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Recent studies highlight the implication of innate and adaptive immunity in the pathophysiology of Alzheimer’s disease, and foster

immunotherapy as a promising strategy for its treatment. Vaccines targeting amyloid-b peptide provided encouraging results in

mouse models, but severe side effects attributed to T cell responses in the first clinical trial AN1792 underlined the need for better

understanding adaptive immunity in Alzheimer’s disease. We previously showed that regulatory T cells critically control amyloid-b-

specific CD4 + T cell responses in both physiological and pathological settings. Here, we analysed the impact of regulatory T cells

on spontaneous disease progression in a murine model of Alzheimer’s disease. Early transient depletion of regulatory T cells

accelerated the onset of cognitive deficits in APPPS1 mice, without altering amyloid-b deposition. Earlier cognitive impairment

correlated with reduced recruitment of microglia towards amyloid deposits and altered disease-related gene expression profile.

Conversely, amplification of regulatory T cells through peripheral low-dose IL-2 treatment increased numbers of plaque-associated

microglia, and restored cognitive functions in APPPS1 mice. These data suggest that regulatory T cells play a beneficial role in

the pathophysiology of Alzheimer’s disease, by slowing disease progression and modulating microglial response to amyloid-b

deposition. Our study highlights the therapeutic potential of repurposed IL-2 for innovative immunotherapy based on modulation

of regulatory T cells in Alzheimer’s disease.
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Hôpital St-Antoine, F-75012, Paris, France

2 Sorbonne Universités, UPMC Univ Paris 06, UMRS 938, CdR Saint-Antoine, Hôpital Saint-Antoine, F-75012, Paris, France
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Hôpital Saint-Antoine,

184 rue du Faubourg Saint-Antoine,

F-75012, Paris,

France

E-mail: guillaume.dorothee@inserm.fr

doi:10.1093/brain/awv408 BRAIN 2016: 139; 1237–1251 | 1237

Received June 18, 2015. Revised November 18, 2015. Accepted November 23, 2015. Advance Access publication February 1, 2016

� The Author (2016). Published by Oxford University Press on behalf of the Guarantors of Brain. All rights reserved.

For Permissions, please email: journals.permissions@oup.com

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
ra

in
/a

rtic
le

/1
3
9
/4

/1
2
3
7
/2

4
6
4
1
8
9
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



Keywords: Alzheimer’s disease; regulatory T cells; microglia; immunotherapy

Abbreviations: IFN = interferon; Teffs = effector T cells; Tregs = regulatory T cells

Introduction
Alzheimer’s disease is a neurodegenerative disorder char-

acterized by progressive loss of memory and cognitive

functions. Neuropathological features include extracellular

deposits of amyloid-b peptide, intraneuronal neurofibril-

lary tangles, and chronic neuroinflammation associated

with astrocytosis and microgliosis. Active immunization

against amyloid-b proved efficient at preventing amyloid-

b deposition and reversing cognitive deficits in murine

models of the disease (Schenk et al., 1999; Janus et al.,

2000; Morgan et al., 2000). Subsequent AN1792 clinical

trial of amyloid-b vaccination was halted after the occur-

rence of meningoencephalitis in 6% of vaccinated pa-

tients. These severe side effects were attributed to

vaccine-induced T cell responses, suggesting a detrimental

role of amyloid-b-specific T cells in the context of

Alzheimer’s disease (Nicoll et al., 2003; Orgogozo et al.,

2003; Ferrer et al., 2004). Later reports in mouse models

of the disease suggested that CD4 + T cells might be either

detrimental or beneficial depending on the effector type.

Whereas vaccine-induced Th1 cells specific for amyloid-b

may promote both enhanced amyloid-b clearance and en-

cephalitis (Monsonego et al., 2006), Th2 cells specific for

amyloid-b reverse cognitive decline and synaptic loss in

mice with Alzheimer-like pathology (Ethell et al., 2006;

Cao et al., 2009). Accumulating evidence also suggest an

implication of spontaneous CD4 + T cell responses in the

pathophysiology of Alzheimer’s disease. Genome-wide as-

sociation studies identified MHC-II-associated polymorph-

isms as new susceptibility loci for Alzheimer’s disease

(Jones et al., 2010; Lambert et al., 2010, 2013). These

data are in line with previous studies describing increased

intracerebral T cell infiltration and enhanced peripheral

CD4 + T cell responses to amyloid-b in patients suffering

from Alzheimer’s disease (Togo et al., 2002; Monsonego

et al., 2003). Together, these studies suggest a complex

implication of CD4 + T cells in the disease, with multiple

outcomes that depend on magnitude and functionality of

T cell responses at different disease stages.

CD4 +CD25 +Foxp3 + regulatory T cells (Tregs) are key

modulators of immune responses, which play a critical

role in maintaining immunological tolerance to self-anti-

gens and in suppressing excessive immune responses dele-

terious to the host (Sakaguchi et al., 2008). Tregs were

suggested to play a beneficial role in the pathophysiology

of various neurodegenerative disorders, including

Parkinson’s disease and amyotrophic lateral sclerosis

(Reynolds et al., 2010; Beers et al., 2011). The impact

of Tregs in Alzheimer’s disease is poorly understood,

and conflicting results have been reported. Previous stu-

dies suggested increased suppressive activity in patients as

compared to non-demented controls (Rosenkranz et al.,

2007). In contrast, overall decreased frequency of

CD4 +CD25hi T cells and altered naive/memory ratio

within this population were described in patients with

mild Alzheimer’s disease as compared to age-matched con-

trols (Larbi et al., 2009). Other studies reported that a

highly suppressive PD1� Treg subpopulation was

enhanced in mild cognitive impairment but not in pa-

tients with severe Alzheimer’s disease, and Treg-

mediated suppression was more efficient in mild cogni-

tive impairment as compared to severe patients and

healthy controls (Saresella et al., 2010). In a mouse

model of Alzheimer’s disease, we previously suggested

that Tregs critically control the magnitude of CD4 + T

cell responses to amyloid-b in Alzheimer-like pathology

and in response to amyloid-b vaccination. Importantly,

the potency of such Treg-mediated inhibition of CD4 +

T cells specific for amyloid-b strongly vary according

to genetic backgrounds, suggesting that intrinsic genetic

variations among individuals may result in differential

modulation by Tregs of the pathogenesis of Alzheimer’s

disease and/or response to amyloid-b vaccination (Toly-

Ndour et al., 2011). Altogether, these results suggest an

implication of Tregs in the pathophysiology of Alzheimer’s

disease, but their actual impact on disease progression re-

mains unknown.

In this study, we investigated the role of Tregs in the

pathophysiology of the disease independently of vaccin-

ation. Using the APPPS1 mouse model, we show that

depletion of Tregs accelerates the onset of cognitive def-

icits triggered by amyloid-b deposition. Such early cog-

nitive impairment is associated with reduced recruitment

of microglia towards amyloid deposits and altered dis-

ease-related gene expression profile in the brain.

