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Abstract

Recent findings identified the minor A allele present in the single nucleotide polymorphism 

rs3865444 in the CD33 gene as being associated with reduced risk of developing Alzheimer’s 

disease (AD). CD33 (Siglec-3) is an immune function protein with anti-inflammatory signaling, 

cell adhesion and endocytosis functions with sialic acid-modified proteins or lipids as ligands. Its 

involvement in AD pathological mechanisms is still unclear, so the goal of this study was to 

investigate if the rs3865444 polymorphism affects development of AD pathology and the 

expression of CD33 mRNA and protein. For this study, we utilized DNA from 96 non-demented 

(ND) and 97 AD neuropathologically diagnosed cases to identify the different rs3865444 alleles 

and correlate with different measures of AD pathology. Using semi-quantitative histological 

measures of plaque and tangle pathology, we saw no significant differences between the different 

genotypes within these disease groups. However, increased expression of CD33 mRNA was 

associated with increasing AD pathology in temporal cortex brain samples. We also showed that 

cases with A/A alleles had reduced levels of CD33 protein in temporal cortex, but increased levels 

of the microglia protein IBA-1. Using immunohistochemistry on temporal cortex sections, CD33 

was selectively localized to microglia, with greater expression in activated microglia. The factors 

causing increased CD33 expression by microglia in brain are still unclear, although both genetic 

and disease factors are involved. Treatment of human microglia isolated from autopsy brains with 
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amyloid beta (Aβ) peptide and a range of other inflammatory activating agents resulted in reduced 

CD33 mRNA and protein levels.
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1. Introduction

Alzheimer’s disease (AD) is a significant and growing public health issue amongst elderly 

populations (Carrillo, 2013). Unless effective therapies can be identified, it will become a 

problem of epidemic proportion for the progressively aging population. Prevention of 

amyloid buildup or promotion of its removal using various strategies have been tested in a 

range of clinical trials, but they have generally not shown significant effects (Golde, 2014;Li 

et al, 2013;O'Banion, 2013;Panza et al, 2014;Winblad et al, 2014). Disease-modifying 

strategies need to consider other factors beyond amyloid, particularly those that change early 

in the disease (Herrup et al, 2013). Inflammation as a feature of AD pathology has been 

widely characterized since the initial discoveries of activated microglia associated with AD 

hallmark features (recent reviews (Czirr and Wyss-Coray, 2012;Lucin and Wyss-Coray, 

2009;Mosher and Wyss-Coray, 2014;Querfurth and LaFerla, 2010). There is much evidence 

that inflammation can accelerate neuronal cell death ongoing in AD, however it is also 

associated with amyloid removal by microglia and so modulation of inflammation has to be 

a balanced approach (Chakrabarty et al, 2010a;Chakrabarty et al, 2010b). To date, clinical 

trials of anti-inflammatory agents for treating AD have not proven to have significant 

disease-slowing effects, but epidemiological data suggest long term manipulation of 

inflammation may be neuroprotective (Szekely and Zandi, 2010;Vlad et al, 2008).

Understanding disease mechanisms of AD have been advanced by the identification of 

genetic risk factors. Certain mutations in the amyloid precursor protein (APP) or presenilin 

result in the autosomal dominant transmission of AD (Bertram et al, 2010;Schellenberg and 

Montine, 2012). Possession of the apolipoprotein E ε4 allele is a highly replicated factor 

associated with increased risk of developing AD (Liu et al, 2013;Piaceri et al, 2013). 

Recently, large scale genome wide association studies (GWAS) for disease-associated single 

nucleotide polymorphisms (SNPs) have identified genes associated with altered risks of AD 

that are also involved in inflammation. These genes include CR1 (complement receptor 1), 

CLU (clusterin), EPHA1 (Ephrin A1 receptor), MS4A4E/MS4A6A (membrane spanning 

4A) and CD33 (Hollingworth et al, 2011;Naj et al, 2011). More recently, separate studies 

have shown that a rare SNP in the triggering receptor expressed by myeloid cells-2 

(TREM-2) gene can increase the risk of developing AD (Guerreiro et al, 2013;Jonsson et al, 

2013). How inflammatory genes alter the risk of AD is of intense interest as they could 

indicate new therapeutic targets.

CD33 (Siglec-3) is a myeloid differentiation marker with immune functions associated with 

anti-inflammatory signaling, cell adhesion and endocytosis (Crocker et al, 2012). It is a 

member of a family of genes with related structures and functions, whose only known 
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ligands are sialic acid-modified proteins or lipids (Cao and Crocker, 2011). The minor A 

allele form of the rs3865444 SNP polymorphism has been associated with reduced risk of 

AD with an overall odds ratio (OR) of 0.89 (Hollingworth et al, 2011;Naj et al, 2011;Yuan 

et al, 2012). This polymorphism is just 372 base pair acids upstream of the first exon of 

CD33 indicating the possibility that it could affect promoter activity and expression of the 

CD33 gene. Recent studies have shown significantly reduced expression of CD33 in brain 

tissue and peripheral monocytes from subjects with rs3865444 A/A alleles, but increased 

expression of CD33 in AD compared to non-demented (ND) brains (Bradshaw et al, 

2013;Griciuc et al, 2013;Malik et al, 2013). Increased CD33 expression by microglia 

appears to result in significantly reduced amyloid beta (Aβ) peptide phagocytosis as 

microglia lacking CD33 were able to phagocytize significantly greater amounts of Aβ 

peptide than microglia expressing CD33 at normal levels (Griciuc et al, 2013).

In this study, we addressed the question of CD33 expression in human brains, in human 

microglia, and whether the rs3865444 SNP was associated with degree of AD pathology. 

We screened DNA from neuropathologically-diagnosed non-demented (ND) and AD cases 

for different rs3865444 alleles. In this population of genotyped cases, the CD33 rs3865444 

genotype did not alter levels of plaque and tangle pathology, but, in agreement with the 

recent work of others (Griciuc et al, 2013;Malik et al, 2013), the major findings of this study 

were lower levels of CD33 protein in A/A cases, but with increased expression of CD33 v2 

mRNA and higher levels of the microglia marker IBA-1 in the same group.

