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A B S T R A C T

Alzheimer's disease (AD) genetics implies a causal role for innate immune genes, TREM2 and CD33, products
that oppose each other in the downstream Syk tyrosine kinase pathway, activating microglial phagocytosis of
amyloid (Aβ). We report effects of low (Curc-lo) and high (Curc-hi) doses of curcumin on neuroinflammation in
APPsw transgenic mice. Results showed that Curc-lo decreased CD33 and increased TREM2 expression (pre-
dicted to decrease AD risk) and also increased TyroBP, which controls a neuroinflammatory gene network im-
plicated in AD as well as phagocytosis markers CD68 and Arg1. Curc-lo coordinately restored tightly correlated
relationships between these genes' expression levels, and decreased expression of genes characteristic of toxic
pro-inflammatory M1 microglia (CD11b, iNOS, COX-2, IL1β). In contrast, very high dose curcumin did not show
these effects, failed to clear amyloid plaques, and dysregulated gene expression relationships. Curc-lo stimulated
microglial migration to and phagocytosis of amyloid plaques both in vivo and in ex vivo assays of sections of
human AD brain and of mouse brain. Curcumin also reduced levels of miR-155, a micro-RNA reported to drive a
neurodegenerative microglial phenotype. In conditions without amyloid (human microglial cells in vitro, aged
wild-type mice), Curc-lo similarly decreased CD33 and increased TREM2. Like curcumin, anti-Aβ antibody (also
reported to engage the Syk pathway, increase CD68, and decrease amyloid burden in human and mouse brain)
increased TREM2 in APPsw mice and decreased amyloid in human AD sections ex vivo. We conclude that
curcumin is an immunomodulatory treatment capable of emulating anti-Aβ vaccine in stimulating phagocytic
clearance of amyloid by reducing CD33 and increasing TREM2 and TyroBP, while restoring neuroinflammatory
networks implicated in neurodegenerative diseases.

1. Introduction

In Alzheimer Disease accumulation of beta-amyloid peptide (Aβ)
initiates amyloid deposition and a complex inflammatory cascade
(Hardy et al., 2014). Although initial Aβ aggregates are effectively
cleared by innate immune microglia (Lucin et al., 2013; Rogers et al.,
2002), clearance fails with chronic inflammation and the onset of
amyloid plaques (Hickman et al., 2008; Krabbe et al., 2013). The

pleiotropic roles of microglia, ranging from protective to harmful
(Akiyama et al., 2000), cloud our understanding of their role in AD. A
simplified classification is often divided into the pro-inflammatory "M1”
class or the more phagocytic, resolving "M2" classes although the actual
subtypes are far more complex. They can also be defined by function,
including morphology, phagocytic phenotype, and more complex
marker expression (Cherry et al., 2014; Colton and Wilcock, 2010;
Colton, 2009; Van Eldik et al., 2016; Weekman et al., 2014). Aβ
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aggregates in vitro (Michelucci et al., 2009) and in vivo (Hickman et al.,
2008) polarize microglia toward M1 and away from M2 phenotype,
which decreases Aβ clearance (Koenigsknecht-Talboo and Landreth,
2005).

One approach to identifying a therapeutic target is to increase ex-
pression of selected M2-related microglial genes (Mandrekar-Colucci
et al., 2012). Another is to selectively alter innate immune genes linked
to increased AD risk, for example, CD33, a sialic acid receptor in mi-
croglia (Carrasquillo et al., 2011; Hollingworth et al., 2011; Naj et al.,
2011) and Triggering Receptor Expressed on Myeloid cells (TREM2)
(Malpass, 2013). These genes are in a network of AD-dysregulated in-
nate immune genes controlled by hub gene TyroBP (DAP12) (Zhang
et al., 2013). There are SNPs in human CD33 that either decrease
functional CD33 expression and AD risk or reduce both CD33 expres-
sion and AD risk; further, microglial CD33 expression is upregulated in
APP Tg mice and sporadic AD and associated with increased amyloid
burden and microglial activation (Bradshaw et al., 2013; Griciuc et al.,
2013; Malik et al., 2013). Therefore, AD therapeutics that limit CD33
expression may prove beneficial.

TREM2 is a classical innate immune system receptor restricted to
microglia in the brain (Ulrich et al., 2017; Yeh et al., 2017) (and related
peripheral cells) that requires interaction with TyroBP for its signaling
through tyrosine kinases. This signaling is opposed by CD33-linked
tyrosine phosphatases (Malik et al., 2015) (Fig. 1). TREM2 is highly and
persistently upregulated in the M2 “resolution” phase of CNS injury-
induced inflammation (Ydens et al., 2012), promoting pro-phagocytic
and anti-inflammatory activities (Painter et al., 2015; Takahashi et al.,
2007) in amyloid plaque-associated microglia (Frank et al., 2008;
Melchior et al., 2010). TREM2-ir plaque-associated microglia in APP/
PS1 are reduced with ApoE deletion (Ulrich et al., 2018). While the
impact of specifically targeting only TREM2 expression remains con-
troversial (Wang et al., 2015), loss of either TREM2 or TyroBP leads to
chronic uncontrolled inflammation (Thrash et al., 2009), and the loss-
of-function SNPs decrease functional expression and increase AD risk
(Cheng-Hathaway et al., 2018; Guerreiro et al., 2013; Jonsson et al.,
2013; Pottier et al., 2016). TREM2 AD-risk SNPs greatly reduce cellular
phagocytic activity (Kleinberger et al., 2014).

TREM2 coordinates with microRNA155 in the development of the
neurodegenerative activation states, so it is important to assess miR155
when TREM2 is elevated (Krasemann et al., 2017).

Aβ antibody infusions may be a useful intervention for early stage

disease (Jack Jr. et al., 2010; Penninkilampi et al., 2017; Rygiel, 2016).
Therefore, an alternative immunomodulatory approach to optimize
resolution and amyloid clearance could be to coordinate gene expres-
sion within the TyroBP network (including increasing TREM2 and de-
creasing CD33), rather than simply suppressing microglial “activation”
(Wyss-Coray and Mucke, 2002) with classic non-steroidal anti-in-
flammatory drugs (NSAIDs). Although NSAIDs were strongly supported
pre-clinically (Lim et al., 2000; McKee et al., 2008; Van Dam et al.,
2010; Yan et al., 2003), clinical data have yielded mixed results (Aisen,
2008; Breitner et al., 2011; Pasqualetti et al., 2009; Sonnen et al., 2010;
Vlad et al., 2008). Clearance of Aβ with antibody (Lemere and Masliah,
2010) requires TREM2 expression (Xiang et al., 2016). We previously
demonstrated that the amyloid binding polyphenol curcumin also re-
duced amyloid burden (Yang et al., 2005) by immunomodulating mi-
croglia (increasing phagocytosis) and reducing pro-inflammatory cy-
tokines (Cole et al., 2004; Cole et al., 2003), similar to other
polyphenols (Bickford et al., 2017; Rojanathammanee et al., 2013). It
also protects in other models, including against tauopathy (Ma et al.,
2013), Aβ toxicity, and Aβ accumulation (Frautschy et al., 2001; Lim
et al., 2001). We therefore investigated immune gene expression after
administration of curcumin. We used brain tissue in APPsw mice, which
had previously been characterized for curcumin reduction in amyloid
burden (Yang et al., 2005) (Lim et al., 2001) as well as human and
rodent microglial cells to examine curcumin's immunomodulatory ef-
fects on TREM2, CD33, and components of the TyroBP network.

2. Material & methods

2.1. Animals and treatments

All animal experiments complied with the National Institute
Health's guide for Care and Use of Laboratory Animals Publication 8023
and were approved by the institutional animal committees. Tg2576
mice (B6; SJL-Tg (APPSWE)2576Kh) with the APP Swe transgene) were
treated with curcumin, as previously described (Lim et al., 2001).
Briefly, 10-month old male and female Tg2576 from 12 litters were
randomly split between treatment groups. Mice were fed either chow
(PMI 5015; Feeds Inc., St. Louis, MO) containing a low dose of cur-
cumin (160 ppm, n = 9, Sigma, St. Louis, MO), a high dose of curcumin
(5000 ppm, n= 6), or no drug (n= 8) for 6 months before euthanasia.
The low dose was chosen based on the amount of curcumin in turmeric

Fig. 1. Activation of microglia and phagocytosis
controlled by tyrosine phosphorylated AD risk-asso-
ciated genes (⁎). Schematic diagram of a microglial
cell with the Fc(g)R1 receptor for antibody, opso-
nized Aβ and parallel signaling receptors: TREM2⁎

and CD11b⁎, all linked to ITAM domain phosphor-
ylation signaling on TYROBP/DAP12⁎ or FCER1G,
that then signal through Syk tyrosine kinase to pro-
mote phagocytosis. This ITAM signaling is negatively
regulated by CD33⁎ (and other Siglecs with ITIM
domains), which couple to SHPS like SHP1 (tyrosine
phosphatases). SHP1 dephosphorylates (deactivates)
the TYROBP/ITAM-activated, phagocytosis-pro-
moting signaling pathways as shown. The activation
of these signaling pathways is represented by phos-
phorylated tyrosine residues (“PT”). The process of
phagocytic engulfment and a mature phagosome
fusing with a lysosome (marked by the glycoprotein
CD68⁎ (mouse macrosialin) is shown with engulfed
Aβ. The classic microglia marker CD68 is a lysosomal
innate immune marker of the phagocytic microglial
phenotype (reviewed in Zotova et al., 2011). CD11b
(ITGAM) is a classic marker of M1 activation that
complexes with CD18 (ITGB2), a proximal TyroBP

partner. CD11b also serves as a receptor for complement C3b opsonized Aβ aggregates (Wyss-Coray and Mucke, 2002). C1q interacts directly with Aβ, upstream of
C3, and its expression is markedly elevated in AD (Yasojima et al., 1999). This figure is adapted from Zhang and Painter (Painter et al., 2015; Zhang et al., 2013).
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consumed in the Indian diet and our prior study showing amyloid re-
duction, while the higher dose was based on anti-carcinogenic activity.

