
581
Received March 19, 2023
Accepted for publication April 19, 2023

Original Research

Abstract
BACKGROUND: The results of clinical trials for Alzheimer’s 
disease (AD) patients treated with Intravenous immunoglobulin 
(IVIG) revealed inconsistency in efficacy. 
OBJECTIVE: To explore the neuroprotective effects and possible 
mechanisms of different IVIG in 3xTg-AD mice.
METHODS: 3-month-old 3xTg-AD mice were administered 
intraperitoneally with different IVIG (A/B/C) for 3 months 
and then the therapeutic effects were observed and tested at 
9 months of age. The bioavailability of IVIG and Aβ40/42 
concentrations in parietotemporal cortex was measured by 
ELISA. Behavioral tests were performed to examine cognitive 
functions. Immunohistochemistry was utilized to examine the 
deposition of Aβ, the phosphorylation of tau, the levels of GFAP 
and Iba-1 in the hippocampus. Proteomics, Luminex assay 
and parallel reaction monitoring were performed to identify 
and verify the proteins that showed a marked change in the 
hippocampus. 
RESULTS: IVIG-C was more effective than IVIG-A and IVIG-B 
in counteracting cognitive deficits, ameliorating Aβ deposits 
and tau phosphorylation, attenuating the activation of microglia 
and astrocytes in the hippocampus and inhibiting the secretion 
of pro-inflammatory factors. IVIG-C affected innate immunity 
and suppressed the activation of antigen processing and 
presentation by MHC class I molecule (APP-MHC-I). 
CONCLUSION: The efficacy of different IVIG on AD was 
significantly different, and only IVIG-C has been confirmed to 
possess significant neuroprotective effects, which are related 
to the inhibition of APP-MHC-I.  IVIG may be a potential 
therapeutic for AD but further research is needed to evaluate the 
functional of IVIG before clinical trials of AD treatment. 

Key words: Alzheimer’s disease, intravenous immunoglobulin, 
neuroinflammation, antigen processing and presentation, MHC-I.

Introduction

Alzheimer’s disease (AD), which is the most 
commonly occurring neurodegenerative 
disorder, is marked by gradual deterioration 

in cognitive function and changes in personality (1). 
The prevalence of AD is rising annually as the world’s 
population ages (2). The number of AD sufferers is 
expected to hit 130 million by 2050, which will not only 
place a heavy psychological burden on patients’ families 

but also leads to huge social and public expenditure 
(3). Current drugs for AD patients only ameliorate 
marginally cognitive deficits, so it’s urgent to explore 
novel preventive interventions and therapeutics for AD.   

Despite the fact that the etiology of AD is not yet 
fully understood, it is believed that the most important 
pathophysiological characteristics are extracellular 
β-amyloid (Aβ) deposition to form senile plaques and 
the formation of neurofibrillary tangles caused by 
intracellular hyperphosphorylated tau (p-tau) protein 
(4). Recent years have seen a growing body of research 
suggesting that AD development is significantly 
influenced by inflammation (5). 

Intravenous immunoglobulin (IVIG) is derived from 
the plasma of multiple healthy donors, and more than 95 
% of its components are human immunoglobulin. With 
its full spectrum of human antibodies and the function 
of inhibiting inflammation (6, 7), IVIG has been used to 
treat patients with autoimmune diseases for nearly 40 
years and is safe and well-tolerated (8-11). In 2002, IVIG 
was shown by Dodel. et al. to contain anti-Aβ antibodies 
for the first time (12). Since then, a variety of AD-relevant 
antibodies were found in IVIG, including anti-tau 
antibodies and anti-advanced glycation end-product 
receptor antibodies (13, 14). Based on the existence 
of anti-AD-related antibodies and anti-inflammation 
function in IVIG, at least five randomized controlled 
trials of IVIG for patients with AD have been performed 
around the world since 2013 (15-19). Importantly, IVIG 
had shown inconsistent efficacy as a potential treatment 
for AD in these clinical trials. The underlying mechanism 
is unrevealed, but the impact of IVIG itself on the results 
of clinical trials for AD has not gotten enough attention. 
IVIG was prepared from the mixed plasma of healthy 
adults, so the ethnicity and geography of donors and the 
preparation processes of the manufacturers will have a 
great impact on the composition of IVIG, and then affect 
the biological function (20, 21). It has been found that 
there are significant differences in levels of subtypes of 
IgG, IgA and IgM in various IVIG, although 95% of the 
components are human IgG (22, 23). Additionally, the 
content of sialic acid that may possess anti-inflammatory 
properties is unlike in different IVIG products (24). 
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Therefore, the discrepancy in the therapeutic effects of 
different IVIG products on AD should be paid enough 
attention and need further study.

In  the  present  s tudy,  we invest igated the 
neuroprotective effects of IVIG from three different 
manufacturers in triple-transgenic (3xTg-AD) mice. 
Behavioral tests, Enzyme-linked immunosorbent assay 
(ELISA), Luminex, immunohistochemistry (IHC), 
proteomics and parallel reaction monitoring (PRM) were 
used to determine whether three IVIG had different 
efficacy on AD. Furthermore, the part of potential 
mechanisms of action was revealed. The results provide 
theoretical support for further investigation of the 
neuroprotective properties of IVIG, supply a preliminary 
analysis for inconsistent performance in different clinical 
trials of IVIG for AD treatment, and also offer a reference 
for the development of AD-specific IVIG.

