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Abstract

As immune defects in amyloid-p (AB) phagocytosis and degradation underlie AB deposition and
inflammation in Alzheimer’s disease (AD) brain, better understanding of the relation between Af
phagocytosis and inflammation could lead to promising preventive strategies. We tested two
immune modulators in peripheral blood mononuclear cells (PBMCs) of AD patients and controls:
1a,25(0OH),-vitamin D3 (1,25D3) and resolvin D1 (RvD1). Both 1,25D3 and RvD1 improved
phagocytosis of FAM-AB by AD macrophages and inhibited fibrillar AB-induced apoptosis. The
action of 1,25D3 depended on the nuclear vitamin D and the protein disulfide isomerase A3
receptors, whereas RvD1 required the chemokine receptor, GPR32. The activities of 1,25D3 and
RvD1 commonly required intracellular calcium, MEK1/2, PKA, and PI3K signaling; however, the
effect of RvD1 was more sensitive to pertussis toxin. In this case study, the AD patients: a)
showed significant transcriptional up regulation of ILIRN, ITGB2, and NFxB; and b) revealed
two distinct groups when compared to controls: group 1 decreased and group 2 increased
transcription of TLRs, IL-1, IL1R1 and chemokines. In the PBMCs/macrophages of both groups,
soluble AB (sAP) increased the transcription/secretion of cytokines (e.g., IL1 and IL6) and
chemokines (e.g., CCLs and CXCLs) and 1,25D3/RvD1 reversed most of the sAp effects.
However, they both further increased the expression of IL1 in the group 1, sp-treated cells. We
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conclude that in vitro, 1,25D3 and RvD1 rebalance inflammation to promote Ap phagocytosis, and
suggest that low vitamin D3 and docosahexaenoic acid intake and/or poor anabolic production of
1,25D3/RvD1 in PBMCs could contribute to AD onset/pathology.
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INTRODUCTION

According to the amyloid-f (AB) hypothesis [1], the deposition of different forms of AB in
Alzheimer’s disease (AD) brain is the cause of the AD neuropathology [2]. Consistent with
this hypothesis, AP clearance is reduced in AD patients in comparison to control subjects
[3]. Physiological mechanisms of A clearance in mice involve binding to apolipoprotein E
and J proteins and transport across the blood-brain barrier in complexes with low density
lipoprotein receptor-related protein 1 and 2 [4], enzymatic degradation (reviewed in [5, 6]),
and phagocytosis and degradation by microglia [7]. The latter mechanism has been exploited
in AD patients by AP vaccine and passively-administered AB antibodies [8]. The vaccine
produced in some patients focal clearance of parenchymal Ap deposits [9], but has been
fraught with complications [10].

AP uptake and degradation depend upon microglia/macrophages, but macrophages of AD
patients are defective in AB binding and uptake [11] and AP degradation [12]. Peripheral
macrophages have also been shown to infiltrate the AD brain [13]. We have studied several
nutraceutical approaches to improve AB phagocytosis: the curcuminoid
bisdemethoxycurcumin [11], the hormonal form of vitamin D3 1a,25-dihydroxyvitamin D3
(1,25D3) [14], and resolvins and neuroprotectins derived from the omega-3 fatty acid
docosahexaenoic acid (DHA) [15, 16]. In macrophages, 1,25D3 stimulates genomic and
nongenomic responses [17] through the nuclear vitamin D receptor (VDR), which is present
in nuclear and extranuclear locations [18]. In AD brain, the actions of 1,25D3 are
diminished, given the decrease of VDR expression in neurons induced by Af [19].

In the AD brain, activated microglia/macrophages and astrocytes display inflammatory
cytokines, chemokines, cell adhesion molecules, and complement components [20].
Cytokines have been shown to have a bi-functional role in the brain. Cytokines, like TNFa,
are clearly neurotoxic in Parkinson’s disease [21], but can also neuroprotective and
neuroreparative (e.g., IL6 signaling through its membrane receptor (IL6R) [22]).
Furthermore, the cytokine IL1p initiates the inflammatory cascade and has divergent
neurotoxic and AR clearance supportive roles in the hippocampus of IL1-transgenic mice
[23].

To gain insight into the effects of 1,25D3 and resolvin D1 (RvD1) on phagocytosis and
inflammation, we examined: a) the receptors and signaling pathways required for 1,25D3
and RvD1 to promote FAM-AP phagocytosis; b) baseline transcription of inflammatory
genes in AD patients versus controls; and c) transcriptional regulation of inflammatory
genes by AB and the lipidic molecules. 1,25D3 and RvD1 retuned the imbalance between
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phagocytosis and inflammation through different receptors and both specific and common
pathways.

MATERIAL AND METHODS

Study Population

The study was approved by the UCLA IRB in AD patients and controls who signed
Informed Consent. The diagnosis of probable AD was made by the NINCDA/ADRDA
criteria [24], and the patients were cognitively evaluated by the Mini-Mental Status
Examination (MMSE). The effects of RvD1 and 1,25D3 were tested in peripheral blood
mononuclear cells (PBMCs) of 5 sporadic AD patients and 3 control subjects (active UCLA
professors) (Table 1).