To measure mRNA responses to curcumin independent of amyloid,
we conducted an acute study feeding curcumin to aged wildtype mice
(C57Bl6/J) at 19 months of age. We fed them one of three treatment
diets (n= 7 per group, gender-balanced) for 7 days: curcumin at 333 or
1000 ppm, or control diet (PMI 5015 supplemented with vehicle: olive
oil). In the acute study we mixed curcumin into powdered chow, first
dissolving curcumin into olive oil to ensure homogeneity of dispersion
in the chow. At euthanasia, blood was collected and the buffy coat
separated. After brain removal, the hippocampus was dissected and
used for measuring the mRNAs for TREM2 and CD33.

For the passive immunization study, Tg2576 transgene-positive
mice at 19.5 months of age were treated with antibody to Aβ (10G4,
anti-Aβ 1–15, an IgG2b isotype, n = 4) or control IgG2b antibody
(n = 8). Injections were given biweekly (0.5 mg i.p.), totaling 6 injec-
tions over 2.5 months. Mice were euthanized at 22 months of age and
brain collected and dissected for measurement of TREM2 mRNA and
Aβ.

Since micro-RNA were not available from the Tg2576 experiment
and ApoE, Trem2 and miR155 induce a neurodegenerative microglial
phenotype, we also examined curcumin's effect on miR-155 in apoE3-
5xFAD mice (n= 5) (human ApoE3 allele targeted replacement (Knouff
et al., 1999), either transgenic for 5 FAD mutations in the human APP
and PS1 genes (Youmans et al., 2012) (Tg+), or littermates without the
5xFAD transgenes (Tg-)), that were treated for 2 months with 500 ppm
curcumin in diet starting at age 13 months.

During treatments with curcumin or immunization, there were no
signs of toxicity and there were no differences in body weight between
treatment groups.

2.2. Euthanasia and tissue preparation

After a lethal dose of pentobarbital (100 mg/kg, i.p.) and upon deep
anesthesia indicated by cessation of toe, corneal and tail reflexes, the
chest cavity was opened and mice perfused intracardially with a phy-
siologically isotonic buffer containing 10 mM HEPES, 137 mM NaCl,
4.6 mM KCL, 1.1 mM KH2PO4, 0.6 mM MgSO4, 1.1 mM EDTA, and
protease inhibitors (5 mg/mL of leupeptin and aprotinin and 2 mg/mL
pepstatin A, pH 7.4).

Brains were bisected and the right hemibrain immersion-fixed in 4%
formalin, sucrose cryopreserved, and frozen. Coronal cryostat sections
(10 μm) were prepared for immunocytochemistry. The left hemibrain
was dissected into major regions (hippocampus and cortex), snap frozen
in liquid nitrogen and powderized for measurements of mRNA levels.

2.3. Gene expression mRNA levels

Levels of mRNA for genes were measured after RNA isolation,
DNase treatment, and reverse transcription (random primers) using
Ambion kits (Life Technologies), and specific gene mRNAs measured by
standard Taqman QPCR methods, with gene-specific primers (genes
TREM2, TyroBP/DAP12, CD68, Arg1, CD36, CD11b, iNOS, COX-2, C1q,
and GAPDH; Life Tech., ABI) run in 384 well plates on an ABI 7900HT
thermocycler; levels of gene-specific mRNA were normalized to levels
of mRNA for housekeeping gene GAPDH in the same RNA samples.
Statistical analyses were performed with SPSS V24 software (IBM
Corp.). Differences among means were assessed by ANOVA followed by
LSD post-hoc tests. Inclusion of sex in the ANOVA (transgene x sex),
showed no sex effect in our cohorts, which were not powered to detect
sex effects.

2.4. MiRNA-155 levels

Cortical total RNA including micro-RNA were prepared with
MirVana kits (ThermoFisher Sci.) and 10 ng RNA was converted to

cDNA using the TaqMan Advanced system (ThermoFisher Sci.). miR155
levels were measured with TaqMan Advanced assay in an ABI7900HT
thermocycler, and levels were normalized by the deltadeltaCt method
to levels of miR672 in the same samples (duplexed assay).

2.5. Immunohistochemistry (ICC) and staining by Griffonia (Bandeiraea)
simplicifolia lectin I isolectin B4 (GS Isolectin B4)

Immunohistochemistry of anti-amyloid-stained brain deposits and
other proteins was performed on coronal brain sections from animals
treated with low-dose curcumin as described previously (Lim et al.,
2001). Briefly, the hemibrain was sectioned from the posterior pole to
the anterior margin of the hippocampus. Antigen retrieval was ac-
complished by incubating sections in an unmasking solution (Vector
Laboratories, Burlingame, CA) for 30 s in a pressure cooker, allowed to
cool to room temperature, then washed with TBS. Endogenous perox-
idase was quenched with 0.3% hydrogen peroxide for 15 min. After
blocking with normal serum, sections were incubated overnight at 4 °C
(unless otherwise specified) with primary polyclonal antibodies: anti-
Aβ (DAE (1:50) to Aβ1–13; anti-CD68 (1:50, sc9139, H255), anti-
TREM2 (1:40, sc48765, M-227). The primary antibody to phosphotyr-
osine (PT, 1:50) was incubated at 37 °C for 40 min, which stains mi-
croglia (Frautschy et al., 1998).

The tissue was then incubated with secondary antibodies and de-
veloped for 30 min at 37 °C. For confocal microscopy, sections were
incubated with fluorescent goat anti-rabbit antibodies (1:1000) and
counterstained with DAPI (4–6-diamidino-2-phenylindole-containing
medium, Vector Laboratories), while sections for light microscopy were
incubated with biotinylated goat anti-mouse antibodies (1:1000) fol-
lowed by ABC reagent, and then developed with metal enhanced DAΒ
(Pierce, Rockford, IL) as previously described (Calon et al., 2004).

For staining the galactosidase resides on microglia, sections were
first incubated with blocking solution, followed by the stain GS Isolectin
B4 (1:100), then detected with the ABC kit and developed with DAB.

2.6. Ring analysis of CD11c stained microglia

Brain tissue slices from Tg2576 mice were examined for CD11b and
CD11c immunoreactivity in proximity to amyloid plaques in the cortex
by ring analysis, as previously described (Frautschy et al., 2001;
Frautschy et al., 1998; Lim et al., 2001). Briefly, brain sections were
taken at 2.5 mm posterior to Bregma ( ± 0.3 mm). Sections were double
labeled for Aβ (anti-Aβ 1–13 DAE; blue) and microglia (anti-mouse
CD11c (BD Biosciences)) with avidin biotin-peroxidase kit and the
peroxidase detector (diaminobenzidine; brown). For acquisition of
histological and immunohistochemical images for analysis, the blue
slice (filter) of the RGB stack was chosen and density slice threshold
selected such that the blue plaque would not be picked up when ima-
ging the brown microglia; all images were captured using the same
density slice threshold. Images were acquired at 20×, digitized, and
quantitatively analyzed with NIH-Image public domain software. A
custom Pascal macro subroutine measured the microglia as a % of total
area, in relation to distance from the Aβ-immunoreactive plaque center
in each of a series of three concentric circles within and around Aβ-
immunoreactive plaques, the ring widths of which correspond to the
radius of the Aβ plaque, where Ring 1 defines 2 plaque radius, and
Rings 2 and 3 are one and two plaque radii away from the plaque edge.

2.7. High glucose induced inflammation of THP-1 cells (human monocytic
cell line)

THP-1 cells were cultured at 37 °C and 5% CO2 in RPMI medium
containing 10% FBS and 1% antibiotics. THP-1 cells were seeded in
each well of 6-well plate at 2.5 × 105 cells for 24 h and 1 × 105 cells for
72 h treatment. After 24 h, THP-1 cells were pretreated for 1 h with
curcumin (1.5 μM, in DMSO 0.1% v/v; see below) or without curcumin
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(adding the same volume of DMSO), then treated with hyperglycemic
high glucose (25 mM) or mannitol (19.5 mM; isomolar control) for 24 h
or 72 h. Cells were washed 3 times in PBS, then lysed with lysis buffer
that included protease and phosphatase inhibitors (Complete,
PhosStop; Roche). Curcumin (Sigma, MW: 368.4) was dissolved in
DMSO, vortexed, incubated at 37 °C for 5 min, vortexed again, then
aliquoted and frozen at −20 °C, all the while avoiding light. Western
blot was used to measure cellular proteins TREM2, CD33, and GAPDH.

2.8. Aβ ELISA

ELISA measurements of protein levels were previously described
(Lim et al., 2000). Briefly, Aβ (insoluble) was measured in tissue sam-
ples that were first homogenized in 10× vol of TBS, centrifuged
(100,000 xg for 20 min at 4 °C) and the TBS-insoluble pellet was dis-
solved in 70% formic acid (triturated then sonicated for 10 min), fol-
lowed by neutralization with NaOH and dilution with Tris buffer. The
monoclonal 4G8 against Aβ 17–24 (Senentek, Napa, CA) was the cap-
ture antibody (3 μg/ml), biotinylated 10G4 against Aβ 1–15 was the
detecting antibody, and the reporter system was streptavidin-alkaline
phosphatase with AttoPhos (JBL Scientific Inc., San Luis Obispo, CA) as
the substrate (excitation 450 nm/emission 580 nm).