Conversely, selective amplification of Tregs by low-

dose IL-2 treatment increases numbers of plaque-asso-

ciated microglia, and improves cognitive functions in

APPPS1 mice.

Materials and methods

Experimental design

The aim of the study was to investigate the impact of Tregs
on spontaneous disease progression in a murine model of
Alzheimer-like pathology. APPPS1 mice and littermate con-
trols were used in all experiments, which aimed at analysing
the effect on cognitive functions and neuropathology of
either depletion or amplification of Tregs. Depletion was
induced by intraperitoneal injection of anti-CD25 antibody
(clone PC61), whereas amplification of Tregs was achieved
by low-dose IL-2 treatment administered either transiently
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or chronically. Mice of each genotype were randomly as-
signed to treatment groups. Separate cohorts of animals
were treated in parallel and dedicated to behaviour studies,
neuropathological studies or gene array analysis. Effects of
treatments on the frequency of Tregs and other immune
populations were confirmed by flow cytometry. Cognitive
functions were assessed using the Barnes maze test. The Y-
maze test was additionally carried out to further assess the
impact on cognitive functions after amplification of Tregs.
Impact on neuropathology was analysed by immunohisto-
chemistry, ELISA assays, and transcriptome analysis. All be-
haviour studies and quantifications for neuropathological
assessment were carried out blindly. Sample sizes were
chosen based on previous experience and similar type of
studies previously described by others. Detailed study
design and sample sizes are described in Supplementary
Tables 1 and 2.

Mice

APPPS1 transgenic mice (Thy1-APPKM670/671NL; Thy1-
PS1L166P) on C57BL/6 background were kindly provided by
Prof. Mathias Jucker (Hertie Institute for Clinical Brain
Research, University of Tübingen, Tübingen, Germany) and
maintained by breading heterozygotes with wild-type C57BL/
6j mice. Animals were kept under strictly monitored specific
and opportunistic pathogen-free conditions. All experimental
protocols involving animal studies have been approved by the
Charles Darwin Ethical Committee for Animal Studies, and
were carried out in compliance with European legislation on
animal care and scientific experimentation.

Treg depletion or amplification

For Treg depletion, 4–5-week-old APPPS1 mice and wild-type
littermates were injected intraperitoneally with 200 mg of either
purified (BioXCell) or ascite-derived anti-CD25 depleting
monoclonal antibody (clone PC61) diluted in phosphate-
buffered saline (PBS). Control mice were injected with either
PBS or 200 mg of purified control IgG1 (BioXCell). Similar
treatments were repeated 4 weeks after the first injection.
For amplification of Tregs, 6-week-old APPPS1 mice and
wild-type littermates were treated daily for 10 consecutive
days with intraperitoneal injections of either PBS or
50 000 IU of recombinant human IL-2 (Proleukin; Novartis)
diluted in PBS. Additional daily treatments for 5 days were
repeated every 3 weeks.

Flow cytometry analysis

The efficiency of treatments for Treg depletion or amplification
was monitored by flow cytometry using a combination of sur-
face and intracellular staining. For depletion studies, efficiency
was evaluated by quantifying Tregs in the blood the day
before injection and 6–7 days following each round of PC61
treatment. Efficiency of IL-2 treatment was monitored in a
pilot cohort by quantifying Tregs in the blood, spleen and
cervical lymph nodes the day before the first injection, and
4, 8 and 11 days after. In all studies cells were first incubated
with Fc receptor blocking antibody (2.4G2; BD Biosciences) to
avoid non-specific staining. PE-Cy5-conjugated anti-TCRb
(H57-597), FITC-conjugated anti-CD4 (L3T4), biotinylated

anti-CD25 (7D4) and APC-conjugated streptavidin (all from
BD Biosciences) were used for cell-surface staining. For intra-
nuclear staining, cells were then fixed, permeabilized and incu-
bated with PE-conjugated anti-Foxp3 (FJK-16 s; eBioscience)
according to the manufacturer’s specifications. Fluorescence
data were collected on a LSRII flow cytometer (BD
Biosciences) and analysed using Flowjo software (Tree Star,
Inc.).

DNA microarray analysis

At 4 and 8 weeks of age, wild-type and APPPS1 mice
received an intraperitoneal injection of PBS or 200 mg of
anti-CD25 monoclonal antibody (clone PC61). Brains
were harvested at 4 months of age after transcardiac per-
fusion with PBS. Cerebellum was removed and total RNA
was extracted from hemi-brains using RNeasy� lipid tissue
midi kit (Qiagen). Following DNase treatment, RNA qual-
ity was verified using an Agilent Bioanalyzer and quantity
measured with a Nanodrop 1000 (ThermoFisher Scientific).
Total RNA was amplified and converted to biotinylated
cRNA according to the manufacturer’s protocol
(Illumina� TotalPrepTM RNA Amplification Kit; Ambion).
Microarray experiments were performed on mouse
genome-wide array (WG6 BeadChip, Illumina) comprising
45 282 probes. Data were extracted and Quantile normal-
ized using BeadStudio software (Illumina). Each dataset
was derived from three biologically independent replicate
samples. The working lists were created by filtering probes
with detection P5 0.05 for at least half of the chips
involved in the comparison. Independent samples were com-
pared by two-tailed unpaired Student’s t-test filtered at
P5 0.05 and by amplitude of expression modulation at a
threshold assessed on the variations of the background-
flagged probes. Cluster analysis was performed by hierarch-
ical clustering using the Spearman correlation similarity
measure and average linkage algorithm. Data were sub-
mitted to Ingenuity Pathway Analysis (http://www.ingenu-
ity.com) to model relationships among genes and proteins
and to construct pathways and unveil relevant biological
processes.

Real-time quantitative PCR

Total RNA was prepared as described for microarray analysis
and 2 mg used for cDNA synthesis using RT2 First Strand kit.
Quality control of RNA and cDNA samples was assessed
using RT2 RNA QC PCR Array. Relative expression of spe-
cific mRNAs was assessed by SYBR� green-based real time
quantitative PCR using RT2 qPCR Master Mix and ABI
7900HT light cycler (Applied Biosystems). All primers were
from validated RT2 qPCR Primer Assays. Amplification con-
ditions were: 95�C for 10min, then 40 cycles at 95�C for 15 s
and 60�C for 1min. A melting curve was generated at the end
of amplification cycles for evaluating the specificity of the re-
action. Peptidylprolyl isomerase A (Ppia) was used as a refer-
ence housekeeping gene for normalization. All reagents (RT2

series) used for gene expression analysis were from Qiagen-SA
Biosciences. Data were analysed using SDS.2.4 software
(Applied Biosystem), Microsoft Excel and GraphPad Prism�

software.
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Amyloid-b ELISA

To assess amyloid-b1�42 levels, mouse hemi-brains were homo-
genized at 4�C in Tris buffer (50mM Tris base pH 7.4,
250mM sucrose, 1mM EDTA, 1mM EGTA, 1mM NaVO3,
10mM NaF; 100mg tissue per ml) with protease inhibitors
(Roche) using a Polytron. Soluble and insoluble amyloid-b
was extracted in 0.4% diethylamine and 70% formic acid,
respectively. Briefly, crude 10% homogenate was mixed with
an equal volume of 0.4% diethylamine, sonicated, and spun
for 1 h at 4�C at 130 000 g using a TLA 50.4 Ti rotor and
Optima TL ultracentrifuge (Beckman Coulter). The diethyla-
mine supernatant was neutralized with 0.5M Tris base (pH
6.8) and the pellet was homogenized in 70% formic acid,
again ultracentrifuged, and formic acid-containing super-
natants neutralized with 1M Tris base (pH 11). Levels of
amyloid-b1–42 were quantified using anti-human amyloid-b
ELISA (Life Technologies), according to the manufacturer’s
instructions.