Reagents and Antibodies

Reagents—DHA (Sigma Corp., St. Louis, MO, USA); Resolvin D1 (RvD1, Cayman
Corporation, Ann Arbor, MI, USA); 1a,25-dihydroxyvitamin D3 (1,25D3 and the analogue
KH, gift from Anthony W. Norman, University of California, Riverside, CA, USA); U0126
(Calbiochem, catalog #: 662005); calphostin C (Calbiochem, catalog #: 208725); Y27632
(Calbiochem, catalog #: 688001); EGTA (Calbiochem # 324626); wortmannin (Ascent
Scientific LLC, Princeton, NJ, USA); pertussis toxin (List Biological laboratories,
Campbell, CA, USA).

Antibodies—Ab099, anti-Protein disulfide isomerase (PDIA3), a.k.a. endoplasmic
reticulum stress protein 57 (ERp57, Ilka Nemere, Utah State University) [25]; anti-IL13
NH2 terminal (Aviva, San Diego, CA, USA); anti-GPR32 (GenTex, catalog # GTX108119).

Cytokines—Recombinant interleukin-1p (NIH #PHC0815).

Cytokine Immunoassays

Supernatant concentrations of IL1p, IL6, IL10, GM-CSF, IL12, IFNy, TNFa, IL2, and L4
were assayed using the human-specific ELISA tests (R&D Systems, Minneapolis, MN,
USA).

Amyloid-B Forms

Soluble AB1.42 (SAB42) (California Peptide Research, Napa Valley, CA, USA, catalog #
641-15) was dissolved in DMSO (1 pg/uL). To prepare fibrillar ABq_42 (FAB42), AR was
dissolved in 60 mM NaOH, and then diluted into 1 volume of water, after which an equal
volume of 20 mM phosphate buffer, pH 7.4, was added. Samples were sonicated in an
ultrasonic water bath (model B1200-R, Branson Ultrasonics Corp., Danbury, CT, USA), for
1 min at 22°C, transferred into centrifugal filters (30,000 molecular weight cutoff, Centricon
YM-30, Millipore Corp.), and centrifuged at 16,000 x g using a bench top microcentrifuge
(Eppendorf model 5415C, Brinkmann Instruments) for 30 min. The filtrate, containing low
molecular weight AB, was incubated at 37°C without agitation to allow fibril assembly [26].
Fibrillar FAM-A1.42 (Anaspec, San Jose, CA, USA, catalogue #23526) was prepared the
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same way as fAB. By definition, low molecular weight Af contains monomeric A in
equilibrium with low order oligomers [27].

Macrophage Culture and Phagocytosis of Ap

PBMCs were isolated by Ficoll-Hypaque gradient technique from venous blood and were
differentiated into macrophages (7-14 days) in IMDM medium (Thermo) with 10%
autologous serum as described [11] [12]. Replicate AD macrophage cultures were pre-
treated with either U0126 (72 nM), Wortmannin (500 nM), PKI (500 nM), PTX (1 pg/ml),
EGTA, MK (10‘7M), anti-GPR32 (Chr32, 1/200), anti-PDIA3 (1/400), or sham for 30 min,
and then were treated with 10 nM 1,25D3 or 26 nM RvD1 and exposed to FAM-AB4, (2
pg/ml in DMSO) overnight (18-24 h; all cultures were treated in parallel and the relative
effects were not changed by the duration of incubation), stained with phalloidin-Texas Red
(Sigma) and DAPI (InVitrogen), photographed in Olympus B-max microscope with
Hamamatsu camera, and fluorescence was determined in four fields (40x objective) using
Image Pro software and expressed as Integrated Optical Density (I0D) per macrophage.
Data are mean + SEM.

Real Time PCR

Following isolation by the Ficoll-Hypaque technique, approximately 3.0 x 106 PBMCs were
incubated overnight in IMDM medium alone (—/-, “basal”), IMDM with 2 pg/ml AB4, (+/-,
“ABy4o treatment™), IMDM with 10 nM 1,25D3 and 2 pg/ml ABgo (+/+, “1,25D3” treatment),
or IMDM with 26.0 nM RvD1 and 2 pg/ml ABgo (+/+, “Resolvin” treatment). Cells were
pelleted by centrifugation, resuspended in RNA protection medium (Qiagen, Valencia, CA)
for storage. Total RNA was extracted using the RNeasy Mini-prep (+ deoxyribonuclease
step) kit and, as needed, concentrated and cleaned up (Qiagen RNeasy MinElute Cleanup
kit) on the day the array was plated. cDNA was then prepared from 300 ng of total RNA
using the RT2 First Strand Kit and was added to RT-PCR reagent SYBR Green Master Mix
according to manufacturer protocol (Qiagen). 10 pl of the mixture was added to each of the
384-wells of the RT? Profiler inflammatory and autoimmune gene array PAHS-077G or
nuclear receptor and co-regulator array PAHS-056G (Qiagen). The RT-PCR reaction was
performed on the Roche LightCycler 480. Data was processed by the AAC; method using
proprietary tools supplied by SABiosciences PCR Data Analysis Web Portal (Qiagen). Each
array included control wells of (a) the threshold cycle values for genomic DNA
contamination, (b) inhibition of reverse transcription, (c) a positive PCR control, and (d) five
housekeeping genes. The fold regulation for a given gene was calculated by comparing a
control to a treatment group and using the 2 “AACY) normalized with housekeeping genes
and other genes on the array with recorded C; values within 0.5 cycles across the control and
treatment groups.