2.9. IL1β sandwich ELISA

IL1β in cell culture media was measured using the polyclonal an-
tibody against mouse IL1β (Endogen, Woburn, MA) as the capture an-
tibody and monoclonal anti- mouse IL1β (Endogen) as the detector with
the minimum sensitivity for ILβ at 0.5 pg, as previously described (Lim
et al., 2000). Statistical analysis of ELISA data was by ANOVA and LSD
Fisher for post-hoc analysis of planned comparisons.

2.10. Co-culture of mouse microglia with human AD brain slices

We originally developed the method of co-culturing human AD
brain tissue with mouse microglia (Ard et al., 1996), and it has been
subsequently used by several groups (Bard et al., 2000; Demattos et al.,
2012; Hashioka et al., 2008; Lucin et al., 2013; Ostrowitzki et al.,
2012). Culture media used were basal media (BM) (Thermofisher), glial
media without serum (GM) (Thermofisher), or glial media with 10%
fetal calf serum (GM/FCS).

Human AD brain from fresh frozen autopsy was obtained from the
UCLA and USC Brain Banks. Temporal lobe brain was cryosectioned
(10 μM slices) and thaw-mounted on PdL coated glass coverslip, that
was then placed in a 24 well plate, air-dried for 30 min, then washed
twice in BM. Experimental medium (400 μl of GM) containing drugs,
e.g. 10G4 antibody against Aβ, control isotype antibody IgG2b, or
curcumin, was added and incubated for 1 h at 37 °C in a CO2 incubator.
The medium was removed (and saved for later continued treatment
after microglial seeding). Mouse microglia (400,000 cells) were in-
cubated in GM/FCS and seeded on top of the human brain slice for 1 h.
Then the cultures were washed three times with BM. Mouse primary
microglia were derived from brain glial cultures from postnatal day 3
FVB mouse pups as previously described (Saura et al., 2003). The ex-
perimental medium containing drugs was returned to each well, and the
cultures were maintained for 36 h. The cultures were washed with cold
PBS, and harvested in TBS containing a cocktail of protease inhibitors
(20 μg/ml each pepstatin A, aprotinin, phosphoramidon, and leupeptin,
0.5 mM PMSF, and 1 mM EGTA), then prepared for either Aβ ELISA or
fixed for ICC.

For treatment and control conditions, adjacent AD brain slices were
used pairwise, so that Aβ levels were similar within pairs. For statistical
analysis, Aβ levels in paired treatment and control slices were analyzed
by a non-parametric Mann-Whitney pairwise statistical test.

2.11. Hippocampal slice culture and exogenous amyloid deposition

Organotypic hippocampal slice cultures (OHSC) were prepared from
wild-type C57Bl6 mice at 7 days of age and maintained as described
(Harris-White et al., 1998; Stoppini et al., 1991; Teter et al., 1999).
Briefly, 400 μm slices were maintained in membrane inserts (Costar,
Cambridge, MA, 0.4 mm) using media of MEM plus HEPES with the
serum substitute TCM (final concentration 2%; ICN Pharmaceuticals,
Costa Mesa, CA). Starting on the first day in vitro (0 DIV), cultures were
treated with Aβ40 (15 μg/ml) for 4 days. The medium was changed to
that without Aβ and cultured for 4 more days, to allow Aβ deposits to
develop. At 8 DIV, cultures were treated for 4 days with or without
curcumin (at two doses), or the anti-Aβ antibody 10G4 (5 μg/ml), or
control isotype antibody IgG2b. The media was changed at day 2 of the
treatment period to fresh media containing the respective treatments.
The cultures were harvested, extracted with formic acid, and Aβ mea-
sured by ELISA. Controls (not shown) were used to show that addition
of 10G4 to cultures immediately before formic acid treatment did not
interfere with the ELISA, which used 10G4 for detection, presumably
because formic acid irreversibly denatured the 10G4 antibody.

2.12. Phagocytosis assay in vitro

BV2 cells were grown to ~50% confluency in 96 well plates (Black,
Nunc; parallel cultures in clear plates were also grown to monitor
cultures); triplicate wells were treated. Curcumin (1 μM) in 0.05%
DMSO was added for 4.5 h, followed by addition of “Bioparticles”,
fluorescein-labeled E. coli cells (Vybrant Phagocytosis Assay kit;
Molecular Probes), to the media for 3 h. Media is removed and cells
were treated with trypan blue for 1 min (which effectively quenches the
extracellular Bioparticle fluorescence). Cells were washed 5 times in ice
cold Dulbecco's Modified Eagle's Medium (without phenol red), then
washed once with sodium citrate buffer (pH 5.0) (to further quench
extracellular fluorescence); this buffer was removed, then fluorescence
was measured at Ex/Em ~480/520 nm in a plate reader. Controls in-
cluded azide pretreatment which blocked phagocytosis (fluorescence
values in azide-treated well were subtracted from all other reading as a
measure of background fluorescence).

3. Results

The activation of microglia and associated phagocytosis phenotype
is controlled by tyrosine-phosphorylation of AD-associated innate im-
mune risk genes, as illustrated in Fig. 1.

The effects of different doses of diet-administered curcumin, low
dose (160 ppm, “Curc-Lo”) and 30-fold higher dose (5000 ppm, “Curc-
Hi”), on microglial activation and expression of AD genetic risk factor
microglial genes were evaluated in APPSwe (Tg2576) transgenic amy-
loid plaque-forming mice. Tg2576 mice were fed curcumin doses of 0,
160 or 5000 ppm in PMI 5015 breeder chow from 10 to 16 months of
age. We previously reported that these Curc-Lo-treated mice showed
decreased inflammation and oxidative damage (e.g. decreased IL1β,
GFAP and carbonyl (oxidized) proteins) as well as decreased Aβ levels
(decreased amyloid plaque burden, soluble Aβ, and insoluble Aβ) in the
brain (Lim et al., 2001). While using an intermediate dosing with
500 ppm from 17 to 22 months (after amyloid accumulation) produced
large decreases in IL1β and amyloid burden (Yang et al., 2005), sur-
prisingly, Curc-Hi did not affect insoluble or soluble Aβ levels (Lim
et al., 2001),

3.1. Effects of curcumin on brain innate immune gene expression

To evaluate the role of microglial activation state in these differ-
ential effects of curcumin dose on inflammation and amyloid, we ex-
amined brain cortex expression levels of inflammatory genes implicated
in amyloid clearance, including CD36, C1q, innate immune genes
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TREM2, TyroBP/DAP12, and CD33 (genetic risk factors for AD), mi-
croglia phenotype markers CD11c, CD11b, CD68 and P2ry12, and the
brain microglia-specific gene TMEM119 (see Fig. 1). Gene mRNA levels,
measured by real time qPCR, were differentially regulated by low and
high dose curcumin (Fig. 2A); genes upregulated and downregulated by
Curc-Lo are shown in the upper and lower rows, respectively, of Fig. 2A.
In addition, to examine coordinated regulation, gene expression ratios
and correlations were examined. Details of the statistical analyses are
shown in Table 1, and the main findings are summarized in Table 2.

CD11c (an integrin, “Itgam”), has low expression in normal mouse
brain, but increased expression is associated with microglial activation
in Alzheimer's disease and in several AD mouse models (Kamphuis
et al., 2016; Keren-Shaul et al., 2017; Krasemann et al., 2017). CD11c
mRNA was increased nearly 2-fold by Curc-Lo (+98%; p < .05) but
less by Curc-Hi (+46%; not significant (n.s.)).

CD11b (an M1 marker (Gaikwad and Heneka, 2013), “Itgax”) was
significantly decreased by Curc-Lo (−35%; p < .05) and slightly less
so by Curc-Hi (−22%; n.s.).

TREM2, an AD risk gene whose expression is critical for the devel-
opment of candidate beneficial microglial activation states (Kamphuis
et al., 2016; Keren-Shaul et al., 2017) and an M2 marker (Cherry et al.,
2015), was significantly increased > 2-fold by Curc-Lo (+109%;
p < .0001). In contrast, Curc-Hi did not change TREM2 expression.

CD33 is a siglec receptor with genetically elevated levels in AD.
Although Curc-Lo did not decrease CD33 significantly (p= .095), Curc-
Hi decreased CD33 by 44%; (p < .0001). While the effect of Curc-Lo
(160 ppm) on CD33 was small in this study, a slightly higher dose of

curcumin (500 ppm) decreased CD33 more (−33%; p = .06) (data not
shown) in the same Tg2576 mice, but on a different base diet; this was
associated with a large, significant reduction in plaques and Aβ (mea-
sured by ELISA) to a level lower than the level the mice started with at
the beginning of treatment (17 months of age, an age that has a large
amyloid burden), suggesting this curcumin dose (500 ppm) caused Aβ/
amyloid clearance (Yang et al., 2005).

TyroBP (DAP12), a TREM2 signal transduction effector with upre-
gulated expression in the early development of a putative disease re-
stricting microglial phenotype (Keren-Shaul et al., 2017) was sig-
nificantly increased by Curc-Lo (+87%; p < .05) but not by Curc-Hi.

CD68, a marker of microglial phagocytosis, was increased 2.3-fold
by Curc-Lo (+130%; p < .05), but not Curc-Hi. This supports an in-
creased phagocytic phenotype for Curc-Lo but not Curc-Hi.