Methods

IVIG selection

Three kinds of IVIG (5%, 50ml, 2.5g/bottle) numbered 
IVIG-A, IVIG-B and IVIG-C were selected for this study. 
These IVIG are produced by manufacturers located in 
north, northwest and south China respectively, and their 
preparation processes are not identical. In addition, 

the plasma donors of these manufacturers are great 
differences in race/ethnicity, geography and diet.

Animals and administration

The animal experiments were approved by the 
experimental animal ethics Chinese academy of medical 
sciences institute of blood transfusion (No. 2021048). A 
total of 52 3xTg-AD mice aged 10 weeks and weighing 
13-17g were used in this study. They were obtained 
from Nanjing Biomedical Research Institute of Nanjing 
University, Jiangsu, China. Three mutant genes encoding 
human beta-amyloid precursor protein (APPswe), 
presenilin-1 (PS1M146V) and tau (P301L) were harbored 
in 3xTg-AD mice, which were used as AD models 
because of their expression of Aβ and tau pathology 
and cognitive deficits (25). A total of 10 age, weight and 
sex-matched C57BL6/J mice as wild-type (WT) mice 
were purchased from Hunan SJA Laboratory Animal Co., 
Ltd, Hunan, China. Briefly, the mice were raised under 
standard conditions (humidity: 50 ±10%, temperature: 
22 ±2 °C, light/dark cycle: 12h) and food is available for 
random use. After 2 weeks of adjustable feeding, the 
3xTg-AD mice were randomly divided into 4 groups (14 
in per IVIG group, 10 in control group, half male and 
half female). The 3xTg-AD mice in the IVIG group (1g/
kg, IVIG-A/B/C group) were intraperitoneally injected 
with three kinds of IVIG respectively, and the control 

Figure 1. Experimental design grouping 
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group (Ctrl group) was injected with the equivalent 
volume of normal saline twice a week for 12 weeks. 
Three mice were randomly selected from each IVIG 
group (IVIG-A/B/C group) to detect the bioavailability 
of IVIG following the last injection. After 3 months of 
normal feeding, the remaining mice (hereinafter referred 
to as 9-month-old mice) were tested using behavioral tests 
and then sacrificed. For biochemical, histopathological 
and proteomic assay, the serum and brain tissues were 
collected. The experimental design grouping are shown in 
Fig. 1.

Behavioral tests

Cognitive function was assessed for 3xTg-AD mice by 
a series of cognitive tests (Smart 3.0, Panlab, Spain). With 
a recuperation period of at least 24 hours between each 
task, behavioral assessments were carried out in the two 
weeks before the sacrifice to lessen stress.

A soundproof dark box (bottom area: 40 cm × 40 cm 
× 40 cm) was used for the open-field experiment test in 
order to evaluate the mice’s autonomous activities in 
the novel environment (26). The automated recording of 
photobeam breaks was used to keep track of movements 
and calculate distance traveled. The movements of each 
mouse were tracked for 5 minutes in the open field. To 
remove any potential odor cues, the box was completely 
cleaned after each test.

Based on rodents’ intrinsic desire for probing 
unfamiliar items, the novel object recognition (NOR) 
test was used to explore the memory and learning of 
mice (27). The mouse spent 5 minutes in a standard 
cage (bottom area: 40 cm × 40 cm × 40 cm) holding two 
identical items during the familiarization phase before 
being swiftly transferred back to its dwelling cage. A test 
of the animal’s recognition memory was performed an 
hour later by showing it one familiar and one unfamiliar 
object. Each object’s detection and sniffing time was 
recorded. The amount of time spent engaging with the 
new object relative to the whole amount of testing time 
was used to determine the NOR index.

Barnes maze test has been widely used to evaluate 
the memory of mice (28). The 3xTg-AD mice were tested 
individually over 5 days. Each mouse was put in the 
center of the maze and exposed to loud noises and strong 
light. The escape hole was left open for the mouse to 
utilize to depart the maze. Three trials lasting 3 minutes 
each were performed on training days 1 ~ 4 (The test 
interval was 20 minutes.). Mice underwent 3-minute 
probe trials on day 5. The hidden chamber was removed 
on the probe day. Mice were evaluated for their ability to 
remember the fixed position of a target hole. The time the 
animal stayed in the target zone where the escape hole 
was previously located was recorded during a 3-minutes 
probe trial. All tests took place at 7:00 ~ 11:30 a.m. for 
more consistency among mice. 

Sample collection

Mice were chosen at random after behavioral testing, 
given a 2% sodium pentobarbital anesthesia, and then 
transcardially perfused with 0.9% sodium chloride and 
ice-cold 4% paraformaldehyde (PFA, BL539A; Biosharp 
life sciences, Shanghai, China). The brain tissues were 
carefully taken out, fixed in 4% PFA at 4 °C for 48 h and 
then incubated in 20% sucrose at 4°C for 72 h. The brain 
was cut into 25-μm thick slices and stained on a frozen 
microtome (RM2016, Leica Instrument Co., Ltd, Shanghai, 
China). For biochemical assays, the remaining mice were 
anesthetized to collect blood from the inferior vena cava, 
and the whole brain, hippocampus and parietotemporal 
cortex were dissected. The samples were immediately 
stored in -80 °C for further assay.

Enzyme-linked immunosorbent assay and 
Luminex

Human IgG (hIgG) concentrations were evaluated in 
the brain of 6-month-old 3xTg-AD mice using ELISA to 
assess the bioavailability of systemically administrated 
IVIG. The whole snap-frozen brain tissue was 
homogenized in lysis buffer and lysates were analyzed 
by species-specific ELISA kit (E-80G; ICL Lab, Oregon, 
America).