2. Methods

2.1. Human Brain Tissue Resources

All brain samples were from participants in the Arizona Study of Aging and 

Neurodegenerative Disorders and were autopsied by the Brain and Body Donation Program 

(BBDP) of the Banner Sun Health Research Institute, Sun City, Arizona. This longitudinal 

clinicopathological study has been running for 27 years with continuous Institutional 

Review Board approval. DNA samples prepared from fixed human cerebellum from 

neuropathologically confirmed cases in this program were available. These DNA samples 

had been used for apolipoprotein E (APOE) genotyping and then stored. All cases were 

diagnosed according to National Institutes on Aging/Reagan criteria for Alzheimer’s disease 

(AD) (Newell et al, 1999) and accepted clinicopathological criteria for Parkinson’s disease 

(PD) (Gelb et al, 1999;McKeith et al, 2005). The demographic data on cases used for 

genotyping are shown in Table 1A. To identify CD33 rs3865444 polymorphisms, we 

analyzed 96 non demented (ND) elderly subjects and 97 Alzheimer’s disease (AD) cases. 

We excluded AD cases that were APOE ε4/ε4 from the genotyping study as its dominant 

effect on AD risk and AD pathology might mask the weaker disease effect of the CD33 

rs3865444 A allele. We used temporal cortex frozen brain tissue from many of the CD33 

rs3865444 SNP genotyped cases for RNA and protein expression analyses. With the 

exception of cases diagnosed as mild cognitive impairment (MCI) (Table 1B), all ND and 

AD cases used for biochemical analysis were a subset of the genotyped cases listed in Table 

1A. As part of the diagnostic process, each brain was assessed for plaque and tangle load 

using histological procedures. This ranking method gives a score (0–3) for each of 5 brain 
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regions (entorhinal cortex, hippocampus, temporal cortex, parietal cortex and frontal cortex) 

for a potential summary score (0–15) and is based on the histological assessment of 

frequency of plaques and tangles in Thioflavin S stained tissue sections (Beach et al, 2012). 

These overall ranking scores were used as non-parametric data for correlation analyses to 

assess effects of CD33 rs3865444 SNP and CD33 expression levels on severity of 

pathology.

For isolation of human microglia, endothelial cells and astrocytes, samples of frontal cortex 

were used. These were provided within 3 hours of death by the BBDP from consented 

donors.

2.2. CD33 rs3865444 polymorphism genotyping

A polymerase chain reaction (PCR) — restriction fragment length polymorphism technique 

was developed to identify the three different allelic genotypes of CD33 rs3865444. 

Approximately 0.5 µg of DNA from neuropathologically diagnosed cases was amplified 

using the following primers - (Sense) GTGAATGAATGAATAAATGAATGG and 

(Antisense) GAGAGATGGGAGGAGATGGA to produce a fragment of 317 base pairs 

(bp). PCR was carried out using the following conditions with Promega Hot Start DNA 

polymerase (1× Promega Green reaction buffer, primers (0.5 µM), deoxynucleotides (0.2 

µM), MgCl2 (1.5 mM) and DNA polymerase (0.125 units/reaction)). PCR amplification 

involved 35 cycles of 94°C for 30 seconds, 58°C for 30 seconds and 72°C for 1 minute after 

a 2 minute step at 94°C to activate the enzyme. To discriminate between C and A alleles, 

amplified DNA products were digested with the restriction enzyme NlaIII (New England 

Biolabs, MA) (10 u/reaction for 3 hours). Digested fragments were separated through a 9% 

polyacrylamide gel and imaged after staining with GelRed stain (Biotium). A representative 

gel pattern of the different genotypes of CD33 rs38465444 is shown in Supplemental Fig 1.

2.3. RNA isolation and Quantitative Real Time Polymerase Chain Reaction

RNA was prepared from human brain tissue samples, and cultured human microglia, human 

brain endothelial cells and astrocytes using RNAeasy Plus Mini kits (Qiagen, Valencia, CA) 

according to the manufacturer’s directions. Concentrations of RNA samples were 

determined using a Nanodrop 1000 spectrophotometer, and integrity using an Agilent 

Bioanalyzer and Nano 6000 kits (Agilent). Samples used for qPCR had RIN values greater 

than 8.0. RNA from each brain sample (0.5 µg) and cultured cell sample (0.2 µg) was 

reverse transcribed using the Quantitect reverse transcription kit (Qiagen). Prior to use in 

quantitative PCR (qPCR), each cDNA was diluted 1:1 with water. Appropriate numbers of 

no reverse transcriptase controls were prepared in parallel for each batch of samples. For 

qPCR, cDNA samples were amplified using Perfecta SYBR Green Fast Mix 2× reaction 

mixture (Quanta Biosciences, Gaithersburg, MD) using CD33 mRNA specific primers - 

(Sense) CCTGCTCGCTCTTTGTCTCT and (Antisense) GCTCCTCATCCATCTCCAC 

(Exon 6 and Exon 8 on CD33 transcript variant 1 (v1) – Reference sequence 

NM_001772.3). These primers produce a single amplicon of 188 bp, and will also recognize 

common sequences present in CD33 transcript variant 2 (v2) (Reference sequence 

NM_001082618.1). To specifically detect CD33 transcript v2, which has a deletion of 

exon2, the following primers were used – (Sense) CTGTGGGCAGACTTGAC and 
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(Antisense) TGATTATGAGCACCGAGGAG - that produce a single amplicon of 189 bp. 

QPCR was carried out using a Stratagene Mx3000p machine and abundance of gene 

expression quantified relative to a standard curve. All CD33 PCR values were normalized 

against values for β-actin mRNA expression as described previously (Walker et al, 2009). 

QPCR analyses followed most recommended criteria for minimal information for 

publication of quantitative real time PCR experiments (MIQE) (Bustin et al, 2009)(Bustin et 

al, 2009)(Bustin et al, 2009)(Bustin et al, 2009)(Bustin et al, 2009)(Bustin et al, 2009).