Arg1 (an M2 marker) (Gaikwad and Heneka, 2013), was not sig-
nificantly changed by Curc-Lo, but in sharp contrast, Curc-Hi greatly
decreased Arg1 (−66%; p < .005).

iNOS (an M1 marker) (Gaikwad and Heneka, 2013) was decreased
by Curc-Lo (−53%; p < .01) and less so by Curc-Hi (−38%; p < .05).
Further, iNOS and CD11b (both M1 markers) expression levels were
correlated in Curc-Lo (see Gene expression correlations, Table 3 below).

COX-2 (Prostaglandin-endoperoxide synthase 2; PTGS2) is an in-
ducible cyclooxygenase found in neurons, endothelial cells and acti-
vated microglia in Alzheimer brain (Chaudhry et al., 2010) and pro-
duces prostaglandins in response to its upregulation by inflammation.
COX-2 was decreased by Curc-Lo (−66%; p < .0001) and by Curc-Hi
(−54%; p < .005).

Fig. 2. Gene mRNA levels differentially regulated and restored by low and/or high dose curcumin. (A) Gene expression mRNA levels were measured by quantitative
RT-PCR (Taqman method), and levels were normalized to levels of GAPDH or HPRT in each sample. Each gene's mRNA level was normalized to the average level in
the Tg + Control diet animals, whose expression levels are therefore defined as 1.0 in the bar graph. (B) The ratio of mRNA levels for TREM2 and either CD33,
CD11b, or TMEM119 were calculated. Curcumin increased the TREM2:CD33, TREM2:CD11b, and TREM2:TMEM119 gene expression ratios, more so with low dose
curcumin than high dose curcumin. (C) TREM2 mRNA levels in hippocampus of C57Bl/6J mice at 19 months treated with curcumin in diet at doses of 333 ppm and
1000 ppm for 7 days. TREM2 levels were normalized to GAPDH mRNA in the same samples. (D) The ratio of mRNA levels of TREM2 to CD33 (normalized to GAPDH)
in hippocampus and blood buffy coat of C57Bl/6J mice at 19 months treated with curcumin in diet at doses of 333 ppm and 1000 ppm for 7 days. (E) ApoE3-5XFAD
mice (Tg+) with targeted hu ApoE3 and littermate 5xFAD transgene negative (Tg-) (n= 6–10/group) were treated with curcumin at 500 PPM for 2 months starting
at 13 months age. Brain cortex was used to measure microRNA155 (normalized to miR672). The FAD-dependent increase in miR155 was effectively reduced by
curcumin to control levels. Error bars indicate the SEM; ⁎p < .05; ⁎⁎p < .01; ⁎⁎⁎p < .005; ⁎⁎⁎⁎p < .0001. Multivariate analysis was used and post hoc tests included
Fisher's LSD with homogeneity or Games Howell when variances were unequal (p < .05 Levene's test, Table 1).
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Table 1
Statistics for Fig. 2, Gene mRNA levels differentially regulated and restored by low and high dose curcumin.

A. CDllb, CDllc, iNOS, C1q, Arg1 (For Fig. 2A).

MANOVA F(10,30) = 5.545 LSD post-hoc, LEVENE p < .05

Wilks = 0.123, n2 = 0.649, p < .00001 Control vs Low Control vs High High vs Low

logCDllb to control F(2,19) = 4.087, p= .033 0.012 0.076 NS
INOS normal control F(2,19) = 6.950, p= .005 0.002 0.013 NS
COX2 F(2,18) =16.580, p= .0001 0.001 0.001 NS
sqrtC1q to control F(2,19) = 6.589, p= .007 0.050 0.112 0.002
sqrtCD11c control F(2,19) = 3.142, p= .066 0.021 NS 0.155
ARG1 normal control F(2,19) = 5.979, p= .01 0.107 0.003 0.148

B. TMEM and P2yr12 (For Fig. 2A)

MANOVA F(4,52) = 4.654 p Values for GAMES HOWELL post-hoc when LEVENE p > .05

Wilks = 0.542 n2 = 0.264 p < .003 Control/Low Control/High High/Low

TMEM normal Ctrl F(2,27) = 8.057, p= .002 0.001 NS 0.085
P2ry12 normal to control F(2,27) = 7.222, p= .003 0.011 NS 0.008

C. TREM2, CD33, CD68, TYROBP (For Fig. 2A)

MANOVA F(8,48) = 11.226 p Values for GAMES HOWELL post-hoc when Levene p > .05

Wilks = 0.12, n2 = 0.562, p < .0001 Control/Low Control/High High/Low

TREM2 F(2,27) = 9.975, p= .001 0.0001 NS 0.002
CD33 F(2,27) = 10.735, p= .0001 NS 0.0001 0.095
CD68 F(2,27) = 9.788, p= .001 0.038 NS 0.055
TYROBP F(2,27) = 6.844, p= .004 0.049 NS 0.05

D. TREM2 ratios (For Fig. 2B)

MANOVA F(6,34) = 5.039 p values for LSD post-hoc, Levene p < .05

Wilks = 0.280, n2 = 0.471, p < .001 Control vs Low Control vs High High vs Low

TREM2/CD33 F(2,19) = 19.11, p= .0001 0.0001 0.001 0.048
LOG (TREM2/CD11b) F(2,19) = 8.678, p= .002 0.001 NS 0.029
log (TREM2/TMEM119) F(2,19) = 5.247, p= .015 0.005 NS 0.044

E. Log Trem-2 mRNA in hippocampus (For Fig. 2C)

One Way ANOVA F(2,20) = 3.093, p= .070 p Values for LSD post-hoc, Levene p < .05

Control vs Low Control vs High High Vs Low

0.028 NS NS

F. TREM2/CD33 buffy and hippocampus (hippo) (For Fig. 2D)

UNIVARIATE F(5,37) = 5.025 p Values for Games Howell post-hoc, Levene p > .05

2-way dose (hi vs lo) × compartment (buffy vs hippo) p= .013, r2 = 0.250 Control vs Low Control vs High High vs Low

Dose F(2,37) = 6.538, p= .005 buffy 0.001 NS 0.001
Compartment (buffy vs hippo) F(2,37) = 0.32, NS hippo 0.050 NS NS
Dose ⁎ compartment F(2,37) = 3.082, p= .06

G. Log miRNA155 (for Fig. 2E)

UNIVARIATE F(3,28) = 16.482 p Values for LSD post-hoc, Levene p= .354

Two way Diet × FAD p < .001 FAD Curc vs FAD Control Tg- Curc vs Tg-Control FAD control vs Tg- control

Diet F(1,28) = 18.528, p= .0001 0.001 NS p < .001
FAD F(1,28) = 11,225, p= .003
Diet × FAD F(1,28) = 7.624, p= .011
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C1q interacts directly with Aβ, and its expression is markedly ele-
vated in AD (Yasojima et al., 1999). Curc-Lo but not Curc-Hi decreased
C1q (−38%; p < .05).

TMEM119, a brain microglia-specific gene whose gene expression
reduction is a marker of candidate beneficial disease-associated mi-
croglial (“DAM”) phenotype changes in AD and AD mouse models
(Keren-Shaul et al., 2017; Satoh et al., 2016) was reduced by Curc-Lo
(−68%, p < .005), but a lesser reduction by Curc-Hi was not sig-
nificant.

P2ry12, a G-protein coupled receptor, whose gene expression re-
duction marks an early stage of candidate “DAM” beneficial microglial
phenotype changes in AD and AD mouse models (Keren-Shaul et al.,
2017) was reduced by Curc-Lo (−43%; p= .011), but unchanged by
Curc-Hi.

3.2. Gene expression ratios reflect balanced regulation

TREM2:CD33. The ratio of gene expression levels for TREM2:CD33
was increased by curcumin treatments, more so (p < .05) for Curc-Lo
(160 ppm) which increased TREM2:CD33 2.4-fold (p < .0001; Fig. 2B)
while Curc-Hi increased TREM2:CD33 1.9-fold (p < .01), which was
significantly less than the increase by Curc-Lo (p < .05). Further, only
Curc-Lo increased the ratio of TREM2 to TMEM119 (p < .005) and
TREM2 to CD11b (p < .001) (Fig. 2B), indicating that curcumin was
modulating the microglial phenotype, not just increasing microglial
numbers. Another relatively low dose of curcumin (500 ppm) in a base
diet high in n-6 polyunsaturated fatty acids (Calon et al., 2004; Lim
et al., 2005) treated from 17 to 22 months of age also increased the
TREM2:CD33 ratio 54% (from 3.5 on the base diet to 5.4 with curcumin
(p < .001), data not shown) and was also associated with reductions in
amyloid plaques and insoluble Aβ (Yang et al., 2005).

3.3. Gene expression correlations reflect coordinate regulation

Innate immune responses can be coordinately regulated at the gene
transcription level, for example, by NFκB, a transcription factor re-
sponsive to curcumin or by TyroBP, a master regulator of gene ex-
pression changes in AD (Zhang et al., 2013) as well as by PU.1
(Efthymiou and Goate, 2017, see Discussion). Consistent with a co-
ordinated transcriptional impact and tighter control over hub gene
expression, Curc-Lo treatment led to more highly correlated expression
levels of several hub genes and microglial signaling activation markers
(Table 3).

TREM2:TyroBP. TREM2 and TyroBP mRNA levels were significantly
correlated in control diet (r2 = 0.64; p < .01). Curc-Lo increased both
TREM2 and TyroBP mRNA levels, as well the magnitude of the corre-
lations within each animal (r2 = 0.98; p < .01). In contrast, Curc-Hi
treatment eliminated this tight correlation between TREM2 and TyroBP
(r2 = 0.23).

TREM2:CD68. Similarly, TREM2 and CD68 mRNA levels were cor-
related in control diet (r2 = 0.77; p < .01). Curc-Lo increased both
TREM2 and CD68 mRNA levels as well as the magnitude of the corre-
lations within each animal (r2 = 0.98; p < .01). In contrast, Curc-Hi
treatment eliminated the correlation between TREM2 and CD68
(r2 = 0.30, n.s.).