Statistical Analysis

Differences between phagocytosis of Ap by macrophages treated with various ligands were
tested by ANOVA with multiple comparisons and Bonferroni correction and testing of
homogeneity of variance by the Levene statistic. The effects of 1,25D3 and RvD1 on
phagocytosis were tested by Pearson correlation analysis. Significant regulation of a given
gene was determined from running three separate arrays on three separate control and

J Alzheimers Dis. Author manuscript; available in PMC 2014 May 31.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Mizwicki et al.

RESULTS

Page 5

treatment groups. p-values were determined using the proprietary tools supplied in the
SABiosciences PCR Data Analysis Web Portal and the data are presented as volcano plots
(p-values on y-axis and fold-regulation differences on the x-axis).

1,25D3 and RvD1 increase AR phagocytosis and decrease apoptosis through specific
receptors and common signaling pathways

The macrophages of AD patients are defective in phagocytosis of AB, whereas in
comparison macrophages of age-matched cognitively-normal subjects are fully functional
[12]. Here we compared the 1,25D3 and RvD1 effects on FAM-Af phagocytosis, by
macrophages, in five AD patients and 3 controls (Supplementary Fig. 1; available online:
http://www.j-alz.com/issues/34/vol34-1.html#supplementarydata02). In all AD
macrophages, phagocytosis was increased by 1,25D3 and RvD1 in a concentration-
dependent and additive fashion (107 M >1078 M >107% M 1,25D3; 260 nM >26 nM >0.26
nM RvD1) (Fig. 1). The effect of 1,25D3 was completely blocked by the human
VDR-1,25D3 genomic antagonist “MK” [14] and the neutralizing antibody Ab099 [25],
demonstrating that the VDR and the PDIA3 are both required for 1,25D3 to promote FAM-
Ap phagocytosis by AD macrophages. The effect of RvD1 was not blocked by the 1,25D3
inhibitors, but was by the antibody to its G-protein coupled receptor, GPR32 [28]. Pertussis
toxin blocked the effects of RvD1 more so than the effect of 1,25D3 (Fig. 2A), in support of
the general classifications of the 1,25D3 and RvD1 receptors. The effects of 1,25D3 and
RvD1 were similarly blocked by the chelator of intracellular calcium, EGTA (Fig. 2B), the
MEKZ1/2 inhibitor, U0126, the PI3-kinase blocker, wortmannin, and the endogenous blocker
of protein kinase A, PKI (Fig. 2C). Collectively, the results support the recently proposed
model describing the mechanism underpinning the ability of 1,25D3 to stimulate Ap
phagocytosis by all types of AD macrophages [29].

In control macrophages, both fAB and sAp failed to induce apoptosis following 24-h
incubation. In AD macrophages, treatment with exogenous fAB significantly induced
caspase-3-positive apoptosis at 1 h and 24 h, whereas treatment with sAB only mildly
induced apoptosis after 24 h. Importantly, 1,25D3 and RvD1 inhibited the caspase-3-
positive apoptosis of the AD macrophages induced by fA treatment (Fig. 3).

Baseline transcription of inflammatory genes is bidirectional in AD patients when
compared to controls

Based on the basal expression of 84 inflammatory genes with respect to controls, two
transcription patterns were distinguished: group 1 (patients 4 and 5) highlighted by
decreased transcription of toll-like receptors (TLRs), the IL1a/B receptor (IL1R1), and
various cytokines (e.g., IL8) and chemokines (e.g., CXCL1/CXCLS5, Fig. 5A); and group 2
(patients 1-3), highlighted by increased transcription of TLRs (in particular TLR2, Fig. 4)
and various cytokines (e.g., IL1, IL6, and IL8) and chemokines (e.g., CCL4/CCL23, Fig.
5B). In the group 1 AD patients, significant upregulation in the expression of IL1RN,
NFKkB1, NOS2, and ITGB2 (Fig. 5A) was observed. In the group 2 AD patients, a
significant and potent increase in the mRNA levels of the receptors IL1R1, C3, TLR2, and
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C3AR1, and down regulation in CXCL10, were observed (Fig. 5C). In this pilot study, all
AD patients in both groups showed characteristic upregulation of IL1IRN, ITGB2, and
NF«B and down regulation of CCL2, CCL7, CCR1, and IL6R when compared to controls
(Fig. 5D). If confirmed in a larger study, this pattern could be useful as a biomarker for
sporadic AD, as well as a potential tool for personalized medical/nutritional approaches.

