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Abstract: Background: Alzheimer’s disease (AD) is associated with age-associated central nervous 

system degeneration and dementia. This decline in the function correlates with deposition of Aβ peptide 

containing plaques and associated reactive gliosis. The inflammatory phenotype of microglia, in particu-

lar, is often considered detrimental to cognitive function in AD. In addition to the changes in the CNS, 

altered immune changes in the periphery have recently been observed in AD suggesting a critical im-

mune-related communication between the periphery and the brain. 

Objective: We hypothesized that modulating the peripheral immune system may alter the proinflamma-

tory gliosis associated with AD. Therapeutic antibodies against the α4β1 integrin receptor have been 

used clinically to attenuate the ability of various immune cells to adhere to endothelium and migrate into 

target tissues such as the intestines (Crohn’s disease) or brain (multiple sclerosis). We hypothesized that 

a similar peripheral antibody-based therapy would attenuate gliosis by altering immune cell infiltration 

or phenotype in peripheral organs and the brain using an APP/PS1 mouse model of Alzheimer’s disease. 

Method: Littermate control wild-type and APP/PS1 mice were tail vein injected with either saline, iso-

type control (IgG2b), or an antibody recognizing α4-integrin, anti-CD49d, once a week for 4 consecu-

tive weeks. To understand CNS and peripheral immune changes, brains and spleen were used.  

Results/Conclusion: Our data suggests that the antibody therapy was able to reduce microgliosis, astro-

gliosis, and synaptic changes in the APP/PS1 mice compared to isotype control injections without 

changing amyloid-β plaque load. Interestingly, both isotype control and antibody therapy also reduced 

the number of proinflammatory cytokines in the spleen although changes in the brain were less robust. 

The anti-CD49d and isotype control treatments also reduced CD4 immunoreactivity in the brains, sug-

gesting a possible mechanism for attenuation of inflammation in the brain. This data suggests that it is 

indeed feasible to alter the immune component of AD brain changes using a clinically feasible strategy 

of delivering a particular subtype of IgG or epitope selective antibodies that target infiltration of the 

peripheral immune system. 

Keywords: Alzheimer’s disease, APP/PS1, neuroinflammation, tysabri, peripheral immune system, Crohn’s disease. 

1. INTRODUCTION 

Alzheimer’s disease is a progressive neurodegenerative 
disease characterized by the deposition of Aβ plaques [1-3]. 
These plaques are often associated with the presence of reac-
tive microglia that have been implicated in an inflammatory 
phenotype in the Alzheimer’s disease brain [4-19]. Although 
brain innate immune cells, microglia, have been extensively 
examined in AD as well as other neurodegenerative diseases, 
a number of additional immune changes, both in the brain 
and the periphery have also been observed [20-24]. In the  
 

*Address correspondence to this author at the Department of Biomedical 

Sciences, University of North Dakota, School of Medicine and Health Sci-
ences, Grand Forks, North Dakota, ND 58202, USA;  

E-mail: colin.combs@med.und.edu 

brain, in addition to the activation of microglia and astro-
cytes, the C1q complement pathway has been seen to 
upregulate in AD patients [25]. Activation of complement 
proteins has been associated with neuronal atrophy [25, 26]. 
Vascular abnormalities and peripheral inflammation have 
been found in many AD patients [27, 28]. In addition, nu-
merous studies in a range of disease conditions including 
AD, PD and depression have demonstrated changes in pe-
ripheral immune cell behavior resulting in immune-related 
changes in the brain [29-31]. Different immune cell types 
peripherally have been implicated in the AD pathogenesis. 
These have been discussed in a recent review by Jevtic et al 
[32]. For example, mononuclear phagocytes [21, 33, 34], 
neutrophils [35], lymphocytes [36, 37], fibroblasts [38] and 
leukocytes [39] all undergo changes in their secretary pheno-
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type in vivo in AD mice and AD patients. This systemic im-
mune alteration has been demonstrated by an increase in 
proinflammatory markers such as IL-1β and TNF-α and co-
agulation factors in the serum [27, 28]. This suggests a gen-
eral principle of immune cell communication between the 
peripheral immune system and the central nervous system 
and thus leads to the hypothesis that modulating peripheral 
immune cells may alter the proinflammatory phenotype in 
the AD brain. 