TREM2:phospho-tyrosine (PT). Increased phosphotyrosine is a
marker of microglial activation, reflecting increased phosphorylation of
signaling proteins that regulate microglial phenotypes (see Fig. 1). We
previously showed that, in the same Tg2576 mice analyzed here, Curc-
Lo (160 ppm) increased PT in and around amyloid plaques while de-
creasing PT in other areas (Frautschy et al., 2001; Lim et al., 2001). We
correlated PT levels around plaques with TREM2 mRNA levels in the
contralateral hemisphere within each animal. In control animals,
TREM2 mRNA and PT around plaques were not correlated (Table 3). In
contrast, with Curc-Lo treatment, TREM2 mRNA and PT around plaques
were highly correlated (r2 = 0.96; p < .01). This close relationshipTa
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Table 3
Correlations between gene expression (mRNA levels) affected by curcumin. Coordinated changes in gene expression were evaluated by comparing two gene mRNA
levels, or marker values [phosphotyrosine (PT) or TREM2:CD33 ratio], in conditions of control diet, Curc-Lo, or Curc-Hi.

Ratio of genes or markers

Treatment in Tg2576 TREM2: TYROBP TREM2: CD68 TREM2: PT iNOS: CD11b Arg1: (TREM2:CD33) Arg1: TYROBP

Control diet 0.64⁎⁎⁎ 0.77⁎⁎ n.s. n.s. n.s. n.s.
Curcumin-Low (160 ppm) 0.98⁎⁎ 0.98⁎⁎ 0.96⁎⁎ +0.94⁎⁎ n.s. +0.72⁎

Curcumin-High (5000 ppm) n.s. n.s. PT Not determined n.s. n.s. –0.66⁎

R2 values and statistical significance are shown in each cell for Pearson, 1-tailed correlations. Not significant (n.s.) p > . *p< .05,**p < .01,***p < .001.

Fig. 3. Immunocytochemical colocalization of Aβ and microglial markers in untreated and Curc-Lo (160 ppm) treated Tg2576 mice. Light microscopy images of brain
sections from Tg2576 mice fed control diet (control, left columns) or curcumin 160 ppm diet (Curcumin, right columns) (A–C). Sections were stained as follows: DAPI
(blue, nuclei). (A) Aβ (blue); PT (brown). Compared to control-treated mice, curcumin increase colocalization of PT (microglia) and Aβ in and around the amyloid
plaque. (B) Aβ (blue); CD11c (brown). Curcumin treatment increased the CD11c staining adjacent to the amyloid plaque. (C) In both groups, there was colocalization
of Aβ (blue) and CD11b (brown). (D) Graphs represent image analysis of microglia around plaques according to distance from plaque with ring 1 representing area
within the Aβ-ir plaque and ring width is plaque radius (see Methods). The majority of microglia inhabit the central portion of plaques (Ring 1), while outer portions
of plaques (Rings 2 and 3) contain fewer microglia. Two-way ANOVA was performed (ring ⁎ treatment). Both CD11b and CD11c showed significant ring effects for
both variables (cell size and total cell area per ring, p < .0001). However, there were only treatment effects for CD11c (cell size: p= .05; total cell area: p = .007). t-
tests showed differences between treatments in ring 2 (cell size: p = .003; total area ring: p = .004). Both CD11c variables showed higher values in the Curc-lo group
(E), Griffonia simplicifolia isolectin B4 (red); Aβ (green). In control animals, Aβ plaques and lectin microglia show no overlap (yellow). Curcumin increased the
overlap between lectin-stained microglia and Aβ in and around plaques in the hippocampus. z-plane analysis (right panel shown; z = 0.05) indicated that the overlap
(yellow) occurs in the same optical plane, suggesting internalization of the amyloid by microglia. (F) Aβ (green); PT (red). Curcumin treatment increased the co-
localization (yellow) of PT within and around amyloid plaques. (G) Aβ (green); CD68 (red). Curcumin treatment increased the number of CD68 (phagocytic)
microglia. The inset shows a magnified view of one plaque with extensive overlap (yellow) of CD68 (lysosome marker in microglia) with amyloid. (H) TREM2
(green); PT (red). This section is a plaque-containing field, adjacent to plaques shown by amyloid staining in Panel E. Curcumin treatment increased TREM2 and PT
and increased their co-localization (yellow) within plaques (plaques identified in Panel E). Scale Bar Magnification = 25 μm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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between TREM2 and PT supports an impact of hub genes on tyrosine
phosphorylation in plaque microglia and was further verified by im-
munocytochemical colocalization (see below, Fig. 3B). A similar effect
was seen for TyroBP/DAP12 mRNA levels and PT (data not shown),
reflecting the high correlation between TREM2 and TyroBP/DAP12 in
Curc-Lo animals (see above).

iNOS:CD11b. iNOS and CD11b (both M1 markers) expression levels
were correlated in the Curc-Lo-treated mice (r2 = +0.94; p= .004),
but not in the control-treated mice. Curc-Hi treatment tended to reverse
the correlation to r2 = −0.50 (n.s., Table 1).

Arg1 mRNA levels were significantly and positively correlated with
TyroBP/DAP levels with Curc-Lo treatment but significantly negatively
correlated with Curc-Hi treatment (Table 1).

To summarize gene expression changes and correlations, Curc-Lo
promoted up-regulation of innate immune hub genes TREM2 and
TyroBP and increased their tightly coordinated regulation with peri-
plaque microglial tyrosine phosphorylation known to control functional
activation. Curc-Lo also led to coordinately regulated TREM2 and
CD33, as reflected in their increased ratio, a measure that was useful in
describing curcumin effects in aged mice, described below. Curc-Lo
upregulated markers related to microglial phagocytosis, CD68 and
Arg1, while coordinately down-regulating closely correlated M1 mar-
kers CD11b and iNOS.

In contrast to these effects of Curc-Lo, Curc-Hi treatment showed:
(1) only some of the immunosuppressive effects seen with Curc-Lo and
diminished responses in TREM2, TyroBP, CD68, and Arg1; (2) Curc-Hi
expression ratios of TREM2:TyroBP, TREM2:CD68, iNOS:CD11b, and
Arg1:TyroBP were no longer correlated and (3) C1q was upregulated- in
contrast to suppressed as with Curc-Lo. These findings indicate Curc-Hi
may suppress some beneficial microglial activities related to amyloid
clearance and control of complement.

3.4. Immunomodulatory effect of curcumin in the absence of amyloid
pathology

Because curcumin decreased amyloid burden in Tg2576 mice, and
neuroinflammation markers interact with amyloid load, we in-
vestigated the impact of curcumin on aging in the absence of amyloid
reduction effects. We used aging as a driver of neuroinflammation in
wild-type mice and assessed the dose-dependent impact of short-term
curcumin on the ratio of TREM2 to CD33 expression in both brain and
blood.

C57Bl6/J mice at 19 months of age were treated with curcumin in
diet at levels of 333 ppm and 1000 ppm for 7 days. Blood buffy coat and
hippocampus were harvested, before and after perfusion, respectively.
TREM2 and CD33 mRNA levels were measured and normalized to
GAPDH mRNA in the same samples.

In the hippocampus, curcumin at 333 ppm increased TREM2 by
31% (p < .05) but curcumin 1000 ppm did not (11% increase; not
significant, Fig. 2C). The TREM2:CD33 ratio was significantly increased
by curcumin 333 ppm in both hippocampus (24%; p < .05) and buffy
coat (65%; p = .001) (Fig. 2D, Table 3). In contrast to these effects of
curcumin at 333 ppm, curcumin at 1000 ppm did not change the
TREM2:CD33 ratio in the hippocampus or buffy coat (−36%; n.s.)
Fig. 2D).

These results further define the curcumin dose response showing
beneficial, coordinated regulation at 333 ppm like those seen at
160 ppm, and lack of these beneficial effects and potential deleterious
effects at 1000 ppm like those seen at 5000 ppm. These results show
that dose-dependent effects of curcumin impact inflammation induced
by aging, like those induced by amyloid in the Tg2576 mice.

Immunomodulatory effects of curcumin could be mediated by its
master regulator, microRNA-155 (miR-155) (Krasemann et al., 2017),
which has been shown to be regulated by curcumin in vitro (Ma et al.,
2017). The miR-155 gene contains NFκB elements (Elton et al., 2013)
that could mediate transcriptional control by curcumin's target, NFκB.

To measure miR155 we used another model because there was no re-
maining RNA left from the Tg2576 curcumin study. We treated apoE3-
5xFAD mice (human ApoE3 allele targeted replacement, with (Tg+) or
without (Tg-) the transgene of 5 FAD mutations in the human APP and
PS1 genes) with curcumin at 500 PPM in diet for 2 months starting at
age 13 months. These E3FAD Tg + mice showed a 2-fold increase in
miR-155 compared to FAD Tg- littermates (p < .001) (Fig. 2E), coin-
ciding with the extensive amyloid pathology, inflammation, and neu-
rodegeneration (neuritic dystrophy and synapse loss) at this age. The
Tg2576 and E3FAD have less neuron loss at the ages examined than the
5xFAD (due to ApoE3 slowing progression), but have similar levels of
amyloid and synaptic pathology. Curcumin treatment reduced the level
of miR-155 in FAD Tg + to that of the FAD Tg- mice (p < .001).