2.4. Western Blot Analysis

Protein extracts from temporal cortex from rs3865444 genotyped cases were analyzed by 

western blot methodology for levels of CD33 protein using our published protocols (Walker 

et al, 2009;Walker et al, 2013). Samples were dissolved at a concentration of 1 µg/µl protein 

in western blot sample buffer (NUPAGE LDS—Life Technologies, Carlsbad, CA) 

containing 0.1 M DTT and heated at 70 °C for 10 minutes. Samples we re separated on 4–

12% NuPAGE Bis– Tris Mini gels using MOPS-SDS or MES-SDS running buffer (Life 

Technologies). Proteins were transferred to nitrocellulose membranes at 30 V for 90 

minutes. Following drying, membranes were blocked in 5% skim milk solution dissolved in 

Tris-buffered saline (TBST—50 mM Tris–HCl (pH 8.0), 250 mM NaCl, 0.05% (w/v) 

Tween 20), and then reacted for 18 hours in appropriate dilutions of antibodies in TBST 

containing 2% milk. Washes between incubation steps used TBST. Bound antibodies were 

detected by reaction for 2 hours with the appropriate horseradish peroxidase (HRP) labeled 

anti-immunoglobulin (Thermo-Fisher - 1:10,000 dilution) followed by reaction of 

membranes with HRP chemiluminescent substrate (Advansta Western blot Bright 

chemiluminescent substrate, Advansta, Menlo Park, CA) with direct imaging using a 

FluorochemQ imaging system (Cell Biosciences). Intensities of chemiluminescence bands 

were quantified using Fluorochem Q SA software (Cell Biosciences). To ensure 

reproducible measurements across multiple blots, each set of gels included repeated samples 

that could be used for correction between blots. Each set of membranes was imaged for 

different times to obtain exposure of optimal images without signal saturation. The antibody 

used for detection of CD33 was the rabbit monoclonal EPR4423 (Abcam, Cambridge, MA). 

This antibody was prepared using a peptide sequence located between amino acids 30–80 in 

the sialic acid binding immunoglobulin domain of CD33 (NP_001763.3). After stripping 

(Restore Plus, Thermo Fisher), western blots were reprobed using antibodies to the 

microglia protein IBA-1 (1:3000, Wako USA, Richmond, VA), the presynaptic protein 

synaptophysin (1:3000, SYP38; Abcam) and β-actin for normalization purposes (mouse 

monoclonal: 1:5000, Sigma (St. Louis, MO))..

2.5 Immunohistochemistry of Brain Tissue Sections

Formaldehyde fixed tissue sections from temporal cortex were used for cellular localization 

of CD33. Tissue sections (25 µm) were heated in 1 ml of 20 mM citrate buffer (pH 8.0) at 

80°C for 30 minutes as antigen retrieval produced optimal results (Jiao et al, 1999). Cellular 

localization of bound antibody was visualized using avidin-biotin horseradish peroxidase 

enzyme complex (ABC-Vector Laboratories, Burlingame, CA) histochemistry and nickel 

ammonium sulfate-enhanced diaminobenzidine as substrate to produce a purple reaction 

product (Walker et al, 2009). In certain cases, dual-color histochemistry was carried out 
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using the mouse monoclonal antibody LN3 (MBL International, Woburn, MA) that 

identifies HLA-DR, a marker of activated microglia. This second antibody was detected 

using the same procedure, but with diaminobenzidine without nickel ammonium sulfate as 

substrate to produce a brown reaction product.

2.6. Human Autopsy Brain Cultures and Experimental Treatments

Human autopsy brain microglia were isolated from frontal cortex according to our standard 

protocols (Walker et al, 2006;Walker et al, 2009). After isolation, microglia were cultured 

for 10–14 days prior to use in experiments. From this digested autopsy brain material, we 

were also able to isolate human brain endothelial cells. Prior to final plating of isolated cells, 

the cell supernatants were incubated with 100 ml of Ulex-Europaeus (UEA)-conjugated 

magnetic beads (Life Technologies). Brain microvascular endothelial cells (EC), which bind 

to the UEA lectin, were magnetically removed, washed and placed in endothelial cell growth 

media (EBM-2 media supplemented with growth factor mixture-Lonza, Walkersville, MD). 

Astrocytes used in this study were from a single case.

Microglia isolated from 3 separate ND cases were used in this study. Each of these cases 

possessed the C/C rs3865444 CD33 genotype. Microglia (n=3 per treatment) were 

stimulated with fibril/oligomer containing aggregated Aβ42 peptide (0.5, 2 and 5 µM) (CPC 

Scientific, Sunnyvale, CA), polyinosinic:polycytidylic acid (pIC)(Sigma) (0.25 to 25 µg/ml), 

interferon-gamma (IFN-γ), interleukin (IL)-4, IL-6 (10 ng/ml) (all cytokines from R&D 

Systems, Minneapolis, MN) or lipopolysaccharide (LPS)(Sigma)(100 ng/ml) for 24 hours. 

RNA prepared from stimulated microglia were used for CD33 mRNA qPCR analyses. For 

measurements of CD33 protein levels in microglia by western blot analyses, cells were 

stimulated for 24 hours with Aβ (2 µM), pIC (10 µg/ml) or a combination of Aβ and pIC at 

the same concentrations.

2.7. Statistical Analysis

All statistical analyses were performed using Graphpad Prism version 6 (Graphpad software, 

San Diego, CA). The Kruskall-Wallis test with the Dunn’s test for post-hoc comparison 

between groups was used for comparing more than two groups with non-parametric 

measures (plaque and tangle scores), two-way analysis of variance (ANOVA) with Sidak’s 

multiple comparison test for comparing effects of disease and genotypes on biochemical 

measures or one-way ANOVA followed by the Fisher LSD test for post-hoc comparison 

between groups. Correlation analyses used the Spearman method when non-parametric 

measures were involved, or the Pearson method for correlation analysis between continuous 

measures. The significance level was defined as P<0.05.