To detect soluble Aβ40 and Aβ42 levels in 3xTg-AD 
mice brain, the parietotemporal cortex was homogenized 
in cold PBS containing protease inhibitor cocktail and 
centrifuged at 15,000 g for 1 h at 4 °C. The supernatant 
was removed and became the soluble extract, which was 
determined using the bicinchoninic acid (BCA) protein 
assay (CW0014S; CWBIO, Beijing, China) according to the 
manufacturer’s instructions. A portion of the supernatant 
was tested for Aβ40 and Aβ42 using the commercial 
high-sensitivity ELISA kit (Novus Biologicals, Colorado, 
USA). The other parts were quantified for 8 cytokines and 
chemokines using a commercially available Luminex kit 
(10014905, BIO-RAD, California, USA): Interleukins (IL)-
1β, IL-2, IL-5, IL-6, chemokines (KC), IL-12P70, Tumor 
necrosis factor (TNF)-α and Interferon (IFN)-γ.

Immunohistochemistry 

The slices were rinsed in PBS and treated in 3% 
hydrogen peroxide for 25 minutes before being blocked 
for nonspecific antigen binding with 3% BSA for 30 
minutes at room temperature. Subsequently, the slices 
were incubated with primary antibodies against Aβ 
(Dilution ratio 1:500; NBP2-62566; Novus Biologicals, 
Colorado, USA), p-tau (Dilution ratio 1:200; 12885S; 
Cell Signaling Technology, Massachusetts, USA), glial 
fibrillary acidic protein (GFAP; Dilution ratio 1:2000; 
GB11096; Servicebio, Wuhan, China), and ionized 
calcium-binding adapter molecule 1 (Iba1; Dilution 
ratio 1:1000; GB113502; Servicebio, Wuhan, China) at 
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4 °C overnight. The slices were treated with the 
relevant secondary antibodies (HRP labeled) from the 
corresponding species of primary antibody (Dilution 
ratio 1:200; GB23303; Servicebio, Wuhan, China) at room 
temperature for 50 minutes the next day after being 
washed in PBS. The staining was developed with DAB 
color developing solution. Finally, the tissues were 
subjected to microscopic examination, and the extent of 
collagen deposition was quantitatively assessed using the 
Image J image analysis software (NIH Image J system, 
Bethesda, USA).

DIA proteomics

The hippocampal t issues obtained from the 
experimental mice were collected for proteomics. The 
tissues were ground into cell powder using liquid 
nitrogen, and four liters of lysis buffer (8M urea, 1% 
protease inhibitor cocktail; V900119-500G, Sigma-
Aldrich, Germany) were then added. The cell powder 
was then sonicated three times on ice using a high-
intensity ultrasonic processor (XM-900T, Scientz, Ningbo, 
China). Centrifugation was used to separate the residual 
debris for 10 minutes at 12,000 g and 4 °C. According 
to the manufacturer’s instructions, the supernatant was 
collected, and the protein content was assessed using a 
BCA kit (P0011, Beyotime, Shanghai, China). The sample 
was slowly added to the final concentration of 20% (m/v) 
TCA (T4885-2KG, Sigma-Aldrich, Germany) to precipitate 
protein. The precipitate was collected by centrifugation 
at 4500 g for 5 min at 4 °C. The protein sample was then 
redissolved in 200 mM TEAB (T7408-500mL, Sigma-
Aldrich, Germany) and ultrasonically dispersed. Trypsin 
(V5117, Promega, Wisconsin, USA) was added at 1:50 
trypsin-to-protein mass ratio for the first digestion 
overnight. And then the peptides were desalted by 
Strata X SPE column. The sample was fractionated 
into fractions by high pH reverse-phase HPLC using 
Agilent 1260 Extend C18 column (5 μm particles, 4.6 
mm ID, 250 mm length). The solvent A (2% acetonitrile/
in water, 0.1% formic acid; A117-50, Fluka, Germany) 
was used to dissolve the tryptic peptides before they 
were immediately length onto a homemade reversed-
phase analytical column (25 cm long, 100 μm i.d.). With a 
nanoElute UHPLC system, peptides were separated using 
a gradient from 6% to 24% solvent B (0.1% formic acid in 
acetonitrile) over 70 min, 24% to 35% in 12 min, increasing 
to 80% in 4 min, and holding at 80% for the last 4 min 
(183793457696, Bruker, Germany).

Build spectral library: DDA (data-dependent 
acquisition) and DIA (data-independent acquisition) data 
were retrieved using pulsar search engine embedded 
in spectronaut software (v15.0) default parameters. The 
database was mus_sapiens_9606_SP_20220107.fasta 
(20387 sequences), added the reverse library to calculate 
the false positive rate (FDR) caused by random matching; 
FDR for protein, peptide and PSM identification was set 

to 1%. Processed with spectronaut software (v15.0), the 
corresponding spectral library was imported, and the 
retention time of peptide segments was predicted through 
nonlinear correction.

Parallel reaction monitoring 

PRM has been widely used for the quantitative 
analysis of proteins (29, 30). And, it is an ion monitoring 
technique based on high-resolution, high-precision 
mass spectrometry that identifies and quantifies target 
proteins or peptides by selectively detecting them, such as 
peptides undergoing post-translational changes (31). 