3.5. Microglial activation responses to amyloid and low dose curcumin

We previously showed that curcumin has different effects on mi-
croglia in relation to their proximity to amyloid plaques (Lim et al.,
2001). Here we examined plaque-associated microglia, and the co-im-
munolocalization of microglial marker (GS-Lectin) or amyloid plaques
with microglial activation phenotype markers, TREM2, CD68, and
phosphotyrosine (PT) (Fig. 3A–H).

Phosphotyrosine, in microglia was decreased by curcumin treatment
of rodents (mice and rats) in many brain regions when measured away
from amyloid plaques, but was increased in and around amyloid plaques
(Frautschy et al., 2001; Lim et al., 2001). This effect is further evaluated
in the present study co-localizing PT (DAB, brown) and Aβ (Oregon
blue) (Fig. 3A) and confocal imaging (Fig. 3F, green, FITC, Aβ; red,
rhodamine, PT), where representative examples of amyloid plaques
show PT-stained microglial-like cells clustered around plaques in both
control and curcumin-treated mice, but curcumin treatment showed
intensely PT-stained microglia within the plaque itself, consistent with
our previous findings in curcumin-treated, plaque-bearing mice and
rats (Frautschy et al., 2001; Lim et al., 2001).

3.6. Colocalization of plaque-associated PT and TREM2

We hypothesized that if the curcumin-increased PT staining within
plaques reflects phosphorylation in protein signaling cascades asso-
ciated with TREM2 activation, then TREM2 and PT should co-localize
within plaques. Using confocal double-labeling, TREM2 and PT co-lo-
calized in plaques in Curc-Lo treated mice (Fig. 3H). The fluorescent
overlap of TREM2 (green) and PT (red) is shown by yellow fluorescence
within plaques that were verified in the adjacent section with staining
for amyloid (Fig. 3E). This qualitative protein co-localization supports
the quantitative correlation (described above) between elevated
TREM2 mRNA levels and plaque-associated PT levels within animals
treated with Curc-Lo.

Curc-Lo treatment led to a qualitative increased overlap of CD68 (a
marker of phagocytosis) and Aβ/plaques (Fig. 3G) consistent with
elevated CD68 mRNA levels. The inset shows a high magnification of
one plaque showing CD68 (red) microglial morphology, and distinct
overlap (yellow) between CD68 and Aβ (green) (Fig. 3G).

GS Isolectin B4, binds to terminal alpha-D-galactosyl residues of
polysaccharides and glycoproteins, specific to microglia (Streit and
Kreutzberg, 1987) and strongly labels cells with activated morphology
(Taylor et al., 2002). In control animals, amyloid (green) and lectin
(red) microglial staining was typically separate with little overlap
(yellow) as shown in Fig. 3E (left panel). In contrast, Curc-Lo treated
mice (Fig. 3E, right panel), showed abundant co-localization of amyloid
and microglia (yellow amorphous structures). Further, isolated Z-planes
with confocal microscopy revealed that the colour overlap of amyloid
and microglia (overlap is yellow) occurs in the same optical plane,
consistent with internalization of the amyloid by microglia (data not
shown).

Fig. 3B, C shows images of colocalization of Aβ with either CD11c or
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CD11b with control or Curc-lo (Fig. 3B, C). CD11b stained microglia
that were colocalized with Aβ in both groups. In control mice, there was
less staining for CD11c than for CD11b, and the CD11c staining was
diffuse. In contrast, CD11c staining in Curc-lo group was prominent in
cells and colocalized with Aβ inside and outside of the plaque.

This was quantified by image analysis of CD11c and CD11b im-
munostaining in spatial relation to plaques, called ring analysis (illu-
strated in Fig. 3D). Rings 1–3 indicate the cell size and cumulative areas
of CD11b-ir or CD11c-ir; Ring 1 is the area of the Aβ-ir plaque. The
width of Rings 2 and 3 is the plaque radius (see Methods). In untreated
and untreated Tg2576 mice, the majority of CD11b-ir and CD11c-ir
microglia inhabit the central portion of plaques (Ring 1), while outer
portions of plaques (Rings 2 and 3) contain fewer amounts of microglia.

Two-way ANOVA (ring ⁎ treatment) was performed on cell size and
total cell area per ring for both CD11b and CD11c. While there were no
interactions between treatment and ring, both CD11b and CD11c
showed significant ring effects for both variables (cell size and total cell
area per ring): cell size (CD11b: F(2,807) = 217.0, p= .0001; CD11c:
F(2,1118) = 99.9, p= .0001) and total cell area within ring (CD11b:
F(2,807) = 901, p= .0001; CD11c: F(2,118) = 463.2, p= .0001).

While there were no treatment effects with CD11b for any variables,
there were treatment effects for CD11c (cell size: F(1,118) = 3.74,
p = .05; total cell area: F(1,118) = 7.33; p= .007). T-tests showed dif-
ferences between treatments in ring 2 (cell size: t(139) = −3.0;
p = .003; total area ring: t(138) = −3.6, p= .004.)

Because the in vivo results in Tg2576 mice suggested curcumin al-
tered AD-related innate immune gene expression and function, we next
asked whether it might have similar activity with human innate im-
mune cells.

3.7. Curcumin regulation of TREM2 and CD33 protein in human THP-1
monocytic cell line in vitro

THP-1 is a human monocytic cell line that can be activated by high
glucose (HG), and the resulting pro-inflammatory phenotype can be
suppressed by 1.5 μM curcumin through NF-κB inhibition (Yun et al.,
2011). We used this model to test whether this suppression of the in-
flammatory response by curcumin involves altered TREM2 and CD33
expression. Consistent with a delayed TREM2 response, after 72 h of HG
treatment, TREM2 protein was significantly increased by low dose
curcumin (0.1 μM), but not high dose curcumin (1.5 μM) (Fig. 4A, B)
but TREM2 protein was not modulated in this system at 24 h of HG
treatment.

In contrast, although CD33 protein was modulated in this system at
24 h but not 72 h of HG treatment: at 24 h of HG treatment, CD33
protein was decreased by both low dose curcumin (0.1 μM) and high
dose curcumin (1.5 μM) (Fig. 4C, D). These results suggest amyloid-
independent, direct time- and dose-dependent effects of curcumin on
TREM2 and CD33 protein levels in human innate immune cells re-
sembling the in vivo mRNA expression effects in Tg2576 mouse brain.

3.8. Curcumin stimulation of microglial phagocytosis, migration, and
morphology in vitro

While co-cultured rodent microglia on unfixed human AD brain
tissue sections fail to clear amyloid plaques (Ard et al., 1996), several
groups have observed anti-Aβ antibody stimulation of plaque clearance
with this system (Bard et al., 2000; Demattos et al., 2012; Hashioka
et al., 2008; Lucin et al., 2013; Ostrowitzki et al., 2012). To examine the
effect of curcumin on microglial phagocytosis of amyloid plaques, pri-
mary neonatal mouse microglia (400,000 cells) were evenly seeded on
human AD plaque-laden cryostat sections (unfixed, serial 10 μm, tem-
poral lobe) and cultured in vitro for 48 h with adjacent sections treated
with curcumin (0.1 μM) or vehicle control (ethanol). Microglial re-
sponses (migration to plaques and clearance of amyloid, cytokine pro-
duction) in brain slices and in response to curcumin were examined. Co-

localization of Aβ (4G8) and microglia (Ox42) was examined using
confocal microscopy. Compared to vehicle treatment (Fig. 5A), cur-
cumin (0.1 μM) treated cultures revealed microglial clustering in and
around amyloid plaques (Fig. 5B). Some curcumin-treated microglia
were co-localized with Aβ staining as shown by the yellow overlap in
Fig. 5C, consistent with microglial internalization of Aβ.

Microglial density was quantified by measuring the percentage area
of microglia in high plaque-containing grey-matter and low-plaque
containing white matter regions of the AD brain sections, by image
analysis of OX42+ microglia. In plaque-rich regions, curcumin
(0.1 μM) significantly increased the number of microglia by 50%
compared to vehicle treatment (t-test p= .008), but curcumin had no
impact in non-plaque regions (white matter), or on control glass slides
with no AD section (Fig. 5D). Comparing serial sections with phase
contrast observations, curcumin appeared to stimulate the seeded mi-
croglia to migrate to and cluster on amyloid plaques. Microglial mor-
phology also differed between these culture regions. Microglia on top of
the AD brain slices had an amoeboid morphology, compared to mi-
croglia on the glass slide outside of the AD brain slice, which had
branched pseudopodia (data not shown).

3.9. Curcumin decreased microglial secretion of IL1β

IL1β secreted by microglia, an index of activation state, was mea-
sured in media from curcumin-treated and control (ethanol)-treated co-
cultures of human AD slices with mouse microglia. Consistent with
immunomodulatory activity, low-dose curcumin treatment (0.1 μM)
decreased the level of IL1β by 61% (⁎p < 1 × 10−6) (Fig. 5F).

3.10. Curcumin stimulates amyloid beta removal by microglia

In this system, the untreated microglia do not significantly remove/
phagocytose amyloid plaques (Ard et al., 1996). After 48 h, Aβ in sec-
tions was extracted with formic acid and assayed by ELISA. Cultures
without microglia had the same level of Aβ remaining as control cul-
tures with microglia (Fig. 5E, first two bars). Curcumin treatment
(0.1 μM) decreased the level of Aβ remaining by 24% (p < .04)
(Fig. 5E).

Similar results were obtained in a different system where Aβ40 was
exogenously-deposited in ex vivo neonatal organotypic hippocampal
slice cultures (OHSC) from C57Bl6 mice with viable endogenous mi-
croglia (Harris-White et al., 1998). After Aβ40 was deposited, cultures
were treated with low (5 μM) or high (50 μM) doses of curcumin for
4 days. Low dose curcumin, but not high dose curcumin, caused a 51%
loss of the previously-deposited exogenous Aβ (p= .053) (Fig. 5G).
This ability of low but not high dose curcumin to decrease deposited Aβ
in vitro resembles our in vivo data.