One area of research that has emerged in the past decade 
as an intervention to AD has been immunization therapies. 
Development of Aβ vaccines or antibodies against Aβ pep-
tides has been reported to show promise in clearing amyloid 
plaques or improving cognitive deficits in human or rodent 
models [40-43]. Another therapeutic intervention has been 
the administration of intravenous immunoglobulins (IVIG) 
in Alzheimer’s disease mouse models [40, 44]. IVIG have 
been reported to contain antibodies against Aβ as one possi-
ble mechanism for their efficacy. Based on these observa-
tions, we hypothesized that modulating the peripheral im-
mune system may be useful in clearing Aβ-mediated gliosis 
and inflammation. Therapeutic antibodies against α4/β1 in-
tegrin receptor have been used clinically to attenuate the 
ability of various immune cells to adhere to endothelium and 
migrate into target tissues such as the intestines or brain [45-
47]. One such antibody, marketed as Tysabri (Biogen Idec), 
has been clinically used to treat multiple sclerosis and 
Crohn’s disease [48-51]. 

We hypothesized that using an anti-CD49d antibody to 
target the α4 subunit of the α4/β1 integrin and modulate pe-
ripheral immune cell behavior may be able to alter the proin-
flammatory microglial changes in the brains of an Alz-
heimer’s disease mouse model. For this purpose, the anti-
CD49d antibody was tail vein injected into wild-type 
(C57BL/6) littermate control and APP/PS1 mice once a 
week for 4 consecutive weeks. Saline vehicle and isotype 
control antibodies were injected into additional groups of 
mice. Interestingly, both the IgG2b isotype control and anti-
CD49d antibody were able to reduce microgliosis in the 
brains of APP/PS1 mice. In addition, these antibodies were 
also able to reduce the levels of a number of proinflamma-
tory cytokines in the spleens of the APP/PS1 mice. Both 
IgG2b isotype control and anti-CD49d antibodies were able 
to reduce CD4 positive cell immunoreactivity in the mice 
suggesting a mechanism of peripheral antibody therapy re-
ducing T cell infiltration into the brain. 

2. MATERIALS AND METHODS 

2.1. Antibodies and Reagents 

Anti-Aβ clone 4G8 was purchased from Biolegend (San 
Diego, CA). Anti-α-tubulin antibody and the horseradish 
peroxidase-conjugated secondary antibodies were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA). All 
mouse cytokine ELISA kits were obtained from R&D Sys-
tems (Minneapolis, MN). Elite Vectastain ABC avidin and 
biotin kits, biotinylated anti-rabbit, anti-mouse, and anti-rat 
antibodies and the Vector VIP kits were from Vector Labo-
ratories Inc. (Burlingame, CA). Anti-CD68 was obtained 
from Serotec (Raleigh, NC). Anti-PSD95 and anti-GFAP 

antibodies were purchased from Cell Signaling Technology 
(Danvers, MA). Synaptophysin antibody was purchased 
from Chemicon International, Inc. (Temecula, CA) while 
anti-Cox-2, anti-TMEM119 and biotinylated anti-mouse 
IgG2b antibodies were from Abcam (Cambridge, MA). The 
Anti-Iba-1 antibody was from Wako Chemicals USA, Inc. 
(Richmond, VA). The Anti-CD4 antibody was purchased 
from BD Pharmingen (BD Biosciences, San Jose, CA).  

2.2. Animals 

The APP/PS1 transgenic mouse line, strain 005864 B6. 
Cg-Tg (APPswe, PSEN1dE9)85Dbo/ Mmjax and wild-type 
mouse line, C57BL/6 (WT) were originally obtained from 
the Jackson Laboratory (Bar Harbor, Maine). APP/PS1 mice 
express the Swedish mutation in APP and deltaE9 mutation 
in the PS1 gene resulting in the expression of human APP 
and secretion of human Aβ. Female 9-10 months old litter-
mate control WT and APP/PS1 mice were used for tail vein 
injections of vehicle (saline), IgG isotype control (purified 
NA/LE Rat IgG2b; BD Pharmingen) or 2 mg/kg purified 
NA/LE rat anti-mouse CD49d (BD Pharmingen, San Jose, 
CA). 

2.3. Animal Use 

All animal use was approved by the University of North 
Dakota Institutional Animal Care and Use Committee (UND 
IACUC). Mice were provided food and water ad libitum and 
housed in a 12 h light/dark cycle. The investigation conforms 
to the National Research Council of the National Academies 
Guide for the Care and Use of Laboratory Animals (8th edi-
tion). 

