1176–1188. https:// doi. org/ 10. 1242/ jcs. 116327 (2013).
 39. Naslavsky, N. & Caplan, S. The enigmatic endosome—Sorting the ins and outs of endocytic trafficking. J. Cell Sci. https:// doi. org/ 

10. 1242/ jcs. 216499 (2018).
 40. D’Hooghe, L., Chalmers, A. D., Heywood, S. & Whitley, P. Cell surface dynamics and cellular distribution of endogenous FcRn. 

PLoS ONE 12, e0182695. https:// doi. org/ 10. 1371/ journ al. pone. 01826 95 (2017).
 41. Gan, Z., Ram, S., Vaccaro, C., Ober, R. J. & Ward, E. S. Analyses of the recycling receptor, FcRn, in live cells reveal novel pathways 

for lysosomal delivery. Traffic 10, 600–614. https:// doi. org/ 10. 1111/j. 1600- 0854. 2009. 00887.x (2009).
 42. Cataldo, A. M. et al. Endocytic pathway abnormalities precede amyloid beta deposition in sporadic Alzheimer’s disease and Down 

syndrome: Differential effects of APOE genotype and presenilin mutations. Am. J. Pathol. 157, 277–286. https:// doi. org/ 10. 1016/ 
s0002- 9440(10) 64538-5 (2000).

 43. Cossec, J. C. et al. Trisomy for synaptojanin1 in Down syndrome is functionally linked to the enlargement of early endosomes. 
Hum. Mol. Genet. 21, 3156–3172. https:// doi. org/ 10. 1093/ hmg/ dds142 (2012).

 44. Botte, A. et al. Ultrastructural and dynamic studies of the endosomal compartment in Down syndrome. Acta Neuropathol. Com-
mun. 8, 89. https:// doi. org/ 10. 1186/ s40478- 020- 00956-z (2020).

 45. Small, S. A., Simoes-Spassov, S., Mayeux, R. & Petsko, G. A. Endosomal traffic jams represent a pathogenic hub and therapeutic 
target in Alzheimer’s disease. Trends Neurosci. 40, 592–602. https:// doi. org/ 10. 1016/j. tins. 2017. 08. 003 (2017).

 46. Cheng, X. T. et al. Characterization of LAMP1-labeled nondegradative lysosomal and endocytic compartments in neurons. J. Cell 
Biol. 217, 3127–3139. https:// doi. org/ 10. 1083/ jcb. 20171 1083 (2018).

 47. Tiano, L. & Busciglio, J. Mitochondrial dysfunction and Down’s syndrome: Is there a role for coenzyme Q(10) ?. BioFactors 37, 
386–392. https:// doi. org/ 10. 1002/ biof. 184 (2011).

 48. Quinones-Lombrana, A. & Blanco, J. G. Comparative analysis of the DYRK1A-SRSF6-TNNT2 pathway in myocardial tissue from 
individuals with and without Down syndrome. Exp. Mol. Pathol. 110, 104268. https:// doi. org/ 10. 1016/j. yexmp. 2019. 104268 (2019).

 49. Jiang, Y. et al. Lysosomal dysfunction in Down syndrome Is APP-Dependent and mediated by APP-betaCTF (C99). J. Neurosci. 
39, 5255–5268. https:// doi. org/ 10. 1523/ JNEUR OSCI. 0578- 19. 2019 (2019).

 50. Grant, B. D. & Donaldson, J. G. Pathways and mechanisms of endocytic recycling. Nat. Rev. Mol. Cell Biol. 10, 597–608. https:// 
doi. org/ 10. 1038/ nrm27 55 (2009).