Inflammatory gene transcription is up regulated by A4, in controls and patients from both

groups

In PBMCs of controls challenged with exogenous sAB,4», a consistent enhancement in the
expression of inflammatory and autoimmune genes was observed (upregulation of IL1RN,
ITGB2, IL1B, CCL7 (p<0.05), CCLS, IL6, 1L18, and NFKB1 (p<0.05) (Fig. 6A). In the
group 1 PBMCs, sAP4» increased the transcription of the chemokines CCL2, CCL5
(p<0.03), CCL7, CCLS8, CCL22 (p<0.05), CCL23, CXCL1, and CXCL2 (p<0.01), and the
cytokines IL1B and IL6 (Fig. 6B). The majority of chemokines and cytokines up regulated in
response to exogenous sA in group 1 were commonly up regulated by sAf in group 2 AD
PBMC:s. In addition, a significant upregulation of IL1a and the nuclear glucocorticoid
receptor (GR, a.k.a. NR3C1) and down regulation of TLR5, TLR7, IL1R1, FOS, and
CXCL10 were also induced by sAB in group 2 AD PBMCs (Fig. 6C). Altogether, controls
and AD PBMC:s responded to exogenous addition of sAB by upregulating IL1f and IL6
(compare Figs. 6A-C), but group 2 AD patients showed the most severe pro-inflammatory
response, with significant upregulation of IL1R1, IL1a/B, IL6, TLR2, and chemokines, and
down regulation of TLR7 and CCL5 when compared to group 1 (Fig. 6D). When groups 1
and 2 were combined and compared to controls, a significant increase in the GR, CCL22,
RIPK2, and IL1a, and near significant increase in ILLIRN, IL1p, and IL6 were observed
(Fig. 6E).

In a group 2 AD patients PBMCs tested on three different occasions, the effect of AP, was
observed to be more potent when compared to SAB4, (see heat map, Supplementary Fig.
2C). Soluble AB4, upregulated the expression of many nuclear receptors (NRs) and co-
regulators (e.g., RORa, RXRa, PPARa, RBJ, VDR, PPARY, MED1, and MED13
(Supplementary Fig. 2D) in the group 2 patients PBMCs. While it is too early to provide
definitive links between cytokine and NR gene expression fold regulation changes, the fact
that IL6 promotes the expression of RORa [30] is supported by the RT-PCR results that
showed these two genes were the most upregulated by sAB in the group 2 patient
(Supplementary Figs. 2B and D).

RvD1 and 1,25D3 retune the inflammatory gene transcription and translation altered by
SAB in group-specific fashion

We next tested the effects of the two pro-phagocytic agents, RvD1 (26 nM) and 1,25D3 (10
nM), on inflammatory chemokine and cytokine expression in PBMCs of controls and AD
patients treated with sAB4o.

Although RvD1 showed virtually no effect in controls (Fig. 7A), in the group 1 AD patients
RvD1 upregulated IL1a and IL1p (Fig. 7B) and down regulated nearly all of the chemokines
that were upregulated by sAp (cf. Figs. 6B & 7B). In the group 2 AD PBMCs, RvD1 down
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regulated the cytokines IL1a, IL1p, IL6, and IL8, the IL1 receptor antagonist (IL1RN), and
the chemokine CCL4 (Fig. 7C), but did not down regulate the same suite of chemokines
down regulated in the group 1 AD patients (cf. Figs. 6B & 7C). When both groups were
combined, a global down regulation of inflammatory and autoimmune genes by RvD1 was
observed (Fig. 7D). Finally, in a group 2 AD patient, RvD1 did not significantly down
regulate the potent up regulation of NRs and co-regulators by sAB4, (Supplementary Fig.
3B) and had no significant impact on inflammatory gene expression potently up regulated by
fAP (Supplementary Fig. 3C).

1,25D3 (1078M) upregulated the expression of IL1a, IL1p, CSF, and CCL8, and down
regulated the expression of eight chemokine ligand/receptor genes, and TLR3 and IFNy in
controls (Fig. 8A). In the group 1 patients, the mRNA levels of the cytokines IL1a, IL1p,
and IL8, and IFNG, and chemokine ligand/receptor genes CXCL3 and CCR4 were enhanced
by 1,25D3 (Fig. 8B). In the group 2 AD PBMCs, 1,25D3 significantly down regulated the
expression of many inflammatory and autoimmune genes, including TLR2, IL1R1, IL1q,
IL6, and IL8 (Fig. 8C).

In general, 1,25D3 had a more pronounced effect on cytokines and chemokines when
compared to RvD1 (Supplementary Fig. 4A) and unlike RvD1, 1,25D3 significantly down
regulated IL1R1, CCL23, CCL2, and CD40 in all AD patients (Fig. 8D). Alternatively, in
comparison to RvD1 (26 nM), 1,25D3 was less effective in suppressing the transcription of
NF«B (Fig. 8E). Despite these distinct differences, in the group 1 both 1,25D3 and RvD1
induced a greater than 4-fold upregulation IL1a/p and down regulation of CCL24 and
IL1R1; and in the group 2 both induced a greater than 4-fold down regulation of IL1a/f and
IL6 and a concomitant decrease in the expression of a number of nuclear receptors and co-
regulators (compare Supplementary Figs. 3B & 4B).