3. Results

3.1. CD33 rs3865444 genotyping

We developed a simple method to genotype the different alleles of the CD33 rs3865444 

single nucleotide polymorphism (SNP) that involved polymerase chain reaction (PCR) 

amplification of a 317 bp fragment spanning either side of this SNP followed by digestion of 

amplified DNA with the restriction endonuclease NlaIII. The presence of the A allele 
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abolished the NlaIII restriction site present within the C allele sequence of rs3865444. In 

amplified DNA with a C/C genotype, there are 3 NlaIII restriction sites within the 317 bp 

sequence producing fragments of 116 bp, 103 bp, 87 bp and 11 bp upon cleavage. In DNA 

with a A/A genotype, there are 2 NlaIII restriction sites resulting in fragments of 219 bp, 87 

bp and 11 bp upon cleavage. A representative gel showing the patterns of each genotype 

(C/C, C/A and A/A) is shown (Supplemental Fig. 1). The 11 bp fragment is not visible on 

the gel. This method was used to genotype 96 non-demented (ND) cases and 97 Alzheimer’s 

disease cases (AD) from which neuropathology and tissue was available. The demographics 

of these cases are shown in Table 1A. The distribution of rs3865444 genotypes in these 

cases is shown in Table 2. We identified 10 ND and 11 AD cases homozygous for A/A 

alleles. We were now able to assess if there were significant differences in histological 

measures of AD pathology with different CD33 genotypes in these cases, or biochemical 

differences in CD33 expression levels with genotype or disease.

3.1.1. Distribution of CD33 rs3865444 genotypes with pathological features of 
Alzheimer’s disease—We next addressed the question whether possession of A/A alleles 

had an effect on the extent of pathological features of plaques and tangles in these cases. In 

our population (Table 1A, mean age of 84.9 years in the ND cases and 82.2 years old in the 

AD cases), there were significant levels of age-associated plaque (Fig 1A and 1B) and tangle 

(Fig 1C and 1D) pathology in many of the ND cases even though these cases had no record 

of significant cognitive decline and did not meet the accepted criteria for a diagnosis of AD. 

Analysis of genotypes compared to histological plaque and tangle scores demonstrated no 

significant differences between the genotyped ND cases or between the genotyped AD cases 

(Fig 1A and Fig.1C). To investigate this further, the plaque and tangle data of the ND cases 

were subdivided into low pathology (LP) non-demented (plaque and tangle scores of 5.0 or 

less) and high pathology (HP) non-demented (plaque and tangle scores of 5.0 or greater) 

(Fig 1B and Fig 1D). Similar analysis using Kruskal-Wallis non-parametric test showed no 

genotype effects between the LP groups or between the HP groups for plaques or tangles.

3.2 Effect of CD33 rs3865444 on CD33 mRNA expression in human brain

Analyzing a subset of genotyped samples from which acceptable quality RNA could be 

isolated, qPCR methodology was used to measure the relative levels of total CD33 mRNA 

(CD33 transcript variant 1 (v1) and 2 (v2) combined) (Fig. 2) and CD33 transcript v2 alone 

(Fig. 3). CD33 v2 mRNA codes for an alternatively spliced form of CD33 that lacks exon 2, 

the sequence for the sialic acid binding domain (Hernandez-Caselles et al, 2006). We 

demonstrated no significant differences in total CD33 mRNA (v1 and v2) levels between the 

different genotypes (Fig. 2A), but increased expression in AD samples compared to those 

with mild cognitive impairment (MCI) or ND (Fig. 2B). Combining data from all of these 

cases allowed correlation analyses between CD33 mRNA levels and plaque scores (Fig. 2C) 

and tangle scores (Fig. 2D). The results demonstrated significant positive correlation 

between CD33 mRNA levels and plaque scores (Spearman r = 0.424, P<0.05), and between 

CD33 mRNA levels and tangle scores (Spearman r=0.432, P<0.05).

Different trends were obtained when measuring levels of CD33 v2 mRNA expression (Fig. 

3). CD33 v2 is a minor abundance transcript compared to CD33 (v1 and v2) mRNA. There 
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was significantly increased expression of CD33 v2 mRNA in the A/A allele samples 

compared to C/A samples (Fig. 3A). The pattern of expression for CD33 v2 mRNA with 

disease classification was also different from CD33 (v1 and v2) mRNA with significantly 

increased expression in the MCI cases compared to ND and AD cases (Fig. 3B). Similar 

degrees of positive correlation were detected between CD33 v2 mRNA levels and plaque 

scores (Figure 3C–Spearman r=0.400, P<0.05) and tangle scores (Fig. 3D–Spearman 

r=0.388, P<0.05) to those obtained with total CD33 RNA measurements (Fig. 2C and Fig. 

2D).

3.3. CD33 cellular expression in human brains

Immunohistochemistry was carried out using tissue sections of temporal cortex from a series 

of ND and AD cases to show the cellular localization of CD33. Representative 

photomicrographs demonstrate CD33 in cells with the morphology of microglia (Fig. 4A, 

ND case and Fig. 4B, AD Case). In the AD case, there is progressively increasing amounts 

of CD33 immunoreactivity in microglia with more activated morphologies (Fig. 4B). 

Double staining of tissue sections to identify colocalization of CD33 (purple) and HLA-DR 

(brown) is shown for two different AD cases (Fig. 4C and Fig 4D). HLA-DR is an accepted 

marker for identifying activated microglia in human brains. CD33 staining was present in 

each of the identified cells showing progressively increasing amounts of HLA-DR 

immunoreactivity (arrows 1–4) (Fig. 4C). A similar pattern can be seen in another AD case 

(Fig. 4D).

3.4 Effect of CD33 rs3865444 on CD33 protein expression in human brains

We carried out western analysis with a larger series of genotyped ND and AD cases than 

was used for the RNA studies. For this study, we sought to confirm the significant finding 

that subjects with A/A alleles have lower levels of CD33 protein in brain (Griciuc et al, 

2013). We also measured levels of the microglia protein IBA-1 and the synaptic protein 

synaptophysin in this series of samples. A representative western blot panel of results of 

some of these cases with the antibodies used in this study is shown (Fig. 5). For CD33, a 

major reactive band of approximately 67 kD (CD33) could be detected in each sample, but 

at varying intensities depending on genotype. The molecular weights of the bands detected 

with the antibodies to IBA-1, synaptophysin and β-actin were of the expected size.

Our results show significantly lower expression of full length CD33 in A/A cases compared 

to the other genotypes (Fig 6A). These measurements for each genotype are based on the 

combined results from ND and AD cases. In this series of cases, we could not demonstrate a 

significant difference in CD33 levels between ND and AD cases (Fig 6B). The distribution 

of CD33 levels for the different genotypes and disease states is shown in Figure 6C. Two-

way ANOVA confirmed that CD33 levels were significantly affected by genotype (F=9.489, 

SS = 15.49, ***P=0.0002), but not by disease state.