In the present study, PRM was used to verify 
the differential proteins in the hippocampus of mice 
in each group after the proteins were screened by 
DIA proteomics. The experimental method of protein 
extraction and trypsin digestion is the same as that of 
DIA proteomics. The peptides were separated by an ultra-
high performance liquid phase system and injected into 
the capillary ion source for ionization and then analyzed 
by timsTOF Pro2 (187508710557, Bruker, Germany) mass 
spectrometry.  Both the peptide mother ions and their 
secondary fragments were identified and examined at an 
ion source voltage of 1.65 kV. 100-1700 m/z was chosen as 
the secondary mass spectrometry scan range. A secondary 
spectrum of the number of precursion charges in the 
range of 0-5 was acquired using the parallel reaction 
monitoring–parallel cumulative serial fragmentation 
(prm-PASEF) mode in the data acquisition mode.

Secondary mass spectrometry data was retrieved 
using Maxquant (v1.6.15.0). Search parameter settings: 
The database was Mus_musculus_10090_SP_20220107.
fasta (17097 sequences), a common contamination library 
was added to the database to remove the impact of 
contaminating proteins on the identification findings, and 
an anti-library was added to quantify the false-positive 
rate (FDR) brought on by random matching; Trypsin/P 
was used as the digesting technique; 2 was used as the 
number of missed cuts; The peptide’s minimum length 
was set at 7 amino acid residues; The primary master 
ions’ quality error tolerance for the first search and main 
search was set to 20 ppm and 4.5 ppm, respectively, 
while the secondary fragment ions’ mass error tolerance 
was set at 20 ppm. The maximum number of peptide 
modifications was set at 5. Alkylated Carbamidomethyl 
(C) cysteine underwent a fixed modification, a variable 
modification to methionine oxidation, and acetylation 
at the protein’s N-terminus. FDR was set to 1% for both 
protein and PSM identification.

The data were processed using Skyline 21.1 with the 
following peptide parameters: Trypsin [KR/P] as the 
protease, 0 for the maximum number of missing sites, 7 
to 25 for the peptide length, and cysteine alkylation to 
fix modification. Mother ion charge is set to 2, daughter 
ion charge to 1, and ion type is set to b, y in the transition 
parameters. The mass error tolerance for ion matching 
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was set at 0.02 Da, and fragment ion selection went from 
the third to the last.

Statistical analysis

All data are presented as mean ± SEM and were 
analyzed with GraphPad Prism 9.0 (GraphPad Software 
Inc., San Diego, CA) using one-way ANOVA when 
appropriate, followed by post-hoc multiple comparisons 
(Dunn’s test). * p < 0. 05, * * p < 0. 01, * * *p < 0.001.

Results

The Bioavailability of IVIG is different in 3xTg-
AD mice

To measure the bioavailability of IVIG, 3 mice from 
each IVIG group (IVIG-A/B/C group) were randomly 
selected and sacrificed two hours after the last IVIG 
injection. The whole brain was taken to detect hIgG in 
three kinds of IVIG groups. There was no significant 
difference in hIgG concentrations of brain between 
IVIG-A and IVIG-B groups, but hIgG concentrations 
of brain in IVIG-C group were significantly higher 
than that in IVIG-B group (p < 0.05; Fig. 2A). The hIgG 
concentrations in three kinds of IVIG was detected by 
the same ELISA kit. The hIgG concentrations in IVIG-C 
(p < 0.01; Fig. 2B) and IVIG-A (p < 0.05; Fig. 2B) were 
significantly higher than that in IVIG-B. The percentage 
of hIgG of brain in mice was calculated and shown in 
Fig. 2C. The hIgG levels in brain/IVIG in IVIG-C group 
were significantly higher than that in IVIG-B group (p < 
0.05; Fig. 2C). After intraperitoneal injection of IVIG into 
mice, the bioavailability of three IVIG was different. And 
IVIG-C entered the brain of mice with the largest amount 
of IgG. 

 

IVIG improved cognitive decline in 3xTg-AD 
mice to different degrees

After the intraperitoneal injection of IVIG and saline 
and another 3 months of normal feeding, all mice were 
tested for cognitive behavior. the open-field experiment 
test was used to assess the mice’s autonomous 
exploration behaviors and motor ability in a strange 
environment, as shown in Fig. 3A, D. The distance of 
movement in Ctrl group was significantly lower than 
that in WT group ( p < 0.05), indicating that the 3xTg-AD 
mice traveled a less total distance in a new environment. 
However, the distance of movement in IVIG-A (p < 
0.0001), IVIG-B (p < 0.001) and IVIG-C (p < 0.05) groups 
had a significant increase compared with Ctrl group. 
The mice’s recognition memory was evaluated using 
NOR test (32), as shown in Fig. 3B, E. NOR index in Ctrl 
group was significantly lower than that in WT group (p 
< 0.05), indicating that the 3xTg-AD mice spent less time 
in exploring the novel object. However, NOR index in 
IVIG-C group had a significant increase compared with 
Ctrl group (p < 0.05). The mice’s spatial memory and 
learning were evaluated using Barnes maze test (33), as 
shown in Fig. 3C, F. There was a significant difference in 
the time of staying in the target zone between Ctrl and 
WT groups (p < 0.05). Similarly, IVIG-C reversed the 
reduction of staying time in the target zone of 3xTg-AD (p 
< 0.05). 

For 9-month-old 3xTg-AD mice, IVIG-C improved 
cognitive and motor decline in three behavioral outcomes 
(open-field experiment test, NOR test, Barnes maze 
test); IVIG-A and IVIG-B just improved the motor and 
autonomous decline in open-field experiment test.