3.11. Anti-Aβ antibody stimulates removal of amyloid

In both of these in vitro/ex vivo systems, in which curcumin in-
creased amyloid removal by microglia, treatment with an antibody to
Aβ (10G4) also significantly decreased Aβ levels by 48% (p= .025) in
human AD slices with mouse microglia (Fig. 5E) and by 52% (p < .05)
in OHSC with exogenously-deposited Aβ (Fig. 5G). This is consistent
with previous reports of antibody to Aβ mediating microglial removal
of amyloid in this ex vivo system (Bard et al., 2000; Demattos et al.,
2012; Hashioka et al., 2008; Lucin et al., 2013; Ostrowitzki et al.,
2012).

3.12. Gene expression levels in Tg2576 mice at older ages and in response to
passive immunization with anti-Aβ antibodies

To further compare anti-Aβ treatment effects with curcumin effects
on microglial gene expression, we examined innate immune gene ex-
pression levels in mouse brain in vivo. We measured levels of mRNA in
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Tg2576 mice at 22 months of age and at 22 months of age in response to
passive immunization with antibodies to Aβ. Compared to transgene-
negative littermates, TREM2 in Tg2576 transgene-carrying mice was
increased 2.2-fold (p < .01) at 22 months of age (Fig. 6, left). We have
previously shown 10G4 antibody treatment reduces amyloid in Tg2576
mice (Ma et al., 2006, 2007). Passive immunization of 22 month old
Tg2576 mice with anti-Aβ (10G4) for 2.5 months caused a 2.4-fold
increase in TREM2 mRNA in the brain, compared to control (isotype
antibody treated) Tg2576 animals (Fig. 6, right).

4. Discussion

Low dose curcumin, that reduces amyloid burden and chronic
neuroinflammation (Lim et al., 2001; Yang et al., 2005), coordinately
increases expression of innate immune genes TREM2, TyroBP and Arg1
while decreasing, CD11b, iNOS, COX-2, C1q, and the sialic acid-binding
“siglec” receptor CD33. Our data is consistent with curcumin playing an
immunomodulatory rather than simple immunosuppressive role in
correcting dysfunction in the innate immune system.

Reduction in aberrant CD33 expression may facilitate curcumin's
correction of dysregulation in this tightly regulated feedback loop. This
is consistent with clinical, genetic and basic research, which suggest
that aberrant overexpression or increased functional forms of CD33
impede amyloid clearance (Bradshaw et al., 2013; Griciuc et al., 2013;
Guerreiro et al., 2013; Jonsson et al., 2013; Malik et al., 2013, 2015;
Pottier et al., 2016). However, curcumin targeting of CD33 alone was
not sufficient for correcting immune function in our model since high
dose curcumin that reduced CD33 did not reduce amyloid burden. In
contrast, the diminished efficacy of high dose curcumin on amyloid
clearance paralleled a diminished stimulation of TREM2, TyroBP, Arg1,
and CD68, (another index of phagocytosis), supporting a coordinated
role of multiple gene products working together in restoring aberrant
innate immune function.

Coordinated decreases in CD33 and increases in TREM2 and TyroBP
are all predicted to act in concert to increase microglial tyrosine kinase
signaling, consistent with TREM2 correlating with increased microglial
phosphotyrosine immunoreactivity in the Curc-Lo group. We previously
reported that amyloid-reducing doses of Curc were consistently asso-
ciated with decreased IL1β and microgliosis distal to plaques, but in-
creased PT-labeled microglia within and adjacent to amyloid plaques

(Frautschy et al., 2001; Lim et al., 2001). PT is increased by Aβ oligo-
mers in both rodent models and human disease (Dhawan et al., 2012).
In the Curc-lo group, plaque-associated PT appeared to be co-localized
with TREM2 protein and correlated with increased TREM2 mRNA le-
vels, consistent with Curc-lo increasing the TREM2/TyroBP (DAP12)-
coupled tyrosine kinase signaling. Together these findings support a
major role for TREM2 working in concert with CD33 and TyroBP
mediating the Curc-lo diet impact on increased peri-plaque microglial
tyrosine phosphorylation signaling, amyloid reduction and decreased
pro-inflammatory IL1β. This is consistent with prior reports, using high-
resolution confocal microscopy showing plaque-associated microglia
are enriched in TREM2, especially at the leading edges of microglia
processes directly contacting amyloid plaques, similar to TYROBP, and
phosphorylated tyrosine (Yuan et al., 2016).

In our study, TREM2 increases within the context of other network
gene alterations that appear critical to amyloid lowering, clinical and
research data present a complex and controversial role of selective
genetic alteration of TREM2 expression in AD models which can be
both protective and deleterious (Song et al., 2017). For example, 50%
TREM2 loss altered microglial morphology but had little effect on
plaques (Ulrich et al., 2014) or increased plaques (Cheng-Hathaway
et al., 2018), while TREM2 knockout crossed onto mutant APP/PS1
mice decreased Aβ internalization and caused late-stage increases in
plaques (Wang et al., 2015). However, subsequent studies found that
TREM2 deficiency increases amyloid at later stages and suggests stage-
dependent effects that help explain these disparate reports (Jay et al.,
2017). Further, the effect of TREM2 over- or under-expression in AD
dendritic cells is genetic variant-dependent (Song et al., 2017). TREM2
is focally upregulated along with TyroBP/DAP12 in phagocytic micro-
glia-like cells around plaques (Frank et al., 2008; Melchior et al., 2010),
which may occur in invading macrophages (Jay et al., 2015) or resident
microglia (Hickman and El Khoury, 2014; Wang et al., 2016). Re-
gardless, lentiviral-directed microglial overexpression of TREM2 de-
creased amyloid, neurodegeneration, and neuroinflammation in young
(Jiang et al., 2014) but not old mice (Jiang et al., 2017). These data
show context-dependent effects and support the importance of restoring
coordinated feedback interactions within other parts of innate immune
network in older subjects with longstanding pathology.

Nevertheless TREM2 overexpression in tau-p301s mice also limited
tauopathy, neurodegeneration, and neuroinflammation, while

Fig. 4. Curcumin dose effects on TREM2 and CD33 protein in activated human THP-1 monocyte cells in vitro. Treatment of Thp-1 cells with high glucose (HG)
models NFκB-regulated inflammation. Cells were treated for 1 h with 0.1 μM or 1.5 μM curcumin, then treated with HG (or mannitol control, (CNTR)) for 24 or 72 h,
then cells were harvested and proteins quantified on Western blot; TREM2 and CD33 protein levels were normalized to GAPDH protein levels within same sample.
(A) Western blot of TREM2 and GAPDH. (B) Levels of TREM2 normalized to GAPDH. (C) Western blot of CD33 and GAPDH. (D) Levels of CD33 normalized to
GAPDH. ⁎⁎⁎p < .001. All values represent the average and SEM of triplicate wells.
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increasing Arg1 and other M2 microglial markers (Jiang et al., 2016)
while TREM2 SNPs impact CSF tau, tangles, and AD progression
(Cruchaga et al., 2013) arguing for a positive TREM2 role beyond
amyloid phagocytosis (Ghosh et al., 2013; Kitazawa et al., 2011; Li
et al., 2003).

TREM2 increases in our mice survived normalization to CD11b (a
microglial activation marker) arguing against microglial activation and
proliferation mediating TREM2 increases. Instead there was evidence of
immunomodulation as Curc-lo, (relative to Curc-hi) increased TREM2
relative to CD33 and the effect was independent of amyloid since this

(caption on next page)
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was also observed in aged C57Bl6/J wildtype mice. Aging (Flanary
et al., 2007) without amyloid drives microglial gene expression changes
that include significant reductions in TREM2, and in TyroBP (DAP12),
central to a microglial “sensome” hub (Hickman et al., 2013), sug-
gesting curcumin-increased TREM2 in aging brain could be restorative
in the context of coordinate increases in TyroBP.

Curcumin increased TREM2:CD33 ratio in the blood buffy coat
cells in aged C57Bl/6J (Fig. 2D) which could provide a surrogate
biomarker of immunomodulation in human studies. Low dose cur-
cumin but not high dose curcumin also increased TREM2 and de-
creased CD33 in human THP-1 which is homozygous for the CC CD33
risk allele (Fig. 4).

Taken together, these results show that curcumin's transcriptional
restoration of hub genes central to the innate immune network can
occur in the absence of amyloid-driven inflammation in vivo in brain
and blood and directly in human monocytic THP-1 and mouse micro-
glial cells.

In vivo upregulation of TyroBP, a master regulator of gene expres-
sion changes in AD (Zhang et al., 2013), by curc-lo was closely corre-
lated with increased TREM2 and Arg1. Both these genes are in reg-
ulatory networks controlled by PU.1 and NFκB (Numasawa et al., 2011;
Satoh et al., 2012) that also include CD33, CD68, and CD11b (Zhao
et al., 2016). NFκB activation, driven by IKK phosphorylation (Zhang
et al., 2013) is a direct inhibitory target of curcumin (Bharti et al.,
2003; Pan et al., 2000). Since increased miR-155 expression is a central
drive for “neurodegenerative microglia” linked to deleterious activities,
including dystrophic neurite formation (Keren-Shaul et al., 2017), the
observed reduction of miR-155 by curcumin should limit a degenerative
microglial phenotype and account for curcumin's rapid amelioration of
dystrophic neurites (Garcia-Alloza et al., 2007). In turn, miR-155 is
increased by IKK and NFκB explaining miR-155 reduction by curcumin
(Ma et al., 2017). Thus, curcumin's inhibition of NFκB may explain our
expression and protective phenotypic changes.