3.5 Effect of CD33 rs3865444 on levels of microglial protein IBA-1 and synaptophysin 
expression in human brain

As CD33 expression appears to be restricted to microglia in human brain, we used these 

temporal cortex samples to address the question whether CD33 protein levels varied with 
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abundance of microglia. IBA-1 protein levels is used as a measure of microglia numbers, 

though increased levels can also give an indication of microglia activation. We showed 

significantly increased IBA-1 levels in A/A cases compared to the C/C cases (Fig 7A). If 

these results were separated into disease groups as well as CD33 genotypes, significantly 

increased levels of lBA-1 were only detected in the C/A AD group compared to the C/A ND 

group, not for the other genotypes (Fig 7B). If expression levels of CD33 were normalized 

with matched values for the microglial protein lBA-1 rather than β-actin, differences in 

CD33 levels between the different genotypes became larger (Fig 7C), however, by two-way 

ANOVA, CD33 levels normalized for IBA-1 did not show statistically significant difference 

between disease groups and genotype groups (data not shown). Further analyses showed 

significant positive correlations between CD33 levels (normalized for β-actin) with lBA-1 

levels for ND cases (Fig 7D) (Pearson r=0.4386, P=0.0153) and for AD cases (Pearson 

r=0.3805, P=0.0154) (Fig 7E).

We also measured relative levels of the synaptic protein synaptophysin, another marker for 

neuropathology, to determine if there were significant differences between CD33 rs3865444 

genotyped cases and/or disease state. There were no significant differences in synaptophysin 

protein levels between genotyped groups (supplemental Fig 2A) or between genotype and 

disease groups (supplemental Fig 2C), however, these samples showed the expected 

decreased levels of synaptophysin in the AD samples compared to the ND samples 

(supplemental Fig 2B).

3.6. CD33 mRNA and protein regulation in cultured human brain microglia

We also sought to model CD33 expression in brain by using microglia isolated from human 

brains in order to understand how inflammatory factors might be affecting expression of this 

gene. Initial experiments used reverse transcription-polymerase chain reaction (RT-PCR) 

amplification of cDNA from microglia, astrocytes, microvascular endothelial cells and brain 

to define cell types expressing CD33 mRNA (Fig 8A). In addition to microglia, CD33 

mRNA expression was detected in brain endothelial cells, but not in astrocytes. Quantitative 

gene expression analyses of CD33 mRNA was carried out using microglia isolated from 

different cases (n=3) (all with C/C genotypes). These measures demonstrated reduced CD33 

(v1 and v2 mRNA) expression following 24 hour-treatment with Aβ peptide and certain 

inflammatory agents (Fig 8B). We also showed expression of CD33 v2 mRNA in human 

microglia, with similar downregulation of expression with inflammatory activation with 

LPS, IL-6 and the toll-like receptor (TLR)-3 ligand polyinosinic;polycytidylic (pIC)(Fig 

8C). The effect of Aβ on expression of CD33 v2 mRNA was less than observed for CD33 v1 

and v2 mRNA (Fig 8B) and did not reach statistical significance. Surprisingly, the potent 

cytokine IFN-γ had no effect on expression of CD33 mRNA.

Similar downregulation of CD33 following inflammatory stimulation of microglia was seen 

at the protein level. Treatment of microglia with Aβ and pIC, alone and in combination 

resulted in significant decrease in CD33 protein levels (Fig.8D and 8E).
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4. Discussion

The major findings of this study was the reduced levels of CD33 protein in brain tissue of 

cases with A/A alleles compared to C/C and C/A alleles, and also the demonstration of 

downregulation of CD33 in human microglia treated with Aβ or certain inflammatory 

agents. It had been hypothesized that as the CD33 rs3865444 SNP was located just 373 bp 

upstream of exon 1 of CD33, it might affect gene transcription or RNA stability (Jiang et al, 

2014;Malpass, 2013;Morgan, 2011).

CD33 had been studied for many years in relation to hematological diseases, but until 

recently there had been no studies of CD33 expression in brain. However, the association of 

CD33 SNPs, particularly rs3865444, with altered risk of AD has spurred an interest in CD33 

protein function and CD33 expression by microglia and monocytes (Bradshaw et al, 

2013;Griciuc et al, 2013;Hollingworth et al, 2011;Karch et al, 2012;Morgan, 2011;Naj et al, 

2011;Raj et al, 2014;Yuan et al, 2012). Activation of CD33 by ligands results in 

phosphorylation of the immunoreceptor tyrosine-based inhibition motifs (ITIM) that can 

inhibit signaling of a number of receptors with immunoreceptor tyrosine-based activation 

motifs (ITAM) (Linnartz et al, 2010;Linnartz and Neumann, 2013). CD33 has been defined 

as a myeloid differentiation antigen, but despite its importance in hematological cancers, 

there is still limited information on the regulation of CD33 gene expression (Cowan et al, 

2013). We had approached this topic from the point of view of considering how CD33 

expression by human microglia could affect development of AD pathology.

4.1 CD33 genotypes and brain

From our brain bank DNA resource, we had selected a series of elderly cases with the 

diagnosis of non-demented (ND) or Alzheimer’s disease (AD) for rs3865444 genotyping 

using possession of homozygous apolipoprotein Eε4 (apoE4) as the sole exclusion criteria. 

Within these ND groups were a range of age-associated AD plaque and tangle pathology so 

this group could be subdivided into low pathology (LP) and high pathology (HP) classes. 

This series of showed no differences in the frequency of the different genotypes with 

severity of neuropathology, maybe because our selected populations for study contained 

many elderly ND cases with significant levels of plaque and tangle pathology. This might be 

considered a limitation, however as these cases had progressively increasing degrees of 

plaque and tangle pathology, they were used for correlation analyses with other measures. 