https://doi.org/10.1007/s00431-018-3142-x
https://doi.org/10.1007/s40272-017-0264-y
https://doi.org/10.1136/archdischild-2018-316408
https://doi.org/10.1136/archdischild-2018-316140
https://doi.org/10.1136/archdischild-2018-316140
https://doi.org/10.1016/j.ymgme.2012.07.011
https://doi.org/10.1007/s12012-015-9307-1
https://doi.org/10.1097/mph.0000000000000540
https://doi.org/10.1172/JCI6968
https://doi.org/10.1016/j.it.2006.05.004
https://doi.org/10.1074/jbc.M114.603712
https://doi.org/10.3389/fimmu.2019.01540
https://doi.org/10.3389/fimmu.2019.01540
https://doi.org/10.1007/s10875-012-9768-y
https://doi.org/10.1007/s10875-012-9768-y
https://doi.org/10.1182/blood.2019001133
https://doi.org/10.1073/pnas.0908953107
https://doi.org/10.1016/j.freeradbiomed.2017.10.001
https://doi.org/10.1016/j.freeradbiomed.2017.10.001
https://doi.org/10.1038/mp.2015.97
https://doi.org/10.1038/s41467-018-03061-x
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1016/j.ymeth.2017.01.005
https://doi.org/10.1093/nar/gkn250
https://doi.org/10.1038/s41572-019-0143-7
https://doi.org/10.1038/s41419-018-0410-7
https://doi.org/10.2353/ajpath.2008.071053
https://doi.org/10.1091/mbc.e04-08-0735
https://doi.org/10.1242/jcs.116327
https://doi.org/10.1242/jcs.216499
https://doi.org/10.1242/jcs.216499
https://doi.org/10.1371/journal.pone.0182695
https://doi.org/10.1111/j.1600-0854.2009.00887.x
https://doi.org/10.1016/s0002-9440(10)64538-5
https://doi.org/10.1016/s0002-9440(10)64538-5
https://doi.org/10.1093/hmg/dds142
https://doi.org/10.1186/s40478-020-00956-z
https://doi.org/10.1016/j.tins.2017.08.003
https://doi.org/10.1083/jcb.201711083
https://doi.org/10.1002/biof.184
https://doi.org/10.1016/j.yexmp.2019.104268
https://doi.org/10.1523/JNEUROSCI.0578-19.2019
https://doi.org/10.1038/nrm2755
https://doi.org/10.1038/nrm2755


12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:10981  | https://doi.org/10.1038/s41598-021-90469-z

www.nature.com/scientificreports/

 51. McGough, I. J. et al. SNX3-retromer requires an evolutionary conserved MON2:DOPEY2:ATP9A complex to mediate Wntless 
sorting and Wnt secretion. Nat. Commun. 9, 3737. https:// doi. org/ 10. 1038/ s41467- 018- 06114-3 (2018).

 52. Curtis, M. E., Yu, D. & Pratico, D. Dysregulation of the retromer complex system in Down syndrome. Ann. Neurol. 88, 137–147. 
https:// doi. org/ 10. 1002/ ana. 25752 (2020).

 53. Roper, R. J. & Reeves, R. H. Understanding the basis for Down syndrome phenotypes. PLoS Genet. 2, e50. https:// doi. org/ 10. 1371/ 
journ al. pgen. 00200 50 (2006).

 54. Opsomer, R. et al. Amyloid precursor protein (APP) controls the expression of the transcriptional activator neuronal PAS domain 
protein 4 (NPAS4) and synaptic GABA release. eNeuro https:// doi. org/ 10. 1523/ ENEURO. 0322- 19. 2020 (2020).

 55. Hicks, D. A. et al. The amyloid precursor protein represses expression of acetylcholinesterase in neuronal cell lines. J. Biol. Chem. 
288, 26039–26051. https:// doi. org/ 10. 1074/ jbc. M113. 461269 (2013).

 56. von Rotz, R. C. et al. The APP intracellular domain forms nuclear multiprotein complexes and regulates the transcription of its 
own precursor. J. Cell Sci. 117, 4435–4448. https:// doi. org/ 10. 1242/ jcs. 01323 (2004).

 57. Haass, C., Kaether, C., Thinakaran, G. & Sisodia, S. Trafficking and proteolytic processing of APP. Cold Spring Harb. Perspect. Med. 
2, a006270. https:// doi. org/ 10. 1101/ cshpe rspect. a0062 70 (2012).

 58. Muller, T., Meyer, H. E., Egensperger, R. & Marcus, K. The amyloid precursor protein intracellular domain (AICD) as modulator 
of gene expression, apoptosis, and cytoskeletal dynamics-relevance for Alzheimer’s disease. Prog. Neurobiol. 85, 393–406. https:// 
doi. org/ 10. 1016/j. pneur obio. 2008. 05. 002 (2008).