IVIG failed to effectively modulate Aβ40 and Aβ42 
concentrations in parietotemporal cortex of 3xTg-AD mice

In addition to the hippocampus, Aβ deposits were 
also found in the parietotemporal cortex of AD patients 
and mice, which aggravated cognitive impairment and 

Figure 2. A) The hIgG concentrations in brain were evaluated in 3xTgAD mice after a 3-month intraperitoneal 
injection with IVIG (1 g/kg) using a specific ELISA. B) The hIgG concentrations in three kinds of IVIG were detected 
by the same ELISA kit. C) The percentage of hIgG of the brain in mice was calculated. Data are expressed as the mean 
± SEM (n = 3)  

Statistical significance using one-way ANOVA is defined as * p<0.05, ** p<0.01. hIgG, Human IgG.
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Figure 3. 3xTg-AD and WT mice were evaluated using open-field experiment test (A, D), NOR test (B, E), Barnes 
maze test (C, F) in 9-month-old (n = 8-10). IVIG counteracted the cognitive decline in 3xTg-AD mice to different 
degrees. Data are expressed as the mean ± SEM  

Statistical significance using one-way ANOVA is defined as * p<0.05, ** p<0.01, *** p<0.005, ****p<0.001. IVIG, intravenous immunoglobulin; WT, wild type; NOR, the novel 
object recognition.

Figure 4. The concentrations of soluble Aβ40 and Aβ42 were measured in parietotemporal cortex. It was found that 
just only IVIG-C decreased Aβ40 rather than Aβ42 concentrations in 9-month-old 3xTg-AD mice (A, B; n = 4). No 
significant changes in Aβ42/Aβ40 ratios were found in 3xTg-AD mice (C; n = 4)  

Data are expressed as the mean ± SEM. Statistical significance using one-way ANOVA is defined as * p<0.05, ** p<0.01, *** p<0.005, ****p<0.001. IVIG, intravenous 
immunoglobulin; WT, wild type; NOR, the novel object recognition.
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Figure 5. Three IVIG ameliorated pathological alterations in the hippocampus to different degrees. IVIG-C reduced 
the deposition of Aβ in the hippocampus of 3xTg-AD mice, tested using 6E10 (A) in the hippocampus (50×; scale 
bar: 200μm; 100×; scale bar: 100μm; n= 3-4) and reduced the levels of p-tau (B). IVIG-A, IVIG-B and IVIG-C inhibited 
the levels of Iba1 (C) in the hippocampus of 3xTg-AD mice (50×; scale bar: 200μm; 100×; scale bar: 100μm; n = 3-4). 
IVIG-A and IVIG-C reduced the levels of GFAP (D) in the hippocampus of 3xTg-AD mice (50×; scale bar: 200μm; 
100×; scale bar: 100μm; n = 3-4). Image J and Graphpad Prism were used for quantitative analysis of Aβ IHC staining 
area (E) and p-tau (F), microglia (G) and astrocyte number (H) in the hippocampus under 50× microscope. Data are 
expressed as the mean ± SEM

Statistical significance using one-way ANOVA is defined as * p<0.05, ** p<0.01, *** p<0.005, ****p<0.001. IVIG, Intravenous immunoglobulin; WT, wild type; IHC, 
immunohistochemistry; p-tau, phospho-tau protein; GFAP, glial fibrillary acidic protein; Iba1, ionized calcium-binding adapter molecule 1.
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disease progression (34, 35). The concentrations of soluble 
Aβ40 and Aβ42 were measured in parietotemporal cortex 
using specific ELISA. For 9-month-old 3xTg-AD mice, 
the concentration of Aβ40 in parietotemporal cortex 
was decreased by IVIG-C (p<0.05, Fig. 4A), while the 
concentrations of Aβ42 and Aβ42/Aβ40 ratios did not 
change significantly (Fig. 4B, C). These data indicated 
that IVIG failed to effectively modulate Aβ40 and Aβ42 
concentrations in parietotemporal cortex of 3xTg-AD 
mice.

 
IVIG ameliorated pathological alterations in 
3xTg-AD mice to different degrees 

The autopsy was performed after the behavioral 
test of the mice at 9 months of age, and one side of the 
brain was taken for IHC staining. Aβ and p-tau is the 
most important pathogenic protein in the occurrence 
and development of AD (36). Several lines of evidence 
suggested that Aβ deposition may be required for the 
progression of tau pathology, neuroinflammation and 
cognitive impairment in AD (37). Tau stabilizes the 
cytoskeleton of neurons as a microtubule-associated 
protein, and hyperphosphorylation of tau may be a 
primary driver of neurodegeneration in AD (38). IHC 
showed that the area of hippocampal Aβ-positive plaques 
in the Ctrl group was significantly larger than that in the 
WT group, and the deposition of Aβ was alleviated in the 
hippocampus of 3xTg-AD mice by IVIG-C (p < 0.05, Fig. 
5A, E) rather than IVIG-A and IVIG-B. The number of 

p-tau in the hippocampus of Ctrl group was significantly 
more than that of WT group, and the number of p-tau 
was reduced by IVIG-C (p < 0.05, Fig. 5B, F) rather than 
IVIG-A and IVIG-B. Neuroinflammation has been proven 
to be an important promoting factor in the progression of 
AD, and it’s mainly reflected in the activation of microglia 
and astrocytes (39). Activated microglia and astrocytes are 
specifically identified by the biomarkers Iba1 and GFAP, 
respectively (40). In the hippocampus of the Ctrl group, 
there were more Iba1-positive GFAP-positive cells than in 
the WT group, and this increase was significantly reduced 
following IVIG-A(p < 0.05), IVIG-B (p < 0.05) and IVIG-C 
(p < 0.005) treatment (Fig. 5C, G). The levels of GFAP (Fig. 
5D, H) were decreased by IVIG-A (p < 0.05) and IVIG-C 
(p < 0.001).