Temporal cortex brain tissue samples from many of these cases were used for biochemical 

analysis of CD33 mRNA and protein levels. Since initiating our study, there have been 

reports showing differential expression of CD33 mRNA or protein with rs3865444 

genotypes in human AD and ND brains, or in blood-derived monocytes (Bradshaw et al, 

2013;Griciuc et al, 2013;Malik et al, 2013;Raj et al, 2014).

4.2 CD33 mRNA expression in brain

For mRNA studies, we used a subgroup of the genotyped cases from which suitable quality 

RNA could be obtained. For comparison, we included a group of MCI cases to study disease 

progression. MCI is generally considered a precursor to AD with cases having mild 

cognitive decline and intermediate degrees of AD pathology (Mufson et al, 2012). These 
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cases had a mean age of 89.1 compared to 84.1 and 82.2 years, the mean ages of the ND and 

AD groups (Table 1). We used primers that amplified a sequence common to the abundant 

transcript variant 1 (v1) and the less abundant transcript variant 2 (v2) to measure total 

levels of CD33 mRNA in brain samples. There were disease differences in CD33 (v1 and 

v2) mRNA levels, but not differences between genotyped groups. The approximate two-fold 

increased expression in our AD samples was less than the 6-fold increase in expression of 

CD33 mRNA in AD cases observed in another study (Griciuc et al, 2013). There were 

significant correlations between total CD33 (v1 and v2) mRNA levels and plaque and tangle 

scores suggesting that features of pathology were driving the increased expression of CD33 

mRNA. Although we were measuring CD33 mRNA levels only in temporal cortex, we 

correlated these values with total brain plaque and tangle scores, which give a good 

indication of total load of AD pathology for each case. Using primers that spanned the exon 

boundaries between CD33 exon 1 and exon 3 to specifically detect CD33 transcript variant 

(v2), we showed significantly higher levels of CD33 v2 in samples with the A/A genotype. 

This was in general agreement with recent findings (Malik et al, 2013) that demonstrated an 

increase in the ratio of CD33 v2 to CD33 v1 mRNA in A/A allele cases. Increased CD33 v2 

mRNA expression in the MCI cases suggested that changes in transcription patterns 

potentially resulting in higher levels of CD33 lacking the crucial sialic acid binding domain 

could be an early event in the development of AD pathology.

4.3 CD33 protein in brain

A larger series of brain samples were available for measuring CD33 protein levels in 

relation to genotype and disease than for the mRNA studies. This series was selected to have 

sufficient numbers of matched cases in each group, particularly of the A/A genotype. It is 

appreciated that the numbers of cases of each genotype analyzed did not reflect the normal 

population distribution of this SNP. After testing a number of antibodies to CD33, these 

studies were carried out with a rabbit monoclonal antibody that had been prepared against a 

peptide sequence found in CD33 exon 2 (Abcam, personal communication) so will not 

detect CD33 protein lacking the sialic acid binding domain. This antibody detected the same 

polypeptide of 67 kD in brains and human microglia.

In agreement with a recent study on effects of rs3865444 genotypes in AD brains (Griciuc et 

al, 2013), we detected significantly reduced protein levels of CD33 in cases with A/A 

alleles. By comparison, there were higher levels of the microglial protein IBA-1 in these 

A/A genotyped samples. When the CD33 western blot quantitative data were normalized for 

microglial content (IBA-1 levels), there were significantly greater differences in CD33 

levels between genotypes. This might suggest that there are greater numbers of microglia in 

A/A cases, though this would not agree with a previous finding (Bradshaw et al, 2013); 

alternatively the microglia in the A/A cases might be more activated as a result of reduced 

CD33 anti-inflammatory activity. IBA-1 (ionized calcium binding adapter protein-1) is a 

widely used marker to assess microglial abundance, though its expression can also be 

upregulated with microglial activation (Koppel et al, 2014;Puli et al, 2012;Zotova et al, 

2013). Reduced amounts of CD33 protein was a feature of peripheral blood monocytes from 

A/A subjects (Bradshaw et al, 2013).

Walker et al. Page 11

Neurobiol Aging. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



4.4. Downregulation of CD33 expression in activated microglia

Our findings of downregulated CD33 expression by microglia activated in vitro might 

appear to be contrary to the findings of increasing levels of CD33 in AD brains. However, 

these should be considered in the context of results obtained using different CD33 genetic 

expression constructs (Griciuc et al, 2013), along with findings showing the need for a 

certain degree of inflammatory activation for microglial phagocytosis of Aβ to occur 

(Chakrabarty et al, 2010a;Chakrabarty et al, 2010b;Chakrabarty et al, 2011). CD33 is a 

receptor with anti-inflammatory signaling functions induced following sialic acid ligand 

binding that result in phosphorylation of its ITIM. Reduced CD33 expression that results in 

enhanced inflammation might also be detrimental in the inflammatory environment of the 

AD brain. In this context, lower expression of CD33 in monocytes from type-2 diabetic 

patients compared to controls was associated with increased expression of proinflammatory 

tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-8 cytokines (Gonzalez et al, 

2012). In the experimental paradigms we used, stimulation of microglia with Aβ resulted in 

a strong proinflammatory response, but at the same time downregulation of genes with anti-

inflammatory properties (Walker et al, 2006). In situations of chronic inflammation, less 

CD33 activation might result in enhanced inflammatory damage but with increased Aβ 

phagocytosis. However, upregulated expression of CD33, as was seen on microglia in 

human AD brain sections or with C/C genotype, will result in reduced phagocytosis of Aβ. 

Although microglia cultured from CD33 gene deficient mice had increased capacity to 

phagocytose Aβ, and microglia that overexpressed CD33 had reduced levels of Aβ 

phagocytosis, the extent of classical inflammatory responses of these microglia need to be 

studied. Expressing CD33 lacking the sialic acid domain in rodent microglia showed that 

CD33 activation was required to modulate Aβ phagocytosis (Griciuc et al, 2013). Cells 

expressing this mutant form of CD33 did not show inhibition of Aβ 42 uptake. A recent 

study has demonstrated that CD33 interaction with sialic acid domains of CD14 can have a 

significant effect on downregulating TLR-4 signaling (Ishida et al, 2014). Microglial CD14 

and TLR-4 can directly interact with Aβ and mediate cellular activation and phagocytosis 

(Reed-Geaghan et al, 2009). Microglia expressing higher levels of CD33 (e.g. with C/C 

genotype), when activated, could result in stronger induction of anti-inflammatory signals 

that inhibit this or other known phagocytic receptors that directly bind to Aβ.