 59. Waldron, E. et al. Increased AICD generation does not result in increased nuclear translocation or activation of target gene tran-
scription. Exp. Cell Res. 314, 2419–2433. https:// doi. org/ 10. 1016/j. yexcr. 2008. 05. 003 (2008).

 60. Cao, X. & Sudhof, T. C. A transcriptionally [correction of transcriptively] active complex of APP with Fe65 and histone acetyl-
transferase Tip60. Science 293, 115–120. https:// doi. org/ 10. 1126/ scien ce. 10587 83 (2001).

 61. Cejas, R. B., Ferguson, D. C., Quinones-Lombrana, A., Bard, J. E. & Blanco, J. G. Contribution of DNA methylation to the expres-
sion of FCGRT in human liver and myocardium. Sci. Rep. 9, 8674. https:// doi. org/ 10. 1038/ s41598- 019- 45203-1 (2019).

 62. Ferguson, D. C. & Blanco, J. G. Regulation of the human Fc-neonatal receptor alpha-chain gene FCGRT by microRNA-3181. 
Pharm. Res. 35, 15. https:// doi. org/ 10. 1007/ s11095- 017- 2294-0 (2018).

 63. Dieudonne, Y. et al. Immune defect in adults with down syndrome: Insights into a complex issue. Front. Immunol. 11, 840. https:// 
doi. org/ 10. 3389/ fimmu. 2020. 00840 (2020).

 64. Espinosa, J. M. Down syndrome and COVID-19: A perfect storm?. Cell Rep. Med. 1, 100019. https:// doi. org/ 10. 1016/j. xcrm. 2020. 
100019 (2020).

Acknowledgements
We acknowledge the excellent assistance and advise of Dr. Andrew McCall from the Optical Imaging and Analy-
sis Facility at the School of Dental Medicine, SUNY Buffalo. This study was supported by the Eunice Kennedy 
Shriver National Institute of Child Health and Human Development (award R21 HD089053), the National Cancer 
Institute (award R21 CA245067), and the National Institute of General Medical Sciences (award R01 GM073646).

Author contributions
R.B.C. designed the study, performed experiments, analyzed data, and wrote the manuscript. M.T-B. performed 
experiments and analyzed data. J.G.B. conceptualized research, revised and edited the manuscript, provided 
resources and acquired funding. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 90469-z.

Correspondence and requests for materials should be addressed to J.G.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1038/s41467-018-06114-3
https://doi.org/10.1002/ana.25752
https://doi.org/10.1371/journal.pgen.0020050
https://doi.org/10.1371/journal.pgen.0020050
https://doi.org/10.1523/ENEURO.0322-19.2020
https://doi.org/10.1074/jbc.M113.461269
https://doi.org/10.1242/jcs.01323
https://doi.org/10.1101/cshperspect.a006270
https://doi.org/10.1016/j.pneurobio.2008.05.002
https://doi.org/10.1016/j.pneurobio.2008.05.002
https://doi.org/10.1016/j.yexcr.2008.05.003
https://doi.org/10.1126/science.1058783
https://doi.org/10.1038/s41598-019-45203-1
https://doi.org/10.1007/s11095-017-2294-0
https://doi.org/10.3389/fimmu.2020.00840
https://doi.org/10.3389/fimmu.2020.00840
https://doi.org/10.1016/j.xcrm.2020.100019
https://doi.org/10.1016/j.xcrm.2020.100019
https://doi.org/10.1038/s41598-021-90469-z
https://doi.org/10.1038/s41598-021-90469-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Analysis of the intracellular traffic of IgG in the context of Down syndrome (trisomy 21)
	Materials and methods
	Cell culture. 
	IgG intracellular trafficking assays. 
	IgG recycling assay. 
	Immunofluorescence. 
	Quantitative image analysis. 
	Cell transfections. 
	Quantitative real-time polymerase chain reaction. 
	Immunoblotting. 
	Data processing and statistical analysis. 

	Results
	Intracellular transport of IgG in the context of trisomy 21. 
	Morphological features of compartments involved in the traffic of IgG in cells with trisomy 21. 
	FCGRT and APP expression in the context of trisomy 21. 
	Impact of APP on the expression of FcRn. 
	Impact of increased APP expression on the intracellular transport of IgG. 

	Discussion
	References
	Acknowledgements