Immunohistochemistry

Mice were anaesthetized with ketamine (Imalgene�) and xyla-
zine (RompunTM) in 0.9% NaCl solution, then transcardially
perfused with ice-cold PBS, followed by a solution of 4%
paraformaldehyde in PBS. Brain was harvested, transferred
for 48 h at 4�C in a fresh solution of 4% paraformaldehyde,
and transferred overnight at 4�C in 30% sucrose/PBS solution.
After bisecting along the midline, each hemi-brain was divided
into anterior, median and posterior parts by coronal section-
ing. Each part was embedded individually in Optimal Cutting
Temperature (O.C.T.; WVR) mounting medium, frozen in
liquid nitrogen and stored at �80�C. Cryosections (7 mm)
were prepared from median parts of the brain, using a Leica
RM2145 cryostat, and mounted on SuperFrostTM Plus glass
slides. At least three non-adjacent sections (100-mm apart)
were labelled for each mouse. Sections were first rinsed in
PBS, blocked with PBS–5% BSA–0.05% Tween 20 for 1 h at
room temperature, and then incubated either overnight at 4�C
with rabbit anti-Iba1 antibody (1/200) (Wako) or for 30min
at room temperature with rabbit anti-GFAP antibody (1/200)
(Dako). Following three washes in PBS–0.1% BSA, sections
were incubated for 30min at room temperature with mouse
anti-amyloid-b monoclonal antibody (1/200) (BAM10;
Thermo Scientific), washed three times, and incubated for
30min at room temperature with Alexa Fluor� 488-conju-
gated goat anti-rabbit and Alexa Fluor� 594-conjugated goat
anti-mouse antibodies (1/1000 each) (Life Technologies). After
three washes brain sections were stained with DAPI (1 mg/ml in
PBS) and coverslipped with Immu-MountTM medium
(ThermoShandon). Double staining with anti-amyloid-b plus
rabbit anti-CD68 (clone FA-11; Biolegend) or rabbit anti-
KHDRBS1/SAM68 (Proteintech Group Inc.) was performed
in the same way, except that all blocking, incubation and
washing steps were carried out in the additional presence of
0.3% TritonTM X-100.

Microscopy and image analysis

For each mouse, three non-adjacent sections were imaged
using an Olympus BX61 microscope equipped with an
Olympus DP71 camera. Four random images of the cortex

and one image for the hippocampus were collected at
20 � magnification for each section. All sections were immu-
nostained and imaged using the same parameters.
Quantifications were carried out by postprocessing images
with the ImageJ software (http://rsbweb.nih.gov/ij).
Percentage of specifically stained area was determined after
standardized binarization of fluorescence images. For quan-
tification of microglia recruitment towards amyloid deposits,
we first delineated the proximal surrounding area for each
amyloid-b deposit, which was defined as the limit encom-
passing twice the radius of the deposit. Amount of Iba1 or
CD68 staining within this limit, i.e. corresponding to acti-
vated microglia co-localizing with or in close proximity to
amyloid-b deposits, was determined from the binarized
images. Pooled data from 4–6 mice/group were analysed,
corresponding to at least n4 90 deposits of each size
category.

Behaviour studies

Barnes maze

The Barnes maze is a spatial learning and memory task based
on the natural preference of mice for dark closed environments
over bright open areas. The maze consists of an elevated flat
circular platform with 20 circular holes located equidistantly at
the periphery of the platform. A hidden box located under one
target hole allows the mice to escape from the platform. Fixed
visual cues are displayed on distant walls around the maze for
mice orientation. The test consisted of 4 days of learning, fol-
lowed by one probe assay on Day 5 with the escape box being
removed. Each mouse was given four trials per day during the
learning phase and a single trial for the probe test. For each
trial, mice were placed in an opaque start box located in the
centre of the maze, ensuring a random starting orientation for
each trial. After being released from the start box, mice were
allowed to freely explore the maze for a maximum of 300 s
(learning phase) or 90 s (probe assay). Indirect light and back-
ground noise (10kHz, 75 dB) was used as a reinforcement to
motivate the mice for escaping the maze. The trial was stopped
when the mouse found the target hole or when the maximum
duration of the trial was reached. Mice that did not find the
escape box within 300 s of the learning trial were gently picked
up and moved to the target hole, into the escape box. Mice
were left in the escape box for 2min before being returned to
their home cage. The platform surface was carefully cleaned
with 70% ethanol solution between each trial to remove any
olfactory cues. An overhead video camera and automated video
tracking software (Viewer3 BIOBSERVE) were used for re-
cording and analysing each behaviour trial. Numbers of
errors, accuracy, path length and escape latency to reach
the target hole were monitored. Accuracy was calculated as
the sum of scores assigned to each hole visited by the mouse,
with a score of zero being assigned to target hole, one to
adjacent holes, and so forth towards the opposite hole that
was assigned the highest score of 10; hence, the higher the
score, the lower the accuracy.

Y-maze

The two-trial Y-maze task is based on rodents’ preference for
exploring novel areas over familiar ones, and has been sug-
gested to measure several aspects of spatial working memory.
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The maze consists of three transparent plastic arms,
39 � 8 � 16 cm each, set at 120� angle relative to each
other. During the first trial, mice could freely explore two
arms (‘start’ arm and ‘other’ arm) for 5min, while the third
(‘novel’) arm was blocked with an opaque door. Assignment of
arms was counterbalanced randomly within each experimental
group to avoid any preference-related bias. Mice were then
returned to their home cage for 2min. During the second
trial, mice were placed at the extremity of their start arm
and allowed to explore all three arms for 2min. The maze
was carefully cleaned with 70% ethanol solution between
each exploration phase to remove any olfactory cues. The
Viewer3 BIOBSERVE Tracking System was used for recording
and analysing each exploration trial. Latency to reach ‘other
arm’ and ‘novel arm’ was monitored.

Statistics

All statistical analyses were carried out using Graphpad Prism
version 6.0, SPSS software (IBM) and the R software for
Statistical Computing (http://www.r-project.org/). Statistical
tests included repeated measures ANOVA, Mann-Whitney
non-parametric test and unpaired Student’s t-test. The specific
tests used in each experiment are mentioned in the figure

legends. Non-significant P-values50.1 were provided for
information.