Innate immune cells have the capacity to clear amyloid upon initial
exposure to Aβ or inflammatory cytokines (Frautschy et al., 1992;
Koenigsknecht and Landreth, 2004; Kopec and Carroll, 2000; Streit
et al., 2004a). But, with chronic exposure, the unresolved inflammation
represses microglial phagocytic machinery (Floden et al., 2005; Streit
et al., 2004b), producing “bystander microglia” (Ard et al., 1996;
Chung et al., 1999; Frackowiak et al., 1992; Kloss et al., 2001). Cur-
cumin stimulates new microglial migration (Karlstetter et al., 2011) to
plaques that can depend on TREM2 (Cheng-Hathaway et al., 2018;
Wang et al., 2016), and stimulates amyloid clearance tracked by multi-
photon imaging (Garcia-Alloza et al., 2007). TREM2 AD-risk SNPs
greatly reduce cellular phagocytic activity (Kleinberger et al., 2014)
(albeit not consistently, Yuan et al., 2016). We show that low dose
curcumin increases phagocytosis of BV2 microglia (Fig. 5H), increased
expression of CD68, a marker of microglial phagocytosis (Fig. 2A), and
increases removal of amyloid in brain slice cultures (Fig. 5). Our data
provide a plausible role for increasing coordinated TREM2/ TyroBP hub
gene expression controlling many genes involved in microglial motility,
migration and phagocytosis (Forabosco et al., 2013). Functionally,
curcumin stimulated downstream tyrosine phosphorylation illustrated
by increases in microglial PT, overlap of PT and TREM2, and overlap of
CD68 (a marker of phagocytosis) and TREM2. Increased overlap of Aβ
and myeloid cells (TREM2, lectin or CD68) support clearance in vivo
analogous to our findings of Aβ reduction and recruitment of microglia

Fig. 5. Human Alzheimer's disease autopsied brain sections cultured with mouse microglia and treated with curcumin in vitro. (A-F) Microglia (from neonatal mice;
400,000 cells) were evenly seeded on top of cryostat sections (10 μm thick) of AD human brain with high amyloid plaque burden. Cultures were maintained for 48 h,
then harvested for Aβ ELISA or fixed for ICC. (A, B, C) Sections were double-labeled for Aβ (red, 4G8 (Aβ1–13) antibody) and microglia (green, OX42, an antibody to
CD11b/c) for confocal microscopy. Compared to vehicle treatment (A), curcumin treatment (0.1 μM) increased clustering of microglial around plaques (B), which
suggested that CDllb/c co-localized with Aβ staining (yellow) (C). The magnification scale bar indicates 50 μm. (D) Percentage area stained with OX42 in AD brain
sections was calculated using Image J and values for curcumin treatment (0.1 μM) normalized to control. Plaque-containing regions but not non-plaque containing
regions or control glass, showed that Curc increased CD11b/c staining (50% increase, t-test ⁎⁎p = .008). (E) The effect of curcumin or Aβ antibody (10G4) in AD brain
slices co-cultured with or without primary murine microglia on Aβ levels (measured by ELISA). Adjacent AD brain slices were used pairwise for treatment (treat.) and
control (cnt.) conditions, so that Aβ levels were similar across pairs [n= 6 pairs of cultures for curcumin (0.1 μM) vs. vehicle; n= 6 pairs for microglia (+ cells) vs.
no microglia (− cells); and n= 3 pairs for 10G4 vs. control antibody (IgG2b)]. Aβ levels for each treatment were normalized to levels in adjacent control slices. Aβ
levels in paired treatment and control slices were analyzed by a non-parametric pairwise statistical test. The presence of microglia (+ cells) did not change Aβ levels
compared to adjacent slices without microglia (−cells). Curcumin and 10G4 treatment reduced the level of Aβ by 24% (p < .04) and 48% (p= .025), respectively.
(F) IL-1β in microglia-conditioned media. Il-1β was measured by a mouse-specific ELISA in media from curcumin (0.1 μM) treated and control (ethanol) treated
microglia that were cultured on unfixed AD brain tissue slices. Curcumin treatment (0.1 μM) reduced the level of IL-1β by 61% (⁎⁎⁎ANOVA p < 1 × 10−6). (G) Ex
vivo organotypic hippocampal slice cultures from wild-type mice were exposed to exogenous Aβ40 for 4 days and then treated with curcumin at low dose (5 μM) or
high dose (500 μM) or the anti-Aβ antibody 10G4 (5 mg/ml) for 4 more days. Aβ levels in treated slices were normalized to Aβ levels in vehicle treated slices. Aβ
levels measured by ELISA were reduced by low dose curcumin by 51% (⁎p < .05) but were not changed with high dose curcumin, and the anti-Aβ antibody 10G4
reduced Aβ levels by 52% (p < .057). (H) BV2 microglia phagocytosis of fluorescent E. coli particles. Pretreatment of BV2 cells with 1 μM curcumin stimulated
phagocytosis by 57% (⁎p < .05). Independent samples t-test showed a significant difference in values of phagocytosed fluorescent E-coli in cells after treatment with
curcumin (mean = 30.25, SD 5.888) versus vehicle (mean = 19.5, SD 2.986); T(6) = −3.56). Error bars indicate the SEM. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. TREM2 gene expression levels in Tg2576 mice at 22 months of age and
in response to passive immunization with anti-Aβ antibody. TREM2 mRNA
levels were measured in the cortex of Tg2576 mice (Tg+; n= 8) or their non-
transgenic littermates (Tg-; n= 8), and levels were normalized to Tg + mice
(=1.0) (left two bars)`. TREM2 mRNA was measured in Tg+ mice treated by
i.p. passive immunization with antibody to Aβ 10G4 “vaccine” (n= 4), or
control antibody IgG2b “cont” (n= 8), and levels were normalized to control
treatment Tg+ mice (=1.0) (right two bars). All mRNA levels were initially
normalized to the levels of GAPDH mRNA in the same sample. ⁎p < .05;
⁎⁎p < .01. Error bars indicate the SEM.
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to plaques in human AD brain and AD model slices cultured with rodent
microglia.

Active or passive anti-Aβ antibodies also act to increase amyloid
phagocytosis (Bard et al., 2000; Demattos et al., 2012; Ostrowitzki
et al., 2012; Schenk et al., 1999) via microglial recruitment
(Koenigsknecht-Talboo et al., 2008) and Fc-Receptor pathway activa-
tion (Bacskai et al., 2001; Bard et al., 2003; Bard et al., 2000), with
increased CD68 (Zotova et al., 2011). For example, aducanumab, sti-
mulated microglial recruitment and phagocytic clearance of amyloid by
mouse microglia in vitro and in AD model mice successfully predicting
reduced Aβ plaques with potential cognitive benefits in a clinical trial
(Sevigny et al., 2016). TREM2 pathways overlap with this beneficial Fc
receptor signaling. Vaccination with Aβ in AD model mice increases
TREM2 and amyloid clearance (Fisher et al., 2010), while TREM2 de-
ficiency decreases anti-Aβ-induced amyloid clearance (Xiang et al.,
2016). Consistent with this, we found that that anti-Aβ increased
TREM2 mRNA in brain, and stimulated amyloid clearance in slices of
human AD brain and rodent hippocampus. This is consistent with our
hypothesis (Fig. 1) that increased TREM2/TyroBP signaling to Syk
could parallel and substitute for the anti-Aβ Fc signaling to Syk. These
parallels support curcumin as a low cost, small molecule candidate
therapy for AD prevention.

Curcumin is in numerous clinical trials for inflammatory conditions.
However, our own and other early AD clinical trials did not achieve
therapeutic free curcumin plasma levels (reviewed in Goozee et al.,
2016). In animal models, we reported effective dosing provided plasma
levels of ~50–200 nM free curcumin. The Curc-Lo group dosing pro-
duced brain levels ~0.6 μM, which correlated with decreased brain
IL1β and GFAP (Begum et al., 2008). New formulations increase human
blood levels of free curcumin to therapeutic levels (Gota et al., 2010),
label human retinal amyloid in vivo (Koronyo et al., 2017), decrease
plasma Aβ in middle aged subjects (Disilvestro et al., 2012), and im-
prove memory and other cognitive endpoints after short-term treatment
in a healthy older population (Cox et al., 2015).

Limitations of the study include that it was not powered to detect
sex effects. Also, this study and others' data show that curcumin has
immunomodulatory activity independent of amyloid, we cannot ex-
clude that curcumin bound to amyloid (via the diketone bridge, Yang
et al., 2005) also independently alters the inflammatory response; since
its metabolite, which binds amyloid with lower infinity, has a reduced
effect on clearance of amyloid (Begum et al., 2008).

5. Conclusion

In conclusion, our data highlight a potential key mechanism un-
derlying the actions of curcumin as an immunomodulator of the
TREM2-CD33-TyroBP hub, promoting beneficial inflammatory states in
the brain and ameliorating Alzheimer's pathology. Both TREM2 and
CD33 are expressed by microglia, among other cells types, and there-
fore highlight the potential therapeutic relevance of targeting this
pathway to modulate a neuroinflammatory outcome. Curcumin stimu-
lates phagocytosis, alters expression of inflammatory cytokines and has
been shown to specifically influence pathogenesis in AD models. The
data show that the innate immune regulatory hub genes under tran-
scriptional control by AD genes, can be coordinately regulated by cur-
cumin to emulate Aβ immunotherapy and control signaling and pha-
gocytic clearance of amyloid in vitro and in vivo.
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