2.4. Tail Vein Injections 

Mice from both the strains (WT and APP/PS1) were in-
jected intravenously (tail vein) with vehicle (saline), isotype 
control IgG (purified NA/LE Rat IgG2b; BD Pharmingen) 
antibody or 2 mg/kg purified NA/LE rat anti-mouse CD49d 
(BD Pharmingen, San Jose, CA) antibody once a week for 4 
consecutive weeks. Mice were sacrificed 4 days after the last 
injection and brains and other tissues were collected and 
fixed. 

2.5. Immunohistochemistry of Mouse Brains 

The paraformaldehyde fixed right hemispheres for saline, 
IgG and anti-CD49d injected mice (WT and APP/PS1) were 
cut using a freezing microtome as previously described [52]. 
Briefly, paraformaldehyde fixed tissue was embedded in a 
15% gelatin (in PBS) matrix and immersed in a 4% parafor-
maldehyde solution for 24h to harden the gelatin matrix. The 
blocks were then cryoprotected through cycles of 15% su-
crose followed by 30% sucrose. The blocks were then flash 
frozen using dry-ice/iso methylpentane, and 40µm serial 
sections were cut using a freezing microtome. Serial sections 
(960µm apart) were immunostained using anti-Aβ (4G8), 
anti-TMEM119 and anti-GFAP antibodies at a dilution of 
1:1000 or anti-CD68, anti-CD4 and anti-Iba-1antibodies at a 
dilution of 1:500 followed by incubation with biotinylated 
secondary antibodies (1:2000 dilution) (Vector Laboratories 
Inc., Burlingame, CA) and avidin/biotin solution (Vector 
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ABC kit). For IgG2b, tissue was incubated with biotin-
conjugated anti-mouse IgG2b antibody at a dilution of 1:500 
for 2 hours, followed by avidin/biotin solution (Vector ABC 
kit). Immunoreactivity was visualized using Vector VIP as 
chromogen. The slides were dehydrated and coverslipped 
using VectaMount (Vector Laboratories) following a stan-
dard dehydrating procedure through a series of ethanol con-
centrations and Histo-Clear (National Diagnostics, Atlanta, 
GA). Images were taken using an upright Leica DM1000 
microscope and Leica DF320 digital camera system. Quanti-
tation of immunostaining was performed as previously de-
scribed [53]. Briefly, optical densities from the temporal 
cortex region of the same serial sections were measured us-
ing Adobe Photoshop software (Adobe Systems, San Jose, 
CA). The values for each section were averaged (3 sec-
tions/brain, 3-6 brains per condition) and plotted ±SD. 

2.6. Western blot Analyses of Mouse Brains 

Flash frozen tissue from parietal cortices of mice was 
lysed, sonicated in RIPA buffer, and quantitated using the 
BCA assay (Life Technologies Corporation, Grand Island, 
NY). The lysates were resolved by SDS-PAGE and trans-
ferred to polyvinylidene difluoride membranes for western 
blotting using anti-GFAP, anti-PSD95, anti-synaptophysin 
and anti-Cox-2 antibodies with α-tubulin as the loading con-
trol. Antibody binding was detected using enhanced chemi-
luminescence for detection. Western blots were quantified 
using Adobe Photoshop software. Optical density (O.D.) of 
bands was normalized against its respective loading controls 
and averaged (±SD). 

2.7. Amyloid-β (Aβ) Levels from Mouse Tissue 

Parietal cortices from all groups of wild-type (WT) 
C57BL/6 and APP/PS1 mice were flash frozen following 
collection. Part of the parietal cortices was lysed in RIPA 
buffer and the supernatant was quantitated using the BCA 
assay. This was considered the soluble Aβ fraction. The pel-
let from the RIPA lysates was further lysed in guanidine hy-
drochloride. The lysates were quantitated using the BCA 
method and both RIPA and guanidine HCL fractions were 
used to determine levels of Aβ1-40 and Aβ1-42 as per the 
manufacturer’s protocol (High sensitivity human specific 
EZHS40 and EZHS42, MilliporeSigma, Burlington, Massa-
chusetts). The concentrations were normalized against the 
total protein, averaged, and plotted ±SD. 

2.8. Cytokine ELISA from Mouse Tissue 

Parietal cortex and spleen samples from all groups of 
wild-type (WT) C57BL/6 and APP/PS1 mice were flash fro-
zen following collection. Part of the parietal cortex and 
spleens were lysed in PBS and protein levels were quanti-
tated using the BCA assay. Lysates were used for multiple 
cytokine measurements using ELISA reagents (R&D Sys-
tems, Minneapolis, MN) and the levels of various cytokines 
were determined as per the manufacturer protocol and con-
centrations were averaged and plotted ±SD. 