Results

Transient early depletion of Tregs
accelerates the onset of cognitive
deficits in APPPS1 mice

We analysed the impact of Treg depletion on disease

progression in APPPS1 mice, which start developing

amyloid plaques at 6–8 weeks of age. CD4 +CD25 +

Tregs were transiently depleted at early disease stages by

intraperitoneal injection of anti-CD25 antibody (PC61) at

4–6 weeks of age, followed by a second injection 4 weeks

later. Each PC61 injection resulted in depletion of

CD4 +CD25 +Foxp3 + Tregs for up to 28 days, whereas

frequency of CD4 +CD25 +Foxp3� effector T cells (Teffs)

was not significantly affected (Fig. 1A and B). The impact

of early Treg depletion on the development of cognitive

deficits was evaluated by the Barnes maze test at 7

Figure 1 Early depletion of Tregs accelerates the onset of cognitive deficits in APPPS1 mice. Four- to 5-week-old APPPS1 mice and

wild-type (WT) littermates were injected intraperitoneally with 200 mg of anti-CD25 antibody (PC61) and treatment was repeated 4 weeks later.

Controls were injected with either PBS or 200 mg of control IgG1 antibody. (A and B) Frequency of CD4+CD25+Foxp3+ Tregs and

CD4+CD25+Foxp3- Teffs was evaluated in the blood by flow cytometry before (Day 0) and after initiating the treatment (Day 7, Day 28).

(A) Representative flow cytometry plots gated on CD4+ T cells. (B) Percentages of CD25+Foxp3+ Tregs and CD25+Foxp3� Teffs among CD4+

T cells. Mean � SEM (n = 4–7 mice/group). Data representative of three independent experiments. (C) Impact of transient Treg cell depletion on

spatial learning abilities of 7-month-old wild-type and APPPS1 mice, using the Barnes maze test. Accuracy and total errors to reach the target hole

during the learning phase are shown. Mean � SEM (n = 10–11 mice/group). Repeated measures ANOVA. *P5 0.05, **P5 0.01, ***P5 0.001

versus wild-type PBS; ##P5 0.01 versus APPPS1 PBS.
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months of age, i.e. 1 month before the expected onset of

cognitive decline in untreated APPPS1 mice. Whereas cog-

nition in PBS-treated APPPS1 was not yet impaired com-

pared to wild-type animals, Treg-depleted APPPS1 mice

displayed altered learning abilities, with significantly less

accuracy and more total errors searching for the target

hole (Fig. 1C). These data suggest that Tregs modulate

the kinetics of disease progression in APPPS1 mice by

delaying the onset of cognitive deficits.

Treg cell depletion does not alter
amyloid-b deposition but decreases
plaque-associated microglia in
APPPS1 mice

We investigated the impact of early Treg cell depletion on

amyloid-b deposition in APPPS1 mice. Whereas an increase

in amyloid pathology was observed by immunohistochem-

istry between 4 and 7 months of age, no difference in total

amyloid-b deposition was evident in the cortex or hippo-

campus of Treg-depleted APPPS1 mice compared to con-

trol-treated animals (Fig. 2A). Analysis of size distribution

of cortical amyloid deposits also showed similar patterns of

amyloid-b deposition in Treg-depleted and non-depleted

animals (Fig. 2B). Overall burden of soluble and insoluble

amyloid-b1–42 quantified by ELISA was not significantly

different in the brain of Treg-depleted and non-depleted

mice (Fig. 2C). These data strongly suggest that transient

depletion of Tregs does not alter amyloid deposition in

APPPS1 mice, neither in the form of plaques nor as soluble

amyloid-b species.

We then evaluated the impact of Treg cell depletion on

microgliosis and astrocytosis that are associated with dis-

ease progression in APPPS1 mice. Quantification of GFAP-

stained surface area showed a significant astrocytosis in the

brain of PBS-treated APPPS1 mice as compared to wild-

type littermates. Early Treg cell depletion did not alter

the extent of GFAP staining in the cortex and hippocam-

pus, neither in APPPS1 nor wild-type mice (Fig. 3A). To

evaluate overall microgliosis we first quantified the global

brain areas reactive for Iba1 immunostaining. Enhanced

Iba1 expression was observed in the cortex and hippocam-

pus of PBS-treated APPPS1 mice as compared to wild-type

littermates. Treg cell depletion also did not alter the extent

of Iba1 staining in the brain of APPPS1 and wild-type mice

(Fig. 3B). Similar results were obtained when analysing the

expression of microglial activation marker CD68 (Fig. 3C).

To further investigate microglia activation and behaviour,

we then evaluated the recruitment of activated microglia

towards amyloid plaques by quantifying Iba1 or CD68

staining proximal to amyloid deposits. Although the

amount of Iba1 staining co-localizing with or in close vicin-

ity of amyloid-b plaques gradually increases with the size

range of amyloid-b deposits in the cortex of both treated

and non-treated APPPS1 mice, plaque-associated Iba1

immunoreactivity was markedly decreased in Treg-depleted

APPPS1 as compared to non-depleted mice. Recruitment of

Figure 2 Treg cell depletion does not alter amyloid-b deposition in the brain of APPPS1 mice. (A and B) Immunohistochemistry

analysis of amyloid-b (Ab) deposition at 4 and 7 months of age in the brain of Treg-depleted or control-treated APPPS1 mice. (A) Percentage

of area covered by amyloid-b in the cortex and hippocampus. (B) Quantification of cortical amyloid-b deposits of different size ranges (0–100;

100–200; 200–500; 500–1000;4 1000 mm2). (C) Brain levels of amyloid-b quantified by ELISA in formic acid-treated insoluble and diethylamine-

soluble fractions at 4 months of age. Mean � SEM (n = 4–6 mice/group). Data representative of two independent experiments. Mann-Whitney

test. *P5 0.05, **P5 0.01. n.s. = not significant.
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CD68 + microglia towards amyloid-b deposits was also sig-

nificantly decreased by Treg cell depletion (Fig. 3D and E).

Collectively, these data suggest that Treg cell depletion does

not alter the overall magnitude of microgliosis or astrocy-

tosis, but significantly reduces the recruitment of activated

microglia towards amyloid deposits.

Treg cell depletion alters
disease-related gene expression
profile in the brain of APPPS1 mice

To gain a broader understanding of the impact of Tregs on

disease pathophysiology, we performed gene array analysis.

We first compared brain transcriptome of untreated wild-

type and APPPS1, which identified a set of 668 genes

specifically associated with APPPS1 condition. Such dis-

ease-related gene expression profile comprises 387

upregulated and 281 downregulated probes in APPPS1

mice (Fig. 4A and Supplementary Fig. 1A–C).