All these data suggested that three kinds of IVIG 
ameliorated pathological alterations to different degrees 
in 9-month-old 3xTg-AD mice. And just IVIG-C not only 
reduced Aβ and tau in the hippocampus of 3xTg-AD mice 
but also suppressed the neuroinflammation in the brain.

 
IVIG regulated cytokine and chemokines levels 
in brain of 3xTg-AD mice to different degrees

Activated microglia and astrocytes release a large 
number of pro-inflammatory cytokines, leaving the brain 
in a state of inflammation, which can cause increased 
production of Aβ, damage to neurons and cognitive 
impairment (41). So, in order to evaluate whether IVIG 
could decrease the levels of cytokine and chemokines in 

Figure 6. The effects of different IVIG on cytokines levels in the brains of mice. Data are expressed as the mean ± SEM 
(n = 8)  

Statistical significance using one-way ANOVA defined as *p < 0.05, **p < 0.01, ***p < 0.001; IVIG, Intravenous immunoglobulin; WT, wild type; prot, proteins; KC, 
chemokines; IL, Interleukins; TNF, Tumor necrosis factor; IFN, Interferon.
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the brain of 3xTg-AD mice, the levels of IL-1β, IL-2, IL-5, 
IL-6, KC, IL-12p70, TNF-α, IFN-γ were measured in the 
brain and shown in Fig. 6. The levels of IL-1β (p < 0.001), 
IL-5 (p < 0.05), KC (p < 0.001), IL-12p70 (p < 0.001), TNF-α 
(p < 0.001) and IFN-γ (p < 0.01) were markedly increased 
in the brain of Ctrl group compared with WT group. 
IVIG-A treatment significantly decreased the levels of 
IL-1β (p < 0.01), IL-5 (p < 0.01), KC (p < 0.001), IL-12p70 
(p < 0.05) and TNF-α (p < 0.05) in the brain. IVIG-B 
treatment significantly decreased the levels of KC (p < 
0.01) in the brain. And IVIG-C treatment significantly 
decreased the levels of IL-1β (p < 0.05), IL-5 (p < 0.05), 
KC (p < 0.001), IL-12p70 (p < 0.05), TNF-α (p < 0.01) and 
IFN-γ (p < 0.05) in the brain. Taken together, for 9-month-
old 3xTg-AD mice, IVIG-A and IVIG-C could significantly 
better suppress the secretion of pro-inflammatory factors 
produced by activated glial cells than IVIG-B. 

IVIG regulated protein  levels  in  the 
hippocampus of 3xTg-AD mice to different 
degrees

The hippocampus was taken at 9 months of age from 
each group and subjected to proteomic analysis. After 
applying cut-off values of > 1.3 or < 0.77, we observed 
that 330 proteins were differentially expressed between 
WT and Ctrl mice (272 were upregulated and 58 
were downregulated; Fig. 7A), and 104 proteins were 
differentially expressed following IVIG-A treatment 
(39 were upregulated and 65 were downregulated; Fig. 
7B); 92 proteins were differentially expressed following 
IVIG-B treatment (24 were upregulated and 68 were 
downregulated; Fig. 7C); 84 proteins were differentially 
expressed following IVIG-C treatment (26 were 
upregulated and 58 were downregulated; Fig. 7D). 

Figure 7. DIA proteomics was performed to evaluate the differential proteins after IVIG injection in the hippocampus 
of 3xTg-AD mice. (A) Proteins were differentially expressed between WT and Ctrl groups; Proteins were differentially 
expressed following IVIG-A (B), IVIG-B (C) and IVIG-C (D) treatment. GO enrichment analysis of Ctrl vs WT (E), 
IVIG-A vs Ctrl (F), IVIG-B vs Ctrl (G) and IVIG-C vs Ctrl group (H). Subcellular structure of differential protein 
enrichment in WT (I), IVIG-A (J), IVIG-B (K) and IVIG-C group (L)

 n = 3-4
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Compared with Ctrl group, Gene Ontology analysis 
indicated an enrichment of mitochondrial organization 
proteins in Ctrl group (Fig. 7E), response to stimulus 
in IVIG-A group (Fig. 7F), response to bacterium 
in IVIG-B group (Fig. 7G), regulation of cytokine 
production in IVIG-C group (Fig. 7H). And PSORTb 
(v3.0) was used to annotate the subcellular structure of 
the proteins. Compared with Ctrl group, the differentially 
expressed proteins were mainly enriched in cytoplasm 
and extracellular in WT group (Fig. 7I), nucleus and 

mitochondria in IVIG-A group (Fig. 7J), nucleus and 
cytoplasm in IVIG-B group (Fig. 7K) and IVIG-C group 
(Fig. 7L). 

Figure 8. PRM was used to validate the differential proteins after IVIG injection in the hippocampus of 3xTg-AD 
mice. (A) The protein interaction image showed that proteins with significant differences in expression between 
IVIG-C and Ctrl groups may be closely related to APP-MHC-I. (B) A proteomics heatmap of WT, Ctrl, IVIG-A, IVIG-B 
and IVIG-C groups. Red represented high expression levels, and blue represented low expression levels. IVIG-C 
decreased the levels of the proteins related to APP-MHC-I via PRM: (C) The 10 differentially expressed proteins to be 
verified by PRM

n = 3-4. Statistical significance using one-way ANOVA defined as *p < 0.05, **p < 0.01; IVIG, Intravenous immunoglobulin; WT, wild type. 
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IVIG-C downregulated the expressions 
of protein related to antigen processing and 
presentation by MHC class I molecules

STRING is a database of known and predicted protein-
protein interactions, including both physical interactions 
as well as functional associations (42). We next used 
STRING to analyze interactions between 84 proteins 
that were differentially expressed between IVIG-C and 
Ctrl groups and found 104 enriched interactions and 77 
expected interactions (Fig. 8A). Protein-protein interaction 
results showed that IVIG-C had a significant effect on 
antigen processing and presentation by MHC class I 
molecules (APP-MHC-I). In addition, IVIG-A had a 
significant effect on hematopoietic or lymphoid organ 
development (Supplementary. Fig. 1), and IVIG-B affected 
response to bacterium process (Supplementary. Fig. 2).