2.9. Statistical Analyses 

The data are presented as the mean ± standard deviation 
(SD). Values statistically different from controls were de-
termined using one-way ANOVA (or two-way ANOVA 

where required). The Tukey-Kramer multiple comparisons 
post-test was used to determine p values. 

3. RESULTS 

3.1. Anti-CD49d Antibody Injections did not Alter Aβ 

Plaque Load or Aβ1-40 and Aβ1-42 Levels in APP/PS1 Mice 

Since prior studies involving IVIG treatment of mice 
showed Aβ clearance (40, 44), we sought to determine 
whether IgG2b isotype control and anti-CD49d antibody 
injections could also affect Aβ levels in the mouse brains 
even though plaque removal was not part of our hypothesis. 
To assess the effects of anti-CD49d antibody on total Aβ 
plaque load, right brain hemispheres from WT and APP/PS1 
mice injected with saline, isotype control (I.C.), and anti-
CD49d antibody were immunostained using anti-Aβ (4G8) 
antibody. As expected, anti-CD49d antibody and isotype 
control injections did not have any effect on Aβ immunore-
activity in the brain (Fig. 1). To provide an additional means 
of quantifying Aβ, ELISAs were performed on the brain. 
The left brain hemispheres were flash frozen and parietal 
cortex dissected out. Frozen parietal cortex was then used to 
determine levels of Aβ1-40 and Aβ1-42, both soluble and in-
soluble fractions, using ELISA. APP/PS1 mice showed sig-
nificantly higher levels of Aβ1-40 and Aβ1-42 in both soluble 
and insoluble fractions compared to WT mice (Fig. 2). How-
ever, similar to the immunostaining data, neither isotype 
control nor anti-CD49d antibody injections altered the con-
centrations of either form of the peptide in WT or APP/PS1 
mice (Fig. 2).  

3.2. Both the Isotype Control and Anti-CD49d Antibody 
Injections Reduced Microgliosis in APP/PS1 Mice 

In order to assess the immune response in the brain fol-
lowing antibody injections, right brain hemispheres from 
WT and APP/PS1 mice injected with saline, isotype control 
(I.C.), and anti-CD49d antibody were immunostained using 
antibodies against the microglial markers, CD68, Iba-1, and 
TMEM119. Interestingly, both I.C. and anti-CD49d antibody 
reduced microgliosis in APP/PS1 mice. CD68 immunoreac-
tivity was significantly lower in I.C. and anti-CD49d anti-
body injected WT and APP/PS1 mice (Fig. 3a). Iba-1 im-
munoreactivity was also significantly reduced in I.C. in-
jected compared to saline-injected APP/PS1 mice. However, 
anti-CD49d injections further reduced Iba-1 immunoreactiv-
ity compared to both saline and I.C. injections suggesting 
some additional benefit of anti-CD49d (Fig. 3b). Interest-
ingly, the total number of resting microglia, as seen from 
TMEM119 positive immunostaining, did not seem to be al-
tered with isotype control or anti-CD49d antibody injections 
suggesting that the antibody approaches were affecting mi-
croglial phenotype rather than numbers (Fig. 3c).  

3.3. Anti-CD49d antibody injections reduced astrogliosis 
in APP/PS1 Mice 

Since anti-CD49d injections reduced microgliosis in 
APP/PS1 mice, we next assessed the effect of antibody injec-
tions on astrocytes. Right brain hemispheres from WT and 
APP/PS1 mice were immunostained using anti-GFAP anti-
body. APP/PS1 mice in all groups had significantly higher 
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Fig. (1). Anti-CD49d antibody injections did not affect plaque load in APP/PS1 mice. C57BL/6 and APP/PS1 mice were injected intrave-

nously (tail-vein) with Saline, IgG isotype control (purified NA/LE Rat IgG2b) (I.C.) or 2 mg/kg purified NA/LE rat anti-mouse CD49d (anti-

CD49d) once a week for 4 weeks. Right brain hemispheres from all the mice were fixed, serially sectioned, and immunostained using anti-Aβ 

(4G8) antibody. Representative images from 3-6 animals per group are shown at 20X magnification with 63X magnification insets. Quantita-

tion of immunostaining was performed and O.D. values were averaged and plotted ± SD. 