Upregulated transcripts included genes related to astroglio-

sis, microgliosis and neuroinflammation [Gfap, Aif1(Iba1),

Cd68, Trem2, Tyrobp, Tspo, Tlr2, Naip5, Ccl3, Ccl4,

Ccl6, C1qb, C1qc, C4a, C4b, Fcgr2b, Ctss, Mpeg1,

Cfs1r, Cfs3r] as well as genes related to type I interferon

(IFN) response (Ifit2, Ifit3, Ifitm1, Ifitm3). Downregulated

genes included receptors for neurotransmitter, neuropeptide

and neurotrophic factors (Gabbr1, Gabrg2, Ntsr1, Ngfr),

regulators of neuronal activity and plasticity [Camkk2,

Fkbp1b, Khdrbs1(Sam68)], regulators of dendrite develop-

ment and synapse maturation (EphA5, EphA7) and regu-

lators of endocytosis and intracellular vesicle trafficking

(Cav2, Rab3b, Rab5a, Rab6, Rab33a) (Fig. 4A). Using

Ingenuity’s pathway analysis of downstream effects, we

interrogated the APPPS1 versus wild-type gene expression

pattern with respect to cellular functions. APPPS1 mice

Figure 3 Early depletion of Tregs reduces plaque-associated microglia. (A–C) Overall extent of astrocytosis, microgliosis, and

microglia activation in the cortex and hippocampus of Treg-depleted or non-depleted APPPS1 and wild-type (WT) mice, measured by immu-

noreactivity to GFAP (A), Iba1 (B) and CD68 (C) at 4 months of age, respectively. Mean � SEM (n = 4–6 mice/group). (D and E) Microglia

recruitment towards amyloid-b plaques. Representative images (D) and quantification (E) of Iba1 and CD68 immunoreactivity co-localized with

or in close vicinity of cortical amyloid-b (Ab) deposits of different size ranges. Mean � SEM (n4 90 plaques for each size category; from 4–6 mice/

group). Data representative of two independent experiments. Mann-Whitney test. n.s. = non-significant; *P5 0.05; **P5 0.01; ***P5 0.001.
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showed upregulation of functions mostly associated with

migration, recruitment, activation and differentiation of

myeloid cells and mononuclear phagocytes, i.e. microglia

and/or macrophages. Functions associated with recruit-

ment, viability and activation of lymphocytes and neutro-

phils were similarly upregulated. Additional functions

related to developmental delay, lipid and glucose metabol-

ism, and protein catabolism also tend to be upregulated

(Supplementary Fig. 2). Conversely, processes related to

nervous system development and functions (development

of dendritic spines, regeneration of neurites), behaviour

(conditioning, spatial learning, cognition), organization of

cytoplasm and cytoskeleton, and cell death and survival

tended to be downregulated (Supplementary Fig. 2). In par-

allel, comparison of the transcriptome from Treg-depleted

and non-depleted APPPS1 mice identified 580 probes that

were differentially expressed in the brain of APPPS1 ani-

mals after Treg cell depletion. Comparative analysis of the

Figure 4 Depletion of Tregs alters disease-related gene expression profile in the brain of APPPS1 mice. (A) Heat map of

differentially expressed genes in the brain of PBS-treated APPPS1 as compared to wild-type (WT) mice. Each column represents one mouse and

each row an individual probe. Genes representative of upregulated and downregulated functions are indicated. (B) Venn diagram identifying

disease-related genes differentially modulated upon depletion of Tregs. Blue circle represents 668 disease-related probes (APPPS1 versus wild-

type) and yellow circle shows 580 treatment-related probes (PC61- versus PBS-treated APPPS1). Green intersection reveals 54 disease-related

genes differentially modulated by PC61 treatment. (C) Heat map showing the expression profile of 54 disease-related genes differentially

modulated upon Treg cell depletion. Each column represents one mouse and each row corresponds to one gene. For all gene array analyses, only

genes with significant P4 0.05 and with modulations significantly different and above the background noise modulations (2xSD) are represented.

Relative abundance of transcripts is indicated according to colour scale. (D) Representative images and quantification of KHDRBS1/SAM68

immunoreactivity in the hippocampus of Treg-depleted or non-depleted wild-type and APPPS1 mice. Mean � SEM (n = 4–6 mice/group). Mann-

Whitney test; *P5 0.05. (E) Relative quantification by real-time quantitative PCR of Prl and Usp18 mRNA expression in the brain of Treg-depleted

and non-depleted APPPS1 mice. Data are expressed as fold increase relative to untreated wild-type mice. Unpaired Student’s t-test; *P5 0.05;

**P5 0.01.
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two gene expression profiles, i.e. 668 genes associated with

APPPS1 condition and 580 genes associated with depletion

of Tregs within APPPS1 mice, was then carried out for

identifying overlapping genes. This highlighted a series of

54 disease-related genes, the expression of which was dif-

ferentially modulated upon Treg cell depletion (Fig. 4B and

C). Based on Ingenuity pathway analysis, these genes were

associated with multiple processes, including behaviour,

nervous system development and functions, cardiovascular

system development and functions, inflammatory and cell-

mediated immune responses, nucleic acid metabolism, gene

expression regulation, lipid metabolism, carbohydrate me-

tabolism, protein synthesis and modification, cell cycle

regulation, cell death and survival (Supplementary Fig. 3).

Treg cell depletion strengthened the pathological expression

profile of 11 disease-related genes that were either further

upregulated (Group I) or downregulated (Group III) in the

absence of Tregs, suggesting that Tregs may restrain several

disease-promoting mechanisms. Among Group I, Syngr1

codes for the synaptic vesicle protein synaptogyrin 1,

which plays an essential role in synaptic plasticity (Janz

et al., 1999). Khdrbs1/Sam68 (Group III) encodes a key

regulator of neuronal activity-dependent alternative spli-

cing, a process playing a central role in circuit assembly

and plasticity processes in the brain (Iijima et al., 2011).

Our Microarray analysis suggests that deregulated expres-

sion of Syngr1 and Khdrbs1/Sam68 observed in APPPS1

mice was further accentuated upon Treg depletion.

Although no significant differences in the expression of

KHDRBS1/SAM68 (Group III) protein could be detected

by immunohistochemistry in the hippocampus of wild-

type and APPPS1 mice, expression was significantly

decreased in Treg-depleted APPPS1 mice, in line with

microarray data (Fig. 4D). Thus, Tregs activity may con-

tribute to mitigate alteration of synaptic plasticity in

Alzheimer’s disease. Groups II and IV comprise 43 dis-

ease-related genes whose pathological expression profile

was reverted or normalized upon Treg cell depletion, sug-

gesting a detrimental impact of Tregs in several disease-

promoting processes. Frzb and Lrp6 (Group II) are key

components of the Wnt/b-catenin canonical pathway,

which modulates assembly and function of glutamatergic

synapse, as well as positively regulates neurogenesis

(Inestrosa and Varela-Nallar, 2014). Expression of Frzb

and Lrp6 was downregulated in APPPS1 mice, reminiscent

of Wnt pathway alterations observed in Alzheimer’s disease

(Inestrosa and Varela-Nallar, 2014), but was reverted in

Treg-depleted mice. Foxo1 and Prl (Group IV) encode

other multifunctional factors that modulate numerous func-

tions and pathways including cell differentiation, stress re-

sistance, metabolism, neurogenesis, proliferation, apoptosis,

and vascular functions. Real-time quantitative PCR analysis

confirmed that pathological expression profile of Prl was

reverted in Treg-depleted mice (Fig. 4E). Thus, Tregs may

also promote alteration of multifunctional pathways that

contribute to disease progression through impaired regula-

tion of synaptic function, cell differentiation and vascular

function. Importantly, reversion of pathology-associated

pattern in Groups II and IV may also be detrimental,

such as for Ifnar2 coding for type I IFN receptor. Type I

IFN response at the choroid plexus was recently shown to

negatively affect cognitive functions and hippocampal

neurogenesis (Baruch et al., 2014). Disease-related gene ex-

pression profile showed active type I interferon response in

APPPS1 mice, evidenced by expression of Ifit and Ifitms

genes, despite partial downregulation of Ifnar2 (Fig. 4A).