4.5 CD33 protein metabolism

There was some discrepancy between the effects of rs3865444 genotype and disease state on 

CD33 mRNA expression compared to CD33 protein levels, which suggests that there could 

be additional factors that affect CD33 protein metabolism. There is supporting evidence for 

this as it has been shown that CD33 internalization and breakdown is an active process 

mediated by the suppressor of cytokine signaling-3 (SOCS-3) protein, whose expression is 

upregulated following inflammatory stimulation. SOCS-3 can bind to the activated ITIM 

domains of CD33 resulting in ubiquitination and accelerated proteosomal inactivation of this 

complex (Gonzalez et al, 2012;Orr et al, 2007;Walter et al, 2008;Walter, 2014). Monocytes 

from diabetic patients had reduced levels of CD33 but increased levels of SOCS-3. This 

effect could be replicated with monocytes cultured under high glucose conditions (Gonzalez 

et al, 2012). Thus, inflammatory stimulation of microglia might downregulate CD33 mRNA 
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expression by one mechanism, but it also affects protein levels to a larger extent by 

increasing cellular breakdown mediated by SOCS-3. The chronic inflammatory conditions 

ongoing in AD brains that result in microglial activation, but also lead to increased levels of 

CD33, need to be further defined. It was noticeable that the potent proinflammatory cytokine 

interferon-γ did not have any significant effect on CD33 mRNA expression.

4.6 Conclusion

In conclusion, these studies have added to understanding of CD33 in the human AD brain 

and its expression by human microglia. The recent findings showing CD33 interactions with 

CD14 and TLR-4 suggest further studies should consider possible interactions of CD33 with 

TREM-2. Recent genetic studies of TREM-2 have shown a significant effect on AD disease 

risk (Guerreiro et al, 2013;Ruiz et al, 2014), but the AD disease risk is increased when 

TREM-2 loss of function occurs. Further studies are also needed to identify the putative 

sialic acid-modified ligands in human brain that activate CD33. Identifying these ligands 

might provide an approach to specifically targeting CD33 responses, though it needs to be 

appreciated that CD33 belongs to a related large family of sialic acid binding receptors 

(Siglecs), many of which have been shown also to be expressed by microglia (Claude et al, 

2013;Linnartz and Neumann, 2013;Wang and Neumann, 2010).
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Highlights

• We identified human cases with A/A alleles for CD33 SNP rs3865444

• We showed changes of expression of CD33 mRNA in AD temporal cortex

• We confirmed reduced levels of CD33 protein in A/A allele genotyped cases

• We demonstrate changes in IBA-1 levels in A/A allele genotyped cases

• We demonstrate reduced CD33 expression in activated human microglia
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Fig. 1. 
Effect of different CD33 rs3865444 genotypes on disease incidence and disease pathology. 

(A). Scatter plot showing the relative distributions of histological plaque scores with 

different disease states and genotypes. Plaque scores represent the cumulative ranking of 

plaque load in 5 affected brain regions of each case. (Non-significant rank differences 

between genotypes within ND groups or within AD groups, Kruskal-Wallis test). (B). 

Scatter plot showing the relative distributions of histological plaque scores within the ND 

low pathology (LP) groups (plaque score < 5), ND high plaque (HP) groups (plaque score 
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>5) and AD groups with the different genotypes. (Non-significant rank differences between 

genotypes within ND-LP groups, ND-HP groups or within AD groups - Kruskal-Wallis 

test). (C). Scatter plot showing the relative distributions of histological tangle scores with 

different disease states and genotypes. Tangle scores represent the cumulative ranking of 

tangle load in 5 affected brain regions of each case. (Non-significant rank differences within 

ND groups or within AD groups, Kruskal-Wallis test). (D). Scatter plot showing the relative 

distributions of histological tangle scores within the ND low pathology (LP) groups (tangle 

score < 5), ND high pathology groups (tangle score >5) and AD groups different disease 

states and genotypes. (Non-significant rank differences within ND-LP groups, ND-HP 

groups or within AD groups- Kruskal-Wallis test).

Bars in panels represent mean ± 95% confidence intervals. NS – Not significant (P>0.05)
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Fig. 2. 
Expression of CD33 mRNA (transcript variant 1 and 2) increases with AD pathology but not 

with CD33rs385444 polymorphism in human brains. (A). Absence of changes in relative 

levels of CD33 (v1 and v2) mRNA in temporal cortex samples of samples with designated 

genotypes. No significant differences in levels of CD33 mRNA between samples from 

different rs3865444 genotypes. (P=0.6903, One way ANOVA). Each genotype contained 

ND, MCI and AD cases. NS – Not significant (P>0.05). Columns represent mean values ± 

standard error of mean (SEM). (B). Increased in relative levels of CD33 (v1 and v2) mRNA 

in temporal cortex samples of designated disease groups. Significant increased levels of 

CD33 mRNA in AD cases compared to ND (**P<0.01) and MCI (*P<0.05) cases (One way 

ANOVA with Fisher LSD test for between group significance). (n=34). ND – Non-

demented; MCI – mild cognitive impaired; AD-Alzheimer’s disease. Columns represent 

mean values ± SEM. (C). Positive correlations between CD33 mRNA levels and plaque 

scores (Spearman rank correlation -r=0.424, *P=0.0125). (D). Positive correlations between 

CD33 mRNA levels and tangle scores (Spearman rank correlation – r=0.432, *P=0.0120). 

Bars in figures represent mean ± standard error of mean.
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Fig. 3. 
Expression of CD33 mRNA (transcript variant 2) in human brains differs with genotype and 

disease state. (A). Relative levels of CD33 (v2) mRNA in temporal cortex samples of 

designated genotypes. Significant increased levels of CD33 mRNA v2 in samples with A/A 

rs3865444 genotypes (P< 0.05 - One way ANOVA with Fisher PLD post hoc test) (n=34). 

Each genotype contained ND, MCI and AD cases. Columns represent mean values ± SEM. 