 

Fig. (2). Anti-CD49d injections did not alter Aβ1-40 and Aβ1-42 levels in the brain. C57BL/6 and APP/PS1 mice were injected intravenously 

(tail-vein) with Saline, IgG isotype control (purified NA/LE Rat IgG2b) (I.C.) or 2 mg/kg purified NA/LE rat anti-mouse CD49d (anti-

CD49d) once a week for 4 weeks. Part of the parietal cortex from left brain hemispheres was dissected out, lysed and used for soluble and 

insoluble Aβ1-42 and Aβ1-40 measurements using ELISA. Aβ levels were determined from 3-6 animals per group ± SD (*p<0.05). 
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Fig. (3). Both the isotype control (I.C.) and anti-CD49d antibody injections reduced microgliosis in APP/PS1 mice. C57BL/6 and APP/PS1 

mice were injected intravenously (tail-vein) with Saline, IgG isotype control (purified NA/LE Rat IgG2b) (I.C.) or 2 mg/kg purified NA/LE 

rat anti-mouse CD49d (anti-CD49d) once a week for 4 weeks. Right brain hemispheres from all the mice were fixed and serially sectioned. 

Microgliosis was assessed by immunostaining using anti-CD68 (3A) and anti-Iba-1 (3B) antibodies and total number of resting microglia 

were assessed using anti-TMEM119 antibody (3C). Representative images from 3-6 animals per group are shown at 20X magnification with 

63X magnification insets. Quantitation of immunostaining was performed and O.D. values were averaged and plotted ± SD. 

GFAP immunoreactivity compared to WT mice (Fig. 4). 
However, anti-CD49d antibody treated mice demonstrated a 
modest decrease in GFAP immunostaining (Fig. 4a). West-
ern blotting for anti-GFAP antibody showed high GFAP 
levels in saline and isotype control injected APP/PS1 com-
pared to WT mice, similar to the immunostaining data (Fig. 
4b). Anti-CD49d antibody injected APP/PS1 mice had at-
tenuated levels of GFAP down to WT values consistent with 
the microglial data that anti-CD49d treatment was able to 
affect gliosis in a manner slightly beyond that exerted by 
isotype control alone (Fig. 4c).  

3.4. Anti-CD49d Antibody Injections Reduced IL-12 and 
IFN-γ Levels in the Brain 

Activation of microglia has been implicated in the 
induction of cytokine secretion. In order to understand the 
effect of the anti-CD49d antibody on the inflammatory re-
sponse in the brain, levels of different cytokines were deter-
mined from parietal cortex from left brain hemispheres of all 
groups of WT and APP/PS1 mice. Saline-injected APP/PS1 
mice had increased levels of all cytokines assessed (IL-1α, 

IL-1β, IL-2, IL-4, IL-6, IL-10, IL-12, IL-17A, IFN-γ, MCP-
1, TNF-α and GM-CSF) compared to WT mice (Fig. 5). 
Similar to the microgliosis immunostaining results, both I.C. 
and anti-CD49d antibodies attenuated levels of multiple cy-
tokines in APP/PS1 compared to WT mice (Fig. 5). Interest-
ingly, IL-12 and IFN-γ were significantly decreased in anti-
CD49d treated compared to saline-injected APP/PS1 mice 
(Fig. 5). 

3.5. Anti-CD49d Antibody Injections Reduced Levels of 
Multiple Proinflammatory Cytokines in the Spleen 

In order to correlate the inflammatory changes in the 
brain with any observed in the peripheral immune system, 
cytokines levels for all groups of mice were determined in 
the spleens. As expected, a number of cytokines (IL-1α, IL-
2, IL-4, IL-6, IL-10, IL-12, IL-17A, MCP-1, and GM-CSF) 
were higher in APP/PS1 mice as compared to WT controls. 
Similar to the brain analysis, I.C. treated spleens of APP/PS1 
mice demonstrated reduced cytokine levels compared to sa-
line injected controls. However, unlike the brain, anti-CD49d 
antibodies attenuated the secretion of multiple cytokines 
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Fig. (4). Anti-CD49d injections reduced astrogliosis in APP/PS1 mice. C57BL/6 and APP/PS1 mice were injected intravenously (tail-vein) 

with Saline, IgG isotype control (purified NA/LE Rat IgG2b) (I.C.) or 2 mg/kg purified NA/LE rat anti-mouse CD49d (anti-CD49d) once a 

week for 4 weeks. Right brain hemispheres from all the mice were fixed and serially sectioned. Astrogliosis was assessed by immunostaining 

using anti-GFAP antibody (4A). Representative images from 3-6 animals per group are shown at 20X magnification. Parietal cortex from left 

brain hemispheres was dissected out, lysed and western blotted using anti-GFAP antibody (4B) with anti-α-tubulin as loading control. Optical 

densities for each antibody were normalized, averaged and graphed ± SD from 3-6 animal per group (*p<0.05). 