Reversion towards Ifnar2 upregulation upon Treg cell de-

pletion may thus be detrimental, suggestive of a possible

beneficial inhibitory effect of Tregs on type I interferon

response at the choroid plexus. Finally, Il1rl2 (Group II),

the expression of which is reverted from downregulated in

APPPS1 mice to upregulated upon Treg cell depletion,

codes for IL-36R that displays a particular functional regu-

lation pattern in the brain. It is specifically expressed by

microglia and astrocytes, and may contribute to modulate

their function (Boraschi and Tagliabue, 2013). Similarly,

USP18 has recently been identified as a critical negative

regulator of microglia activation through the type I IFN

pathway (Goldmann et al., 2015). Microarray data suggest

that APPPS1-associated upregulation of Usp18 was further

enhanced in Treg-depleted mice, which was also confirmed

by real-time quantitative PCR (Fig. 4E). Thus, the change

in expression profile of Il1rl2 and Usp18 in APPPS1 mice

upon Treg cell depletion may reflect a shift in the function-

ality of microglial cells, reminiscent of altered microglia

recruitment in Treg-depleted mice.

Low-dose IL-2 treatment selectively
enhances Treg cell frequency and
restores cognitive functions in
APPPS1 mice

Our depletion studies suggest that Treg cells play a benefi-

cial role in the pathophysiology of Alzheimer-like path-

ology and delay disease progression in APPPS1 mice. We

therefore investigated the impact of low-dose IL-2 treat-

ment, which was recently described as an efficient strategy

for selectively enhancing Treg responses in several pathol-

ogies associated with deregulation of Tregs (Grinberg-

Bleyer et al., 2010; Koreth et al., 2011; Saadoun et al.,

2011; Hartemann et al., 2013; Pilon et al., 2014). Wild-

type and APPPS1 mice received daily intraperitoneal injec-

tions of either PBS or low doses (50 000 IU/mice/day) of

recombinant IL-2 for 10 days, starting at 6 weeks of age,

i.e. the age of onset of amyloid-b deposition in this model.

Flow cytometry analyses carried out before and 4, 8 and 11

days after the first IL-2 injection revealed enhanced

frequency of CD4+CD25 +Foxp3 + Tregs in the blood of

IL-2-treated wild-type and APPPS1 mice (Fig. 5A and B).

A similar increase in Tregs was also observed in spleen and

cervical lymph nodes after treatment completion (Fig. 5C).

In contrast, low-dose IL-2 treatment did not significantly

alter the frequency of CD4+CD25 +Foxp3- Teffs in the
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blood, spleen, or cervical lymph nodes (Fig. 5A–C). No

difference in the total frequency of CD8 + T cells was

observed in IL-2-treated mice, and only a non-significant

increase in rare CD8 +CD25+ T cell populations was

noticed in the spleen, but neither in the blood nor in cer-

vical lymph nodes, of APPPS1 but not wild-type mice

(Supplementary Fig. 4A–D). No difference in the percent-

ages of CD19 + B cells and NK1.1 + NK cells was observed

(Supplementary Fig. 4E). Thus, low-dose IL-2 treatment

selectively enhances the frequency of Tregs in both wild-

type and APPPS1 mice, without significantly altering CD4 +

Teffs nor other major immune effectors.

The impact of low-dose IL-2 treatment on disease pro-

gression was evaluated in chronically IL-2-treated mice. In

addition to the initial 10 days of treatment, mice further

received daily injections of low-dose IL-2 for 5 days every 3

weeks. Cognitive functions were evaluated at 10 months of

age. In the Barnes maze test, PBS-treated APPPS1 mice

showed significant impairment in spatial learning compared

to PBS-treated wild-type mice, evidenced by less accuracy,

more total errors, higher latency and increased path length

to reach the target hole. In contrast, no impairment in

learning abilities was observed in IL-2-treated APPPS1

mice that behaved similarly to IL-2-treated and untreated

wild-type animals (Fig. 5D). Of note, no significant effect of

low-dose IL-2 could be detected in APPPS1 mice transiently

treated with IL-2 for the first 10 days of treatment only

(Supplementary Fig. 5A). Using the Y-maze test, tendency

Figure 5 Low-dose IL-2 treatment selectively amplifies Tregs and restores cognitive functions in APPPS1 mice. Six-week-old

wild-type (WT) and APPPS1 mice were injected daily intraperitoneally with PBS or 50 000 IU of recombinant human (rh)IL-2 for 10 days. Daily

treatments for 5 days were repeated every 3 weeks. (A–C) Frequency of CD25+Foxp3+ Tregs and CD25+Foxp3� Teffs among TCRb+CD4+

cells was analysed by flow cytometry. (A) Representative dot plots from blood at Day 11 of IL-2 treatment. (B) Quantification of Tregs and Teffs in

the blood before and after 4, 8 and 11 days of treatment. (C) Quantification in spleen and cervical lymph nodes (Day 11). Mean � SEM (n = 3–4

mice/group). Data representative of two independent experiments. Unpaired Student’s t-test. *P5 0.05. (D) Impact of IL-2 treatment on spatial

learning abilities of 10-month-old wild-type and APPPS1 mice, using the Barnes maze test. Latency, path length, accuracy, and total errors to reach

the target hole during the learning phase are shown. Mean � SEM (n = 9–12 mice/group). Repeated measures ANOVA. *P5 0.05, **P5 0.01,

***P5 0.001, ****P5 0.0001 versus wild-type PBS; ##P5 0.01, ###P5 0.001 versus APPPS1 IL-2.
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to beneficial impact of IL-2 treatment on cognitive func-

tions was suggested in both chronically or acutely treated

mice, with an apparent stronger effect upon chronic treat-

ment (Supplementary Fig. 5B). Thus, chronic low-dose IL-2

administration restored cognitive functions in a model of

Alzheimer-like pathology.