Because the mRNA level of IL1R1 was down regulated in group 1 at baseline (Fig. 5A),
following sAB and both RvD1 and 1,25D3 caused an increase and decrease in IL1
expression in group 1 and group 2 AD patients respectively, we next tested the effects of
IL1B on AP phagocytosis, before treatment with 1,25D3 or RvD1. The enhancement of Ap
phagocytosis by 1,25D3 was significantly inhibited by IL1 pretreatment in both the group 1
and 2 patients. The effect of RvD1 was, however, not attenuated by IL1f in a group 1 patient
(Fig. 9), who showed baseline down regulation of the IL1 receptor (IL1R1, see Figs. 5A, 6C
& 6D).

Soluble A stimulation of cytokine secretion and cytokine secretion is inhibition by 1,25D3

and RvD1

The effect of 1,25D3 and RvD1 on cytokine secretion was tested with PBMCs isolated from
patient # 1, group 2 (Fig. 10). Stimulation with sAB,, increased the secretion of IL1j, IL6,
IL10, GMCSF, and TNFa. Both RvD1 and 1,25D3 inhibited these cytokines with greater
effect by 1,25D3 (10-8M) (p<0.02 with all these cytokines) compared to RvD1 (26 nM). The
VDR agonist and analogue KH [31] had a similar effect in inhibiting these cytokines in
comparison to 1,25D3 (Fig. 10), indicating that the nuclear VDR plays a role in suppressing
cytokine secretion.
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DISCUSSION

AD macrophages in our previous studies [11, 12] and this study (n = 73) showed decreased
phagocytosis of FAM-AR in comparison to macrophages of healthy age-matched controls
[12]. Here we show that 1,25D3 and RvD1 ameliorate this defect through binding to
different receptors, VDR and PDIA3 in case of 1,25D3, and GPR32 in case of RvD1. The in
vitro effects were concentration-dependent and depended on MAPK, PI3-kinase and calcium
signaling. Intracellular signaling pathways that were shown previously to be stimulated by
1,25D3 in promoting FAM-Af phagocytosis through both up regulating the expression and
potentiating the opening of the chloride channel, CIC-3 [32].

AD mononuclear cells show propensity to undergo spontaneous apoptosis [33] and AB-
induced apoptosis [13]. In this study, AD patients’ macrophages, but not control
macrophages, underwent apoptosis in the presence of fAB. 1,25D3 and RvD1 both were
shown to protect against activation of caspase-3 in AD macrophages by fAB and sAB. The
relative roles of sAB versus fAB in AD pathogenesis remain unclear. Current working
hypotheses have emphasized oligomeric forms of sAf as the most important neurotoxins
[34]. However, imaging studies have shown clearly that the formation and deposition of Ap
fibrils can be a reliable indicator of prodromal AD 15-20 years prior to the development of
clinical symptoms [35]. Here we show that fAB and sAf immune effects differ in AD
macrophages because (a) fAp is more pro-apoptotic compared to sAB; and (b) fAp is more
pro-inflammatory than sAB.

In this case study, the AD patients showed two baseline expression profiles of inflammatory
genes with respect to controls: in the group 1 a lower level of TLR, IL1R1, IL1a/p, and in
the group 2 a higher level of expression of these pro-inflammatory factors. In response to
SAp, the TLR and IL1R1 expression patterns were reversed in group 1 and group 2 AD
PBMCs when compared to controls (see Fig. 4). The TLR results of patients in groups 1 and
2 resemble the reciprocal MGAT3 mRNA levels of Type | (down regulated transcription)
and Type Il AD patients (upregulated transcription) [12, 36]. The TLR results and the
differential effect of IL1f in group 1 and group 2 patients thus further support the evidence
that AD patients differ somewhat in the cellular pathways that are deregulated attenuating
the ability of macrophages to properly ingest and clear sAB. Further studies are required to
discern whether or not the AD groups represent two stages of the disease or two types of
AD.

Inflammatory gene transcriptional profiling of all 5 AD patients in this pilot study showed a
putative seven gene baseline “AD signature” when compared to controls; however, a more
pro-inflammatory milieu was observed in the group 2 AD patients. Exogenous addition of
sAB elicited in controls, group 1 and group 2 AD PBMCs an upregulation in the expression
of IL1B and IL6; however, a pro-inflammatory milieu was more pronounced in response to
SAf in the AD patients, group 2 more so than group 1. For example, IL1a was induced by
SAB in group 2, but not group 1, AD PBMCs. Based on the screening of 84 genes, the
upregulation of C3, C3AR1, TLR2, and IL1R1 at baseline in the group 2 PBMCs could
underpin sAB’s more potent induction of pro-inflammatory markers, given TLR2/TLR4
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functions as a cell surface receptor complex for sAp [37] and the other receptors (C3,
C3AR1, and IL1R1) promote inflammation.