including IL-2, IL-4, IL-6, IL-10, IL-12, MCP-1 and GM-
CSF in the APP/PS1 mice compared to saline controls (Fig. 
6). This data correlated with the observed attenuation of mi-
crogliosis using both IgG2b isotype control and anti-CD49d 
antibodies. 

3.6. Anti-CD49d Antibody Injections Altered Post-
Synaptic Proteins in APP/PS1 Mice 

To examine the breadth of changes in other cell types 
that anti-CD49d antibody may cause, effects on synaptic 
markers were assessed. Parietal cortex from all groups of 
mice was lysed and western blotted for Cox-2, PSD95, and 
synaptophysin. APP/PS1 mice had no difference in presyn-
aptic synaptophysin levels compared to WT mice (Fig. 7). 
However, APP/PS1 mice had significantly elevated post-
synaptic PSD-95 and Cox-2 protein levels compared to wild-
type mice (Fig. 7). Although antibody treatments did not 
alter Cox-2 protein levels, CD49d but not I.C. injections 
were sufficient to bring PSD-95 levels in APP/PS1 mice to 

WT levels (Fig. 7). This again suggested some additional 
benefit of the directed anti-CD49d therapy beyond the I.C. 

3.7. Both the Isotype Control and Anti-CD49d Antibody 
Injections Altered T cell Infiltration 

In order to better understand the similarities and differ-
ences in the effects of the anti-CD49d and I.C. treatments, 
we determined whether antibody immunoreactivity was ob-
served in the brain parenchyma. Since both antibodies are 
IgG2b, we visualized immunoreactivity for this subtype in 
the brain. Right brain hemispheres from WT and APP/PS1 
mice injected with saline, I.C. and anti-CD49d antibody 
were immunostained using a biotinylated anti-mouse IgG2b 
antibody. Although brain parenchyma staining was not ob-
served, both I.C. and anti-CD49d injected brains showed 
robust IgG2b immunoreactivity in the vasculature suggesting 
the possibility that the antibodies may enter the brain (Fig. 
8a). As a negative control, a no antibody control was per-
formed to demonstrate the specificity of the IgG2b detection 
(Fig. 8a).  
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Fig. (5). Anti-CD49d injections reduced IL-12 and IFN-γ levels in the brain. C57BL/6 and APP/PS1 mice were injected intravenously (tail-

vein) with Saline, IgG isotype control (purified NA/LE Rat IgG2b) (I.C.) or 2 mg/kg purified NA/LE rat anti-mouse CD49d (anti-CD49d) 

once a week for 4 weeks. A portion of parietal cortex from the left brain hemispheres was dissected out, lysed, and used for multiple cytokine 

measurements using ELISA. Cytokine levels were determined from 3-6 animals per group ± SD (*p<0.05). 

In order to assess whether anti-CD49d antibody treatment 
preferentially affected T cell infiltration into the brain, we 
next immunostained sections from WT and APP/PS1 mice 
injected with saline, I.C., and anti-CD49d antibody using 
anti-mouse CD4 antibody. As expected, CD4 positive cell 
immunoreactivity was much higher in APP/PS1 compared to 
WT brains and was both plaque-associated and diffusely 
present in APP/PS1 mice (Fig. 8b, 8c). Although there were 
no differences observed in plaque-associated CD4 positive 
cells in the parietal cortices (Fig. 8c), there was a robust re-
duction in CD4 immunoreactivity observed in the striata of 
I.C. and anti-CD49d antibody injected WT and APP/PS1 

mice compared to the saline-treated groups (Fig. 8b). This 
data suggested that the I.C. and anti-CD49d antibodies both 
attenuated T cell infiltration into the brain.  