Low-dose IL-2 treatment enhances
plaque-associated microglia

We then investigated the impact of chronic low-dose IL-2

treatment on amyloid-b deposition, astrocytosis and micro-

gliosis. A slight non-significant increase in total amyloid-b

deposition was observed by immunohistochemistry in the

cortex and hippocampus of IL-2-treated APPPS1 mice as

compared to control-treated animals (Fig. 6A). Analysis

of size distribution of amyloid-b deposits showed similar

patterns in the cortex of PBS- or IL-2-treated mice

(Fig. 6B). Total load of soluble and insoluble amyloid-b1–42
measured by ELISA was also not different in the brain of

IL-2- or PBS-treated mice (Fig. 6C). Similarly to amyloid-b

deposition, IL-2 treatment slightly but non-significantly

increased the overall extent of astrocytosis and microgliosis

in APPPS1 mice, as measured by GFAP and Iba1 expres-

sion, respectively. No effect was observed in wild-type mice

(Fig. 6D and E). No difference in the expression of micro-

glial activation marker CD68 was observed in the brain of

IL-2-treated as compared to PBS-treated mice, either wild-

type or APPPS1 (Fig. 6F). Nevertheless, conversely to Treg

depletion, low-dose IL-2 treatment resulted in a significant

increase in plaque-associated Iba1+ and CD68 + cells

(Fig. 6G and H). Similar results were obtained when mice

received transient instead of chronic IL-2 treatment

(Supplementary Fig. 6). Thus, low-dose IL-2 treatment

resulted in enhanced microglia recruitment towards amyl-

oid-b deposits.

Discussion
Our study suggests that Tregs play a beneficial role during

disease development in a mouse model of Alzheimer-like

pathology. Transient depletion of Tregs accelerated the

onset of cognitive decline in APPPS1 mice, whereas their

amplification resulted in improved learning capacities.

Tregs impacted on cognitive functions without altering

amyloid-b deposition, but at least in part by modulating

microglial response. While overall microgliosis was not sig-

nificantly affected, depletion of Tregs reduced the recruit-

ment of microglia towards amyloid deposits, whereas their

amplification conversely enhanced plaque-associated micro-

glia. Still, neither depletion nor amplification of Tregs

impacted on amyloid pathology.

Our results suggest that at least part of the beneficial

effect of Tregs we documented is mediated by microglia

independently of their amyloid-b-clearing effect. In addition

to their phagocytic activity, microglia are known to display

multiple other effector functions. They can produce neuro-

trophic factors and/or inflammatory mediators, regulate

neuronal activity by microglia/astrocyte/synapse inter-

actions, as well as contribute to plasticity and synaptic

remodelling (Salter and Beggs, 2014). Such functionalities

may all contribute to modulate cognitive functions inde-

pendently of amyloid-b phagocytosis. Accordingly, recent

reports in amyloid-transgenic mice showed that potential

microglia-derived factors such as BDNF could reverse

synapse loss, partially normalize aberrant gene expression,

improve cell signalling and restore learning and memory,

independently of effects on amyloid deposition (Nagahara

et al., 2009). Thus, modulation of selective microglial func-

tions by Treg activity may impact on Alzheimer-related

cognitive deficits without altering amyloid clearance. Of

note, discrepancies or even inverse correlations between

amyloid-b deposition and cognitive deficits have been

described in different murine models of amyloid pathology,

suggesting that deficits may rather be related to some dif-

fusible amyloid-b species or even intracellular amyloid-b

(Duyckaerts et al., 2008). As detailed biochemical charac-

terization of various amyloid-b species was not carried out

in our study, we cannot rule out that Treg-mediated effects

may also partially relate to altered phagocytic activity of

microglia, translating into altered amounts or ratios of

given amyloid-b sub-species. Nevertheless, our microarray

studies suggest that differential recruitment of Iba1 + cells

towards amyloid deposits may reflect a shift in the func-

tionality of resident microglia and/or infiltrating macro-

phages. Treg depletion in APPPS1 mice modified the

expression profile of Il1rl2, which is specifically expressed

by microglia and astrocytes in the brain, and may modulate

their function (Boraschi and Tagliabue, 2013). Similarly,

early depletion of Tregs enhanced the expression of

Ubiquitin-specific protease 18 (Usp18), a critical negative

regulator of microglia activation that modulates microglia

function by regulating the type I IFN receptor pathway

(Goldmann et al., 2015). These data are reminiscent of

reduced microglia recruitment in Treg-depleted APPPS1

mice, and suggest that Tregs may contribute to promote

a type I IFN-dependent beneficial activation profile of

microglia in response to amyloid deposition. Despite

being broadly expressed, type I IFN receptor was shown

to have a unique protective role on myeloid cells for mod-

ulating autoimmune neuroinflammation in the CNS (Prinz

et al., 2008). Our data suggest that type I IFNs may help to

restrain the development of pro-inflammatory activation

profile in microglia at early stages of Alzheimer’s disease,

thus reducing their possible contribution to impairment of

cognitive functions. In the same line, recent report sug-

gested a possible beneficial role of IFNb1a treatment in

patients with early Alzheimer’s disease (Grimaldi et al.,

2014).

Tregs may modulate the functional differentiation of

mononuclear phagocytes through direct interaction within

the brain parenchyma. Tregs mediate their suppressive

function through several effector mechanisms, including

Beneficial Tregs in Alzheimer’s disease BRAIN 2016: 139; 1237–1251 | 1247

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
ra

in
/a

rtic
le

/1
3
9
/4

/1
2
3
7
/2

4
6
4
1
8
9
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2

http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/awv408/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/awv408/-/DC1


production of immunosuppressive cytokines such as IL-10,

TGF-b and IL-35 (Sakaguchi et al., 2008; Shevach, 2009).

Whereas recent studies in mouse models of Alzheimer’s dis-

ease evidenced that IL-10 negatively regulates amyloid-b

phagocytosis by microglia, TGF-b has been suggested to

promote or mitigate amyloid-b clearance by microglia

and peripheral macrophages, respectively (Wyss-Coray

et al., 2001; Town et al., 2008; Chakrabarty et al., 2015;

Figure 6 Low-dose IL-2 treatment increases plaque-associated microglia. (A) Amyloid-b deposition in the cortex and hippocampus of

IL-2- or PBS-treated APPPS1 mice was measured at 4 months of age by immunohistochemistry. (B) Quantification of cortical amyloid-b deposits

of different size ranges (100–200; 200–500; 500–1000; 41000 mm2). (C) Brain levels of amyloid-b were quantified in formic acid-treated insoluble

and diethylamine-soluble fractions by ELISA. (D–F) Overall extent of astrocytosis, microgliosis, and microglia activation was measured by

immunoreactivity to GFAP (D), Iba1 (E) and CD68 (F), respectively. Mean � SEM (n = 4–6 mice/group). (G and H) Microglia recruitment

towards amyloid-b plaques. Representative images (G) and quantification (H) of Iba1 and CD68 immunoreactivity co-localized with or in

close vicinity of cortical amyloid-b deposits of different size ranges. Mean � SEM (n4 90 plaques for each size category; from 4–6 mice/group).