The differentially expressed proteins between Ctrl and 
IVIG groups were selected for cluster analysis. Compared 
with Ctrl mice, IVIG-C-treated mice had decreased 
concentration of proteins in the APP-MHC-I (Fig. 8B). 
APP-MHC-I is a wide range of immune processes and is 
essential for CD8 (+) T cell-dependent immune responses 
in organisms (43). Several studies have found that this 
immune pathway is associated with the progression of 
AD (44, 45). Ten proteins related to APP-MHC-I were 
confirmed in this study by proteomic screening and PRM. 
It is encouraging that IVIG-C was successful in regulating 
the APP-MHC-I signaling pathway as seen by the 
decrease in concentrations of H2-K1 (p < 0.05), Canx (p 
< 0.05), Hsp90aa1 (p < 0.05), Hsp90ab1 (p < 0.05), Hspa5 
(p < 0.05), Pdia3 (p < 0.05), Psme1 (p < 0.05), Psme2 (p < 
0.01), Psme3 (p < 0.05), Bcl2 (p < 0.01; Fig. 8C). 

 
Discussion

It has been reported that IVIG can improve Alzheimer-
like symptoms and protect neurons in mice by clearing 
Aβ disposition (46-48),  upgrading complement 
anaphylatoxin C5a-mediated AMPA-CREB-C/EBP 
signaling pathway (49, 50), regulating fractalkine 
pathways (51), preservation of neuronal plasticity and tau 
phosphorylation homeostasis (52), respectively. However, 
its encouraging results in animal studies have not been 
replicated in larger clinical trials. In 2013, the randomized 
controlled trials with IVIG OctapharmaTM and IVIG 
GammagardTM gave disappointing results: In phase II 
clinical trial with IVIG OctapharmaTM (16), no significant 
differences were found in cognitive scores and the level 
of Aβ in the cerebrospinal fluid between the treatment 
group and the placebo group; In phase III trial with 
IVIG GammagardTM (53), no significant differences were 
detected between the IVIG and the placebo group for 
measures of cognitive functioning, despite the lowering of 
patients’ brain levels of Aβ42. In 2017, Grifols conducted a 
phase II randomized controlled trial involving 52 patients 
with mild AD (15). After 12 months of IVIG treatment, 

the brain atrophy in the experimental group was found 
significantly less than that in the control group, and the 
cognitive function was significantly improved. Although 
the participants had a great influence on the results of 
clinical trials, the impact of IVIG products cannot be 
ignored. The inconsistency of results in these clinical trials 
prompted us to turn our attention to IVIG itself.

Our previous studies have found that there are 
significant differences in the antibody content and 
biological function of various IVIG from different 
manufacturers and even different batches, which was due 
to differences in the donors and preparation processes 
(20, 21, 54, 55). And the present study represents the 
first report on the effects of various IVIG on 3xTg-
AD mice. We found that the efficacy of the IVIG on 
AD was significantly different. Three kinds of IVIG 
could alleviate cognitive decline, brain pathology and 
neuroinflammation to varying levels. This finding 
may provide possible explanations for the inconsistent 
results of clinical trials of IVIG for AD. In this study, only 
IVIG-C showed outstanding performance in improving 
Alzheimer-like symptoms, brain pathologies, and 
neuroinflammation in 3xTg-AD mice. This demonstrates 
that IVIG can regulate neuroinflammation in the brain 
and suppress the development of AD, and may be a 
potential therapeutic in the future. 

The great number of injections raised the question of 
whether some effects might be related to mouse immune 
responses. But this was denied by several studies of 
IVIG treatment in AD mice, in which the autoimmune 
response of mice was often very mild (51, 56). Multiple 
shreds of evidence showed that IVIG can exert its role 
by penetrating the blood-brain barrier of 3xTg-AD mice 
(56, 57). In the present study, we also found that all three 
kinds of IVIG can pass through the blood-brain barrier, 
but IVIG-C entered the brain of 3xTg-AD mice with 
the largest amount of IgG. As the entry of IVIG into 
the central nervous system has not been quantified, 
it is still unknown whether this is a requirement for 
its effectiveness. We speculate that the different brain 
bioavailability of IVIG may be one of the reasons for the 
difference in its efficacy for AD.

Behavioral tests have been widely used to detect 
cognitive and behavioral abilities such as exercise, 
learning and memory in mice, including open-field 
experiment test for spontaneous exploratory movement, 
NOR test for learning and memory ability, and Barnes 
maze test for spatial memory and learning (58). 3xTg-
AD mice have been shown to exhibit obvious cognitive 
and behavioral impairment at 5-6 months of age (59). 
We found that 3 kinds of IVIG produced significantly 
different behavioral improvements in 3xTg-AD mice. 
After 3 months of the administration and another 3 
months of feeding, IVIG-C has the most significant effect 
on the cognitive function of 9-month-old 3xTg-AD mice 
as evidenced by the great improvement in open-field, 
NOR and Barnes maze day. 