4. DISCUSSION 

Our prior data suggests that the pathology of AD extends 
beyond the central nervous system [54-56]. This leads to the 
hypothesis that modulating the peripheral immune system 
may be useful in altering brain pathology during disease. Our 
study showed that intravenous delivery of an anti-CD49d 
and its isotype control antibody reduced microgliosis in an 
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Fig. (6). IgG and anti-CD49d injections reduced multiple cytokine levels in the spleen. C57BL/6 and APP/PS1 mice were injected intrave-

nously (tail-vein) with saline, IgG isotype control (purified NA/LE Rat IgG2b) (I.C.) or 2 mg/kg purified NA/LE rat anti-mouse CD49d (anti-

CD49d) once a week for 4 weeks. Spleens were dissected out, lysed, and used for multiple cytokine measurements using ELISAs. Cytokine 

levels were determined from 3-6 animals per group ± SD (*p<0.05). 

Alzheimer’s disease mouse model, APP/PS1 mice, without 
affecting Aβ levels in the brains. Injections of the isotype 
control rat IgG2b and anti-mouse CD49d antibody were also 
both able to reduce a number of cytokines in the spleens and 
brains of these mice. Our prior work has suggested robust 
immune changes in the periphery of APP

-/-
 mice correlating 

with the altered gastrointestinal function, adipocyte pheno-
type, and peripheral macrophage phenotype [57, 58]. This 
suggests that APP and/or its metabolites have a role in regu-
lating the behavior of the peripheral immune system. More 
importantly, we recently observed a similar APP/APP me-
tabolite regulatory role for the microglial phenotype in vitro 
and in vivo [59]. These data, coupled with the many studies 
demonstrating that AD is associated with altered immune 
cell behaviors outside of the brain support the premise that 

manipulating peripheral immune cell phenotypes may be 
effective against the proinflammatory changes during disease 
[21, 32-39, 57]. We hypothesize a possible role of immune 
cell activation in the periphery in parallel with those in the 
brain during AD.  

A commercial anti-CD49d antibody, Natalizumab, has 
been shown to inhibit the influx of leukocytes into the CNS. 
Natalizumab is a humanized monoclonal antibody directed 
against the α-4 chain of the adhesion molecule VLA-4 (very 
late antigen-4) that is a member of integrin-type cell adhe-
sion molecules responsible for leukocyte trafficking [60, 61]. 
It is an FDA approved drug used for the treatment of relaps-
ing-remitting multiple sclerosis [49, 62, 63]. Natalizumab 
reduces CSF CD4+ T cells in MS patients [64]. Natalizumab 
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Fig. (7). Anti-CD49d antibody injections altered post-synaptic proteins APP/PS1 mice. C57BL/6 and APP/PS1 mice were injected intrave-

nous (tail-vein) with Saline, IgG isotype control (purified NA/LE Rat IgG2b) (I.C.) or 2 mg/kg purified NA/LE rat anti-mouse CD49d (anti-

CD49d) once a week for 4 weeks. Parietal cortex from left brain hemispheres was dissected out, lysed and western blotted using anti-PSD95, 

anti-synaptophysin and anti-Cox-2 antibodies with anti-α-tubulin as loading control. Optical densities for each antibody were normalized, 

averaged and graphed ± SD from 3-6 animal per group (*p<0.05). 

is also reported to suppress CNS infiltration of natural killer 
cells and CD11b+CD4+ T cells in mouse models of EAE 
[65, 66]. These data correlate with our study where we dem-
onstrate a reduction in gliosis in the brain without any 
change in Aβ plaque load in the APP/PS1 mice. Although 
these reports, including the current study, demonstrate im-
munomodulatory benefits from the use of anti-VLA-4 
antibodies, we noted similar benefits from the IgG2b control 
injections. One possibility for this similarity of the control 
and therapeutic injections may be due to the subtype anti-
body used in our injections. It is well-known that IgG sub-
types have differing abilities to modulate immune responses. 
For example, IgG1, the subtype of the commercial Natali-
zumab antibody used for EAE mouse models [66, 67], has 
the ability to bind to Fcγ Receptors I and II [68-70]. There-
fore, injection of this anti-VLA4 IgG subtype might have 
similar immunomodulatory benefits as we observed along 
with an added benefit of increasing microglial Aβ phagocytic 
ability. Future work will define this potential.  

