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Abstract

INTRODUCTION—Genome-wide association studies consistently show that single nucleotide
polymorphisms (SNPs) in the complement receptor 1 (CRZ) gene modestly but significantly alter
Alzheimer’s disease (AD) risk. Follow-up research has assumed that CR1 is expressed in human
brain, despite a paucity of evidence for its function there. Alternatively, erythrocytes contain >80%
of the body’s CR1, where, in primates, it is known to bind circulating pathogens.

METHODS—Multidisciplinary methods were employed.

RESULTS—Conventional Western blots and gPCR failed to detect CR1 in human brain. Brain
immunohistochemistry revealed only vascular CR1. By contrast, erythrocyte CR1
immunoreactivity was readily observed and was significantly deficient in AD, as was CR1-
mediated erythrocyte capture of circulating Ap. CRZ SNPs associated with decreased erythrocyte
CR1 increased AD risk, whereas a CRZ SNP associated with increased erythrocyte CR1 decreased
AD risk.
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DISCUSSION—SNP effects on erythrocyte CR1 likely underlie the association of CR1
polymorphisms with AD risk.

Keywords

complement receptor 1; CR1; complement C3b/C4b receptor 1; erythrocyte; red blood cell;
amyloid B peptide; single nucleotide polymorphism; immune adherence; clearance

1.0 Background

Multiple genome-wide association studies (GWAS) have shown that single nucleotide
polymorphisms (SNPs) in the complement receptor 1 (CRZ) gene have a small but highly
consistent effect on risk for Alzheimer’s disease (AD) [1-6]. Efforts to elucidate physiologic
reasons for this linkage have perhaps understandably begun with the assumption that CR1 is
expressed in brain [7-11], particularly in microglia [12-14] where complement and
neuroinflammatory mechanisms are most clearly evident in AD. However, there is no well-
established role for CR1 in human brain and direct evidence even for its presence there is
limited and conflicting. Gasque et al. [15], for example, reported CR1 immunoreactivity in
astrocytes, but not neurons or microglia, in normal human adult and multiple sclerosis brain
samples. Hazrati et al. [16], on the other hand, reported CR1 immunoreactivity in neurons,
but not astrocytes or microglia in normal human adult brain samples, the exact opposite
result. Singhrao et al. [17] were unable to detect CR1 protein in any of these cell types in
adult human brain. Fonseca et al. [9] observed clear astrocyte staining and an absence of
specific neuronal or microglial CR1 immunoreactivity with two novel antibodies from the
laboratory of John Atkinson at Washington University [18]. Although the immunoreactivity
was appropriately abolished after soluble CR1 preabsorption, neither antibody detected CR1
immunoreactivity in Western blots of brain homogenates, and the immunohistochemical
staining in brain did not differ among AD and nondemented elderly control (ND) patients.
Two recent studies have suggested that CRZ mRNA expression is detected in AD cortical
homogenates [19,20], but another report found that the only brain regions in which CR1
mMRNA could be detected in AD patients were frontal cortex white matter and cerebellum,
and then only in very low amounts [21].

In contrast to the conflicting reports in brain, CR1 is known to play several critical roles in
the periphery, the two most important of which are capture and clearance of complement-
opsonized pathogens by erythrocyte and monocyte/macrophage CR1, and inhibition of
spontaneous complement activation by soluble CR1 in the plasma. The vast majority of the
body’s CR1 (>80%) is, in fact, dedicated to the erythrocyte compartment [reviewed in
22,23]. Here, circulating antibodies that have bound their respective pathogens or antigens
activate complement, resulting in fixation of complement opsonins (e.g., C3b, C4b) to the
antibody/antigen complex. CR1 on the erythrocyte surface captures the complex via its
multiple C3b/C4b binding sites. The bound complex is then ferried to the liver, where it is
stripped off by liver Kupffer cells and degraded. This pathway, termed “immune adherence”,
is unique to primates (subprimate species do not have erythrocyte CR1), has been studied for
over a half-century, and is widely considered to be a major mechanism for removal of
circulating antigens/pathogens in primates [22,23]. Complement-dependent monocyte/
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macrophage capture of circulating pathogens is similar, except that degradation of the
pathogen occurs within the monocyte/macrophage.

Our previous studies have demonstrated that peripheral amyloid B peptide (AB) is subject to
these well-known processes [24-27] (Fig. 1). Ap itself, without antibody mediation,
activates complement [24-30], is opsonized by complement [24,25,29,30], and is bound by
erythrocyte and monocyte/macrophage CR1 [24-26]. We have also shown that AP capture
by erythrocytes is significantly deficient in AD patients [24,25], and that the presence of AB
antibodies, as in AR immunotherapy, dramatically enhances AB clearance into the
erythrocyte and monocyte/macrophage compartments /7 vitro and in living non-human
primates [26]. These results [24-30] and the equivocal findings on CR1 expression by brain
cells [9,15-21] open the possibility that the effects of CR1 polymorphisms on AD risk [1-6]
may be due to alterations in the ability of erythrocytes and monocytes/macrophages to clear
circulating Ap via CR1-dependent mechanisms. Deficits in such clearance might then
impact brain Ap metabolism by impairing efflux of brain A or enhancing influx of
circulating Ap [31-35].