Accumulation of Aβ and phosphorylation of 
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tau are important central pathological features of AD 
(60). Dysregulation of the Aβ production, processing 
and clearance are considered to be the earliest and 
the most important events in the disease process 
(61). Aβ and its induced aggregation of p-tau lead to 
neuronal degeneration. The development of a chronic 
inflammatory response in the brain, known as 
neuroinflammation, is an early pathological alteration 
in AD (62). 3xTg-AD mice carrying human APP, PS1 
and tau genes showed obvious Aβ deposition, p-tau 
accumulation and neuroinflammation at 6-7 months of 
age (59). At 9 months of age, we found that the effects of 
IVIG from different manufacturers on brain pathology 
were significantly different. IVIG-C showed significant 
improvement for 3xTg-AD mice in all pathological 
outcomes, including reducing the deposition of Aβ 
and p-tau in the hippocampus, reducing the number of 
activated microglia and astrocytes, and inhibiting the 
occurrence of cerebral neuroinflammation.

Neuroinflammation can increase taupathy and 
Aβ deposition in the brain, which in turn aggravates 
neuroinflammation (63, 64). IVIG has been proven to 
have a great anti-inflammatory effect (65). For 9-month-
old 3xTg-AD mice, the effects of IVIG from different 
manufacturers on neuroinflammation were significantly 
different. IVIG-A and IVIG-C significantly better inhibit 
the secretion of pro-inflammatory factors released by 
activated glial cells than IVIG-B.

The therapeutic effect of IVIG-C group was the best 
in all experimental groups in this study. In this group, 
cognitive decline was improved, pathological alterations 
were ameliorated, proinflammatory cytokine and 
chemokines levels in brain were suppressed in 3xTg-
AD mice. Therefore, we chose to perform hippocampal 
proteomics analysis on the IVIG-C group.

 To search for proteins that were significantly 
differentially expressed, DIA quantification proteomics 
analysis was carried out. According to GO and KEGG 
pathway analyses, the immune response and antigen 
processing and presentation pathway was the GO 
category for the IVIG-C group that was most significantly 
impacted, which is consistent with the findings 
of cytokine and chemokine detection in the brain. In 
particular, proteins related to the function of the MHC 
class I protein were significantly downregulated in 
IVIG-C group. These data were verified by PRM, with 
APP-MHC-I expression significantly downregulated 
in the 3xTg-AD hippocampus. A connection between 
innate and adaptive immunity is made possible by the 
processing and presentation of antigen. By exposing the 
T-lymphocytes to the captured antigen in this crucial step, 
innate immune system components like macrophages or 
dendritic cells activate the adaptive immune response 
(66). Innate immunity and inflammation are well-
known factors in the pathogenesis and progression of 
AD (67). Previous studies have demonstrated that the 
imbalance of APP-MHC-I signal pathway can induce 

neuroinflammation and accelerate AD symptoms in SD 
rats (45), and neuroprotective drugs can activate adaptive 
immunity by regulating APP-MHC-I signal pathway 
to play its beneficial role (68, 69). In our study, IVIG-C 
may reduce the immune response in the hippocampus 
by clearing Aβ or inhibiting neuroinflammation, thereby 
reducing the activation of innate immunity. Importantly, it 
was observed that innate immunity response aggravates 
in the hippocampus of 3xTg-AD mice, and IVIG-C 
attenuated the process and ameliorates Alzheimer-like 
symptoms, neuronal state and function. This implied 
that IVIG-C may modulate innate and adaptive immune 
homeostasis, thereby regulating immune responses and 
neuroinflammation in 3xTg-AD mice.

There are some limitations in this study. Firstly, IVIG 
is a plasma-derived product that contains multiple 
antibodies, which means IVIG may target molecules other 
than inflammation, so further study would be needed to 
measure and analyze the anti-inflammatory ability and 
AD-related antibody content of these IVIG. Secondly, it 
is not clear whether IVIG acts on brain cells directly by 
permeating the blood-brain barrier or indirectly reduces 
neuroinflammation by reducing peripheral inflammation. 
The use of APP-MHC-I reporter mice treated with IVIG 
could be a potential remedy for this problem. Thirdly, the 
results of this study cannot be determined that batches 
from the same manufacturer always respond similarly 
or are just randomly different. Therefore, the next step of 
the study is to evaluate different batches of IVIG from the 
same manufacturer. Finally, although our study supports 
that the downregulation of APP-MHC-I improved the 
progression of AD, further studies are needed to clarify 
the relationship between APP-MHC-I and AD. For 
example, it could be verified whether Aβ deposition is 
restored after APP-MHC-I activity of the hippocampus is 
resumed in 3xTg-AD.

In summary, this is the first study to report that 
IVIG from different manufacturers exhibited different 
neuroprotective effects in 3xTg-AD mice. And only 
IVIG-C showed overall improvement in neuroprotection, 
including alleviating cognitive decline, ameliorating 
Aβ deposition and tau phosphorylation, attenuating 
microglia and astrocyte activation, and inhibiting the 
secretion and expression of pro-inflammatory factors, 
thus restoring cognitive function. The neuroprotective 
effect of IVIG-C is related to the inhibition of APP-MHC-I 
signaling pathway. 

The results suggest that IVIG showed promising 
therapeutic effects in AD treatment. Further study is 
needed to illustrate the molecular mechanism of IVIG-C 
against AD and the contribution of APP-MHC-I in the 
onset and progression of AD. Furthermore, functional 
evaluation for IVIG is extremely essential before clinical 
trials of AD treatment.
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