The IgG2 subclass that was used in the current study can 
bind to FcγRIIb which is an inhibitory receptor on immune 
cells. Binding of both the I.C. and anti-CD49 antibodies on T 
cells, peripheral immune cells, as well as microglia could 
explain the overall inhibition of T cell immunoreactivity as 
well as reduced microgliosis, astrogliosis, and cytokine lev-
els in the spleens and brain. Although our IgG2b immu-
nostaining revealed only vascular reactivity it is possible that 
brain infiltration of the antibodies did occur. Indeed, infiltra-
tion into the brain may explain why the anti-CD49d treat-
ment did have some additional effects on Iba-1 and GFAP 

immunoreactivity as well as PSD95 levels beyond the I.C. 
allowing the antibody to have selective effects on microglia 
in the brain in addition to the general effect of both I.C. and 
anti-CD49d on altering peripheral immune cell behavior and 
T cell infiltration. Further work is clearly needed to quantify 
antibody presence in the brain and effects on glial receptors. 

It is known that IgG2b has a much lower affinity for 
FcγRIIb on monocytes and macrophages compared to IgG1 
and hence shows lower complement activation [70]. This 
could explain the lack of effect of anti-CD49d and I.C. anti-
bodies on Aβ plaque load or Aβ levels in our study as com-
pared to studies using simply IVIG [68-70]. IVIG has been 
shown to increase Aβ clearance [71]. IVIGs are also known 
to contain anti-Aβ antibodies [71, 72]. Additionally, IVIGs 
contain a mixture of IgG subclasses with IgG1 being the 
most abundant [68, 69], suggesting that an increased binding 
to Fcγ receptor may be responsible for the increased phago-
cytic activity of microglia and in turn increased Aβ clearance 
in mice injected with IVIGs. This is further supported by a 
study by Marsh et al that shows mice lacking T, B, and natu-
ral killer cells show increased Aβ pathology and reduced 
phagocytic capacity in microglial cells [67]. A more com-
prehensive study of individual IgG subtype effects on both 
the peripheral and brain immune cells is needed in order to 
dissect apart subtleties of effect. 

Although our initial hypothesis was to assess the role of 
anti-CD49d antibody in the immune response of the brain, 
we observed effects of isotype control similar to those of the 
anti-CD49d antibody in attenuation of T cell immunoreactiv-
ity, microgliosis, and cytokine production with the anti-
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CD49d approach providing a slightly increased benefit on 
only Iba-1, GFAP, and PSD95 changes compared to I.C. 
This suggests that the presence of an IgG2b antibody, irre-
spective of epitope specificity, was sufficient to alter both 
peripheral and brain immune cell phenotype superimposed 
upon any specific effects of inhibiting function of α4β1 in-
tegrins. Although we have not yet defined the precise 
mechanism of how the two antibody injection strategies were 
attenuating gliosis, we suggest that a dual mechanism of in-
hibition was exerted by the anti-CD49d approach combining 
the anti-α4β1 integrin effects with overall inhibitory effects 
of the IgG2b subclass to alter immune cell infiltration and 
phenotype changes in peripheral organs and within the brain. 

Further mechanistic studies are needed to understand the role 
of various IgG subclasses in the immune response in the pe-
riphery and brain of Alzheimer’s disease mice to better un-
derstand the utility of the straightforward approach to immu-
nomodulation.  

CONCLUSION 

This study reports the use of an anti-CD49d antibody to 
attenuate microgliosis and astrogliosis in the brains of 
APP/PS1 mice. However, APP/PS1 mice injected with iso-
type control (rat IgG2b) and anti-CD49d antibody showed no 
changes in brain Aβ levels compared to mice injected with 

 

Fig. (8). Both the isotype control and anti-CD49d antibody injections affected brain CD4 immunoreactivity. C57BL/6 and APP/PS1 mice 

were injected intravenously (tail-vein) with Saline, IgG isotype control (purified NA/LE Rat IgG2b) (I.C.) or 2 mg/kg purified NA/LE rat 

anti-mouse CD49d (anti-CD49d) once a week for 4 weeks. Right brain hemispheres from all the mice were fixed and serially sectioned. The 

presence of IgG2b antibody in the brain was assessed by immunostaining using biotinylated anti-mouse IgG2b antibody (8A). The presence 

of T cells in the brain was visualized using anti-CD4 antibody and immunoreactivity observed in the striatum (8B) and parietal cortex (8C) 

was imaged. Representative images from 3-6 animals per group are shown at 20X magnification with 63X magnification insets. 
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saline. Both antibody injections were also able to reduce T 
cell immunoreactivity and specific cytokine levels in the 
spleens and brains of APP/PS1 mice compared to WT mice. 
Collectively, our results support the notion that a directed 
antigen antibody, such as anti-CD49d, may have some bene-
fits against immune cell activation in AD but the IgG2b sub-
type may be equally involved, if not more important, for 
consideration. 
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