The transcriptional responses of cytokines and chemokines to 1,25D3 and RvD1 differed in
the two groups in the direction of reversal to control levels. For example, upregulation of
inflammatory cytokines by 1,25D3 and RvD1 was shown in the group 1 patients, but down
regulation of IL1a and IL1p in the group 2 patients. The details of this regulation differed
between 1,25D3 and RvD1. For example, 1,25D3 inhibited inflammatory gene transcription
and TLR2, while RvD1 did not down regulate TLR2 in the group 2. RvD1 also had a
broader effect on inflammatory gene transcription in the group 1 when compared to 1,25D3.
In agreement with 1,25D3 showing a more pronounced down regulation in the transcription
of cytokines, 1,25D3 inhibited cytokine secretion from the group 2 PBMCs more so than
RvD1.

IL1p is a pivotal cytokine in AD brain [23]. IL1p stimulates downstream cytokines,
chemokines and their receptors in response to insults such as trauma and ischemia. IL1f also
drives the expression of the monocyte chemoattractant protein-1 (CCL2) responsible for
attraction of monocytes into the brain. In a rat model, IL1p increased apolipoprotein E and
ABPP promoting glial activation and pro-inflammatory milieu [38]. IL1p antibody reduced
inflammation and AP in a transgenic mouse model [39]. In our study the cytokine IL1 had
strongest inhibitory effect on RvD1 and 1,25D3-induced Ap phagocytosis in group 2 more
than in group 1 patients, but it did not block the pro-phagocytic effect of RvD1 in the group
1 patient. Importantly, group 1 PBMCs were observed to have a more than 30-fold down
regulation in the baseline expression of IL1R1 when compared to the group 2 PBMCs.
Furthermore, RvD1, but not 1,25D3, down regulates NF«B (a downstream component of
IL1R1 activation) expression in the group 1 PBMCs. These two results indicate that RvD1
may work better in this individual against exogenous IL1J because of the reduced sensitivity
of the group 1 macrophages to IL1f and the ability of RvD1 to curtail downstream IL1p3-
IL1R1 promotion of NFxB activation. Collectively, our data suggest that deregulation in the
transcriptional regulation of and/or haplotypes in the ILIR1-IL1A-IL1B-IL1RN gene cluster
[40] could play an important group-specific role in AD pathophysiology.

In closing, 25-hydroxyvitamin D3 status is considered crucial in protection against a
panoply of infectious, autoimmune, and neoplastic diseases [41]. 1,25D3 is neuroprotective
in the brain by regulating neurotrophic factors [42] and upregulating VDR and down
regulating L-type voltage sensitive calcium channels A1C [19]. Resolvins and
neuroprotectins, derived from the omega-3 fatty acid, DHA, down regulate p-secretase-1
[43]. Furthermore, supplementation with vitamin D3 and DHA has been effective against
cognitive decline in healthy subjects [44]. Thus, our in vitro studies in AD PBMCs and
macrophages, which demonstrate the ability of 1,25D3 and RvD1 to balance Ap
phagocytosis and inflammation, combined with the above cited effects of 1,25D3 and RvD1
on neuronal cells and AD patients, suggest that vitamin D3 and DHA nutritional status
and/or metabolic processing into 1,25D3 and RvD1 could be associated with disease onset/
prevention. It is also possible that the two inflammatory AD groups and/or Types may be
associated with severity of nutritional and/or metabolic deficiencies in vitamin D3 versus

J Alzheimers Dis. Author manuscript; available in PMC 2014 May 31.
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DHA. Nonetheless, targeting both inflammation and macrophage dysfunction present a
novel strategy for AD prevention and treatment.
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Receptors and 1,25D3 and RvD1 signaling mechanisms of phagocytosis in macrophages of
AD patients. A) Phagocytosis of Ap by replicate AD macrophage cultures treated with
1,25D3 (1078M) or RvD1 (26.0 nM) and inhibitors of relevant receptors or metabolic
pathways: VDR (inhibited by MK [10~"M]) and PDIA3 (inhibited by the neutralizing
antibody, Ab099) are the known receptors for 1,25D3; Chemokine receptor 32 (inhibited by
the neutralizing antibody, Chr32, and pertussis toxin, PTX). B) The effect of increasing
concentration of the calcium chelator EGTA (concentrations listed in mM) on RvD1 (26.0
nM) and 1,25D3 (10 nM) promotion of FAM-AP (2 pg/ml) phagocytosis. C) The effect of
PI13K (inhibited by wortmannin), PKA (inhibited by PKI), and MEK1/2 (inhibited by
U0126) on the ability of RvD1 (26.0 nM) and 1,25D3 (10 nM) to promote FAM-Af (2
ug/ml) phagocytosis.
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Figure 3.
Fibrillar AB, but not soluble AB, induces caspase-3-positive apoptosis in macrophages of AD

patients, but not in control macrophages. Replicate macrophage cultures were exposed to 2
pg/ml FAM-fAB or FAM-sAB overnight and then fixed and stained for caspase-3,
photographed and fluorescent signal determined by scanning. Open symbols highlight data
obtained from control macrophages and closed from AD macrophages (n=3). * indicates
significance (p<0.02) when compared to sham (AD); ** indicates significance when
compared to fAB control and sham (p<0.0001); and *** indicates significant reduction when
compared to AD fAB-treated macrophages (p<0.0001) according to a two-tailed t-test.
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Figure4.
Differential TLR mRNA expression in the Group 1 and Group 2 AD PBMCs at baseline and

upon stimulation with exogenous sAp. Patients 4 and 5 (Group 1, A) showed significant
down regulation of TLR2 (*p<0.01), while patients 1, 2, and 3 (Group 2, B) showed
significant up regulation (*p<0.01) at baseline (=/=) when compared to controls (n=3). The
effect of exogenous sAP (+/-, 2ug/ml) was significant in upregulating TLR2 (**p<0.01) in
Group 1 AD and down regulating TLR4 (**p<0.01) in Group 2 AD patients.
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Figureb5.