Mann-Whitney test. n.s. = non-significant; *P5 0.05; **P5 0.01; ***P5 0.001.
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Guillot-Sestier et al., 2015). Although our data suggest that

Tregs may contribute to restrain cognitive deficits inde-

pendently of amyloid-b clearance, further studies will be

needed to better decipher the potential role of IL-10,

TGF-b and other Treg effector mechanisms in Treg-

mediated beneficial effect and functional modulation of

microglia activity.

Alternatively, Tregs may alter the recruitment of mono-

cyte-derived macrophages from the periphery to the CNS,

fostering infiltration of cells with anti-inflammatory/sup-

pressive activity. The choroid plexus was recently proposed

as a selective and educative gate for recruitment of inflam-

mation-resolving leucocytes to the inflamed CNS paren-

chyma (Schwartz and Baruch, 2014). Type I IFN

response at the choroid plexus, in response to brain-derived

signals, has been associated with ageing-induced dysfunc-

tion of the choroid plexus and cognitive decline (Baruch

et al., 2014). Interestingly, our microarray studies evi-

denced an active type I IFN response associated with

APPPS1 condition, as suggested by expression of Ifit and

Ifitms genes. Thus, our data support the hypothesis that

brain-derived signals associated with the development of

Alzheimer-like pathology may promote choroid plexus dys-

function through a type I IFN-dependent mechanism.

However, our Treg depletion studies suggest a more com-

plex implication of type I IFNs in the pathophysiology of

Alzheimer’s disease, identifying a protective role of Tregs

possibly mediated in part by promoting a shift towards

type I IFN-dependent beneficial activation profile of micro-

glia. In contrast with our data, a recent report showed that

transient depletion of systemic Tregs mitigates Alzheimer-

like pathology, by restoring choroid plexus gateway activity

in orchestrating the recruitment of inflammation-resolving

leucocytes to the CNS. Authors thus concluded to systemic

Treg-mediated immunosuppression as being detrimental in

Alzheimer’s pathology (Baruch et al., 2015). These appar-

ently conflicting results strongly underline the complex role

and interplay of Tregs along the course of disease progres-

sion. Importantly, a major difference between the two stu-

dies is the stage of the disease at which Treg implication

was investigated. We evidenced a beneficial role of Tregs by

interfering with this immune compartment at early disease

stages, when amyloid deposition and gliosis just start de-

veloping, i.e. 5–6 weeks of age in our APPPS1 model. In

contrast, Baruch and colleagues (2015) modulated periph-

eral Tregs at an intermediate stage of Alzheimer-like path-

ology, i.e. 4–5 months of age in the 5XFAD model, after

cerebral amyloid-b pathology and gliosis have significantly

developed. In this different pathological context, when

brain-derived signals arising from amyloid deposition and

gliosis have been accumulating for a prolonged period of

time, authors show a detrimental impact of Tregs, acting at

least in part by reducing choroid plexus ability to recruit

leucocytes. Of note, their data further suggest that transient

Treg depletion promotes the subsequent recruitment of

immunoregulatory cells, including both monocyte-derived

macrophages and Tregs, which may then play an active

role in mitigating the neuroinflammatory response.

Altogether, both studies are consistent with a complex

and dual role of Tregs along progression of Alzheimer’s

pathology. At early disease stages Tregs may contribute

to restrain the development of pro-inflammatory gliosis det-

rimental to cognitive functions, at least in part by promot-

ing type I IFN-dependent beneficial activation profile in

microglia. At later disease stages, accumulation of brain-

derived signals associated with disease progression may

lead to differential conditioning and responsiveness of chor-

oid plexus to Tregs, resulting in Treg-mediated alteration of

choroid plexus and impaired recruitment of inflammation-

resolving leucocytes to CNS. Alleviating such choroid

plexus-related detrimental impact of Tregs may allow fos-

tering again their beneficial effect in mitigating the neuroin-

flammatory response. Importantly, our data strongly

suggest that amplifying Tregs starting from early disease

stages may profoundly restrain or even prevent the devel-

opment of detrimental pro-inflammatory gliosis, and con-

sequently the subsequent choroid plexus responsiveness to

Treg-mediated deleterious activity on leucocytes recruit-

ment. Additional studies will be needed for further evaluat-

ing this hypothesis and better deciphering the complex

interplay of type I IFN and Tregs in the context of

Alzheimer’s disease.

Functionality of the choroid plexus was shown to be

regulated by CNS-specific T cells (Schwartz and Baruch,

2014). We previously showed that Tregs critically control

the magnitude of CD4 + Teffs responses to amyloid-b in

Alzheimer-like pathology and in response to amyloid-b vac-

cination (Toly-Ndour et al., 2011). Modulation by Tregs of

Teffs responses to amyloid-b may thus contribute to modu-

late the functionality of choroid plexus epithelium and

shape the extent and differentiation profile of macrophages

recruited from the periphery. Finally, systemic inflamma-

tion was suggested to contribute to exaggerated inflamma-

tory response of primed microglia in neurodegeneration

(Perry and Holmes, 2014). Modulation by Tregs of overall

systemic inflammatory status may also translate into differ-

ential activation and functional differentiation of parenchy-

mal microglia. All such hypotheses are non-mutually

exclusive and will need to be addressed in complementary

studies.

Our gene array analyses suggest that Tregs may have

both beneficial and detrimental impacts on multiple dis-

ease-related processes in Alzheimer’s disease, pertaining to

microglia, type I IFN response and choroid plexus, but also

to neuronal activity and vascular functions. As gene array

data derive from rather small sample sizes they are thus

merely indicative of potential modes of action. The main

primary processes directly affected by Tregs, as well as

downstream secondary effects, still remain to be further

investigated. Nevertheless, overall balance of the effects of

Tregs on disease pathophysiology appears beneficial in our

study, and boosting Tregs at early disease stages via per-

ipheral administration of low-dose IL-2 restores cognitive

functions in Alzheimer-like pathology. Of note, whereas a
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beneficial effect of low-dose IL-2 treatment was observed

for chronically treated APPPS1 mice, only a tendency

towards improved cognition was suggested in transiently

treated animals. These data suggest that transient low-

dose IL-2 treatment may be sufficient for initiating Treg-

mediated beneficial processes, but recurrent or sustained

amplification of Tregs starting from early disease stages

seems necessary for fully supporting the entire neuroprotec-

tive effect. Importantly, low-dose IL-2 treatment was

shown to be clinically well tolerated and efficient at mod-

ulating Treg responses in several human pathological set-

tings (Koreth et al., 2011; Saadoun et al., 2011; Hartemann

et al., 2013). These promising preliminary studies strongly

support further clinical assessment of low-dose IL-2 treat-

ment in inflammatory diseases, and underline the high po-

tential for rapid translation to clinical trials (Klatzmann

and Abbas, 2015). Our proof-of-concept preclinical study

in a mouse model of Alzheimer-like pathology suggests that

such Treg-based immunomodulatory approaches may con-

stitute innovative therapeutic and even preventive strategies

for slowing cognitive decline and disease progression in

Alzheimer’s disease.
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