(B). Significant increase in levels of CD33 mRNA v2 in MCI cases compared to ND and 

AD cases. (One way ANOVA with Fisher LSD test of between group significance) (n=34). 

Columns represent mean values ± SEM. (C). Positive correlations between CD33 v2 mRNA 

levels and plaque scores (Spearman rank correlation - r=0.400, *P=0.021) and (D) tangle 

scores (Spearman rank correlation – r=0.387, *P=0.026).
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Fig. 4. 
Immunohistochemistry to demonstrate cellular localization of CD33 in microglia in human 

brain sections. (A and B) Single color immunohistochemistry using antibody to CD33 in ND 

(A) and AD (B) cases identifies cells with morphology of microglia (purple color). Weak 

CD33 immunoreactivity seen in microglial like cells in ND case (A) and increased CD33 

was apparent in clusters of microglia with activated morphology in AD case (B - arrows). 

Brown color in A and B is lipofuscin. (C and D) Dual-color immunohistochemistry (purple 

CD33: brown HLA-DR) identifies a range of cells with progressively activated 

morphologies showing colocalization of CD33 with increased amounts of HLA-DR in AD 

sections. The progressive increase in HLA-DR immunoreactivity (C: 1–4 labeled arrows) is 

seen with changes in morphology. (D) Arrow indicates microglia with strong CD33 

reactivity and limited HLA-DR reactivity in an AD section, while other cells show differing 
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degrees of combined reactivities. All cases examined showed similar results. Scale bar 

represent 100 µm.
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Fig. 5. 
Representative Western blots of protein bands for CD33, IBA-1, synaptophysin and b-actin 

in CD33 rs3865444 genotyped brain samples. Composite figure showing representative gels 

of proteins to be measured in series of rs3865444 genotyped temporal cortex samples. 

Figure legend indicates genotype (C/C, C/A, A/A) or disease state (ND or AD).
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Fig. 6. 
Effect of CD33 rs3865444 genotype and disease state on levels of CD33 protein in human 

brain samples. (A). Scatter plot showing relative levels of CD33 protein with CD33 

rs3865444 genotype in temporal cortex samples. Significant differences were detected 

between C/C genotyped samples (n=21) and A/A samples (n=20)(P<0.01, One way 

ANOVA and Fisher LSD test of group significance) and between C/A samples (n=28) and 

A/A sample (P<0.001, One way ANOVA and Fisher LSD test of group significance). (B). 

Scatter plot showing relative levels of CD33 protein in temporal cortex samples categorized 

by disease state. No significant difference (P=0.5425, unpaired t test) between ND and AD 

cases. NS – Not significant. (C). Scatter plot showing relative levels of CD33 protein in 

samples categorized into CD33 rs3865444 genotype and ND or AD disease state. There 

were no significant (NS) differences between each genotype and disease state but overall 

genotypes had significant effect on CD33 levels (SS 15.69, ***P=0.0002) (Two way 

ANOVA with Sidak’s multiple comparison test). Lines indicate mean values ± SEM.
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Fig 7. 
Increased levels of microglial marker protein IBA-1 in temporal cortex samples with A/A 

CD33 rs3865444 genotype and disease and correlations between IBA-1 and CD33 levels.

(A). Scatter plot showing relative levels of IBA-1 protein with CD33 rs3865444 genotype in 

temporal cortex samples. Significant differences were detected between C/C genotyped 

samples (n=23) and A/A samples (n=21)(P<0.05, One way ANOVA and Fisher LSD test of 

group significance). (B). Scatter plot showing relative levels of IBA-1 protein in samples 

categorized into CD33 rs3865444 genotype and ND or AD disease state. There was only a 
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significant difference between C/A genotype and disease state for IBA-1 levels (*P<0.05)

(Two way ANOVA with Sidak’s multiple comparison test). (C). Scatter plot showing 

relative levels of CD33 between CD33rs3865444 genotype when CD33 values were 

normalized against lBA-1 values. Significant differences between all groups became 

apparent (One way ANOVA and Fisher LSD test of group significance). Lines indicate 

mean values ± SEM. (D). Correlation analysis for levels of CD33 and IBA-1 in ND cases. 

Significant correlation (Pearson r test: r=0.4386, P=0.0153) was detected. Figure shows 

linear regression line (solid line) with 95% confidence intervals (dotted lines). (E). 

Correlation analysis for levels of CD33 and IBA-1 in AD cases. Significant correlation 

(Pearson r test: r=0.3805, P=0.0154) was detected. Figure shows linear regression line (solid 

line) with 95% confidence intervals (dotted lines).
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Figure 8. 
Inflammatory activation of in vitro cultured human microglia downregulation expression of 

CD33 mRNA and protein in human microglia. (A). Gel showing DNA bands demonstrating 

expression of CD33 mRNA detected by PCR amplification of cDNA from human microglia 

(MG) cases (1 and 2) and brain microvascular endothelial cells (EC) cases (5 and 6) but not 

astrocytes (AST)(3 and 4). CD33 mRNA expression was also detected in human brain 

samples (7 and 8). –rt – result in matching sample processed without reverse transcriptase.

(B). Quantitative polymerase chain reaction analyses of CD33 (v1 and v2) mRNA 

expression in microglia (n=3 cases) treated with the indicated agents. Significant 

downregulation of expression was observed with all treatments except interferon-γ (One 

way ANOVA, Fisher LSD post hoc test). (C). Quantitative polymerase chain reaction 

analyses of CD33 (v2) mRNA expression in microglia treated with the indicated agents. 

Significant downregulation of expression was observed with indicated proinflammatory 

treatments (One way ANOVA, Fisher LSD post hoc test). (D). Changes in microglia 

expression of CD33 protein with inflammatory treatments. Representative gel shows only a 

single band corresponding to full length (approximately 67 kD) CD33. (E). Relative changes 

in CD33 protein levels in treated microglia. Effects of treatment with inflammatory 

activators poly inosinic:polycytidylic acid (pIC)(10 µg/ml); amyloid beta peptide (Aβ)(2 

µM) and both agents combined (pIC-Aβ) for 24 hours. (One way ANOVA, Fisher LSD post 

hoc test). Bars indicate mean values ± SEM.
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Figure 9. 
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