Two profiles in the baseline transcription of inflammatory and autoimmune genes observed
in PBMCs of AD patients when compared to control subjects. A) A volcano plot
demonstrating the fold regulation change and statistics observed when the baseline
transcription of eighty four genes (PAHS077G RT2-Profiler array, Qiagen) from group 1
AD (n=3, two patients) and control (n=3, three controls) were compared. For this
comparison all five housekeeping genes were used for normalization. In the plot, data points
to the left of the center line designate down regulated mRNA expression and those to the
right up regulated expression. The vertical lines to the left and right of the center line,
highlight a 4-fold regulation change threshold. The horizontal line represents a p-value of
0.05. B) A volcano plot demonstrating the fold regulation change and statistics observed
when the baseline transcription of eighty four genes (PAHS077G RT2-Profiler array,
Qiagen) from group 2 AD (n=6, three patients) and control (n=3, three controls) were
compared. For this comparison all five housekeeping genes were used for normalization. C)
A simplified volcano plot showing only the genes whose baseline transcription was
statistically different when group 2 AD (n=6) and group 1 (n=3) samples were compared. D)
A simplified volcano plot showing only the genes whose baseline transcription was
statistically different when all AD samples (n=9) and control (n=3) samples were compared.
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B) Effect of sAB,, on Group 1 baseline
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Soluble A upregulates the transcription of inflammatory and autoimmune genes more so in
AD patients than in controls. A) A volcano plot demonstrating the fold regulation change

and statistics observed when controls (n=3, three control subjects) were treated overnight

with 2 pg/ml soluble AB42 (SAB42) and the gPCR results compared to the baseline
transcription of 84 genes (PAHS077G RT2-Profiler array, Qiagen) from the same PBMC
isolation. The vertical lines to the left and right of the center line highlight a 4-fold
regulation change threshold. The horizontal line represents a p-value of 0.05. For genes
labeled above the line the fold regulation change was significant across the sample
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population. B) A volcano plot demonstrating the fold regulation change (= 4-fold) and
statistics (p<0.05) observed when group 1 AD patient PBMCs (n=3, two patients) were
treated overnight with 2 pg/ml sAB,4, and the qPCR results compared to the baseline
transcription from the same PBMC isolation. For this comparison three housekeeping genes
were used for normalization. A comparison of group 1 AD and control sAB,-treated
PBMC:s is provided in Supplementary Figure 2A. C) A volcano plot demonstrating the fold
regulation change (= 4-fold) and statistics (p<0.05) observed when group 2 AD PBMCs
(n=5, three patients) were treated overnight with 2 pg/ml sAp,» and the qPCR results
compared to the baseline transcription from the same PBMC isolation. For this comparison
all five housekeeping genes were used for normalization. A comparison of group 2 AD and
control sABo-treated PBMC:s is provided in Supplementary Figure 2B. D) A volcano plot
demonstrating the fold regulation change (= 4-fold) and statistics (p<0.05) observed when
group 2 AD (n=5, three patients) and group 1AD (n=3, two patients) sAB4o-treated PBMCs
were compared. For this comparison all three housekeeping genes were used for
normalization. E) A volcano plot demonstrating the general up regulatory effect of
exogenous sAP4» on the expression of inflammatory and autoimmune genes across all AD
patients (n = 6, three from each group) when compared to sAB4,-treated PBMC samples
from controls (n=3). For this comparison three housekeeping genes were used for
normalization.
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A) Effect of RvD1 on sABy, in Controls B) Effect of RvD1 on sAB,, in Group 1
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Figure7.

RvD1 retunes the transcription of inflammatory and autoimmune genes whose transcription
was altered by sAB4p. A) A scatter plot showing the fold regulation change in the
transcription of eighty four genes (PAHS077G RT2-Profiler array, Qiagen) following
overnight treatment of control PBMCs with sAB4, and sAB4, + 26.0 nM RvD1 (n=2 for both
groups). Genes up or down regulated more than 2.6-fold are labeled and the average fold
regulation change provided in the figure panel. B) A scatter plot showing the fold regulation
change in the transcription of genes following overnight treatment of group 1 PBMCs with
SAB4o and sAB4, + 26.0 nM RvD1 (n=2 for both groups, one sample from two AD patients).
Genes up or down regulated more than 4.0-fold are labeled and the average fold regulation
change provided in the figure panel. C) A scatter plot showing the fold regulation change in
the transcription of genes following overnight treatment of group PBMCs with sAB4, and
SAB4, +26.0 nM RvD1 (n=5 for both treatments, two group 2 patients). Genes up or down
regulated more than 2.6-fold are labeled and the average fold regulation change provided in
the figure panel. A volcano plot demonstrating the effect of RvD1 observed in one group 2
AD patient is provided in Supplementary Figure 3A. D) A scatter plot showing the fold
regulation change in the transcription of the eighty four genes following overnight treatment
of all AD patient PBMCs with sAB4, or SAB4 + 26.0 nM RvD1 (n=6 for both groups).
Genes up or down regulated more than 2.6-fold are labeled and the average fold regulation
change provided in the figure panel.
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Effect of 1,25D3 on sAB,, in Controls B) Effect of 1,25D3 on sAB,, in Group 1
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Figure8.
1,25D3 retunes the transcription of inflammatory and autoimmune genes whose

transcription was altered by sAB42. A) A scatter plot showing the fold regulation change in
the transcription of eighty four genes (PAHS077G RT2-Profiler array, Qiagen) following
overnight treatment of control PBMCs with sAB4, and sAB4, + 10.0 nM 1,25D3 (n=2 for
both groups). Genes up or down regulated more than 4-fold are labeled in the figure panel.
B) A scatter plot showing the fold regulation change in the transcription of genes following
overnight treatment of group 1 PBMCs with sAB42 and sAB4, + 10.0 nM 1,25D3 (n=2 for
both groups, one sample from two AD patients). Genes up or down regulated more than 4.0-
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fold are labeled in the figure panel. C) A volcano plot demonstrating the fold regulation
change (= 4-fold) and statistics (p<0.05) observed when group 2 AD PBMCs (n=4, two
patients) were treated overnight with 2 pg/ml sAB4, + 10.0 nM 1,25D3 and the gPCR results
compared to those following sAB4o-treatment of PBMCs isolated from the same blood draw.
D) A volcano plot demonstrating the fold regulation change (= 4-fold) and statistics
(p<0.05) observed when all AD PBMCs (n=6, four patients) were treated overnight with 2
pg/ml sAB4» + 10.0 nM 1,25D3 and the qPCR results compared to transcription of eighty
four genes (PAHS077G RT2-Profiler array, Qiagen) following sAB4;-treatment of PBMCs
isolated from the same blood draw. E) A volcano plot demonstrating the fold regulation
change (= 4-fold) and statistics (p<0.05) observed when all AD PBMCs (two group 1 and
two group 2 AD patients) were treated overnight with 2 pg/ml sAB4, + 10.0 nM 1,25D3
(n=6) or + 26.0 nM RvD1 (n=6) and the gPCR results compared. The plot shows how
1,25D3 differs from RvD1 (e.g., IL1R1 is down regulated more by 1,25D3 across the AD
patient population then it is by RvD1).
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Figure9.
The cytokine IL1p inhibits the action of 1,25D3 and RvD1 on Ap phagocytosis. Replicate

macrophage cultures were pre-treated with 1,25D3 (1078M) or RvD1 (26.0 nM) with or
without IL1 (2.5 pg/ml) and then exposed to 2 pg/ml FAM-AR overnight. Data are
presented as mean + STD IOD per macrophage (n=4; *p<0.01 compared to sAp-treated
group; **p<0.001 compared to sAp-treated group).

J Alzheimers Dis. Author manuscript; available in PMC 2014 May 31.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Mizwicki et al. Page 24

L&
L1E
Eo ] , o .
“
7000 1 VOECCO
13
G000 ¥
+ -0 Crex)
G + %
. *{ - *
Eunm L £ apo }
= g N
DD Py ":";* P (e :
DT k] *kk
T W00
1000 ) —4 * * *
*dkk -3 =3 Kk =e
oml—=* -4 J ) s
sAB + + + + + + sAB + + + + + +
RvD1 + - - + RvD1 + - +
03 + - - + D3 + +
KH + - KH +
BoC - - + BoC - +
L10 O4C3F
000 1 Lalxx]
000 o L e
..... M o
S L
K00
*%
=
*k%*
am *
20000
Lalxx
100300 *kk fxx +
=0 *EF ET T3 om HHk—kk* *H
IO e ¥ T SRR
o0 -4 | 0
sAB + + + + + + sAB + + + + + +
RvD1 + - - + RvD1 + +
03 - + - - + D3 + +
KH - + - - KH +
BOC - - + BOC +
T3
100000
51 G =
1000 } s
O] L
I
e e
L]
i kkk TRT kkk TRT
-
+ + + + + +
. + - . . +
- + - - +
+ .
- +

Figure 10.
RvD1 and 1,25D3 inhibit the secretion of inflammatory cytokines from PBMCs of a group 2

patient stimulated by sAp. Three million PBMC’s were treated overnight with sAB4, + 10.0
nM 1,25D3 or 26.0 nM RvD1. The supernatants were harvested and the cytokines were
tested by ELISA. * indicates significance (p<0.02) when compared to sham (AD); **
indicates significance when compared to fAB control and sham (p<0.0001); and ***
indicates significance when compared to AD fApB-treated macrophages (p<0.0001)
according to a two-tailed t-test (n=3).
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