In the present report, we have evaluated the presence or absence of CRL1 in brain, and the
effects of CR1 SNPs on erythrocyte CR1 expression, erythrocyte CR1 structure, erythrocyte
CR1-mediated capture of Ap, and risk for AD. Our results confirm the small but highly-
replicable link between CR1 and AD, but strongly suggest that the association is due to
extremely well-established erythrocyte CR1 mechanisms for pathogen clearance [22,23] and
not to hypothetical brain mechanisms.

2.0 Methods

2.1 Subjects and samples

2.11 CR1 genotype, CRL1 levels, CR1 structural isoforms, erythrocyte capture
of AB, and their relationships to AD risk—These variables were assayed using
prospectively-obtained, intravenous blood samples from well-annotated, well-matched AD
and nondemented elderly (ND) subjects who had been evaluated and diagnosed at a National
Institute on Aging (NIA) Alzheimer’s Disease Center, the Arizona AD Research Center. The
AD group (N = 80) had a mean age of 80.8 + 0.7 years, a mean MMSE score of 18.5 + 0.6,
and consisted of 60.0% males and 40.0% females. The ND group (N = 117) had a mean age
of 80.9 £ 0.6 years, a mean MMSE score of 28.4 + 0.2, and consisted of 42.7% males and
57.2% females.

2.12 CR1 immunohistochemistry, Western blots, and quantitative polymerase
chain reaction (QPCR)—These studies were conducted on short postmortem (<4 hours
from death to autopsy) neocortex samples from 4 neuropathologically-confirmed AD cases
(mean age of 83 * 4 years) and 4 neuropathologically-confirmed ND cases (mean age of 77
+ 4 years) provided by the Arizona AD Research Center Tissue Bank.

2.13 Microglial gene expression—To assess CRI gene expression specific to microglia,
single cell laser capture methods were employed to collect a total of 21,600 microglia from
hippocampus CA1 and midbrain substantia nigra sections of an additional 6
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neuropathologically-confirmed, short postmortem AD cases (mean age of 75 + 7 years), 6
neuropathologically-confirmed, short postmortem ND cases (mean age of 74 + 6 years), and
6 neuropathologically-confirmed, short postmortem Parkinson’s disease (PD) cases (mean
age of 75 + 16 years). These samples also derived from the Arizona AD Research Center
Tissue Bank.

2.14 Association of CR1 SNPs with AD risk—These analyses were based on
genotype and phenotype data from six large-scale GWAS datasets furnished by the National
Institute on Aging Genetics of Alzheimer’s Disease Data Storage Site (NIAGADS). The
datasets were the University of Pittsburgh GWAS (NG00026), TGEN2 GWAS (NG00028),
ROSMAP GWAS (NG00029), Washington University GWAS (NG00030), MIRAGE GWAS
(NG00031), and ACT and Genetic Differences GWAS (NG00034), which collectively
included 3,925 AD and 4,997 ND subjects.

2.15 Institutional Review Board approval—Sample procurement and experimental
protocols for all phases of the research were conducted after Institutional Review Board
approval.

2.2 Immunohistochemistry and immunocytochemistry

Postfixed, cryoprotected neocortex blocks from 4 AD and 4 ND cases were sectioned at 40
pum and reacted with mouse monoclonal anti-CR1 antibody (#376223, clone E11) from US
Biologicals (Salem, MA) or mouse monoclonal anti-CR1 (H2) antibody from Santa Cruz
Biotechnology (Dallas, TX) using previously described methods [24-26] (see also
Supplementary Material). To confirm the results, the experiments were replicated using a
second, conventional immunohistochemistry protocol (Supplementary Material) and
additional CR1 antibodies: clone E11 (Ancell, Bayport, MN) and clone J3D3 (Beckman
Coulter, Indianapolis, IN). Selected sections were allowed to develop with chromogen for as
long as 30 minutes. As a positive control for viability of the CR1 antibodies and
immunohistochemical methods, erythrocyte preparations and brain sections containing
morphologically-distinct vascular cells were also immunoreacted with the same CR1
antibodies and methods as employed for the brain samples.

2.3. Quantitative real-time PCR (gqPCR)

Frozen neocortical and whole blood samples from each of the above 4 AD and 4 ND
subjects were homogenized and total RNA extracted using RNeasy Mini Kits (Qiagen,
Valencia, CA). Extracted RNA (250 ng/sample) was subjected to cDNA conversion using
Omniscript RT Kits (Qiagen) and 10 uM Random Primers (Promega, Thermo Fisher
Scientific, Waltham, MA). From the resulting material, 7 ng of cDNA/sample was amplified
by SsoFast EvaGreen-based qPCR in a CFX96 Real-Time PCR machine (Bio-Rad,
Hercules, CA) using two different primers for CRZ, as well as primers for hemoglobin
subunit alpha 2 (HBA2), glial fibrillary acidic protein (GFAP), and aldehyde dehydrogenase
1 family member L1 (ALDHIL 1) (Supplementary Table 1). Quantification and copy number
determinations were derived from standard curves for each of the primer pairs.
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2.4 Microglial gene expression

Snap-frozen limbic hippocampal CA1 and snap-frozen substantia nigra samples were
obtained from each of 6 additional AD, 6 additional ND, and 6 additional PD cases. After
sectioning at 10 pm on a cryostat, the sections were processed for single cell laser capture of
microglia. The collected microglia were then assayed by immunohistochemical and gene
expression methods using protocols we have previously described [36] (see also
Supplementary Material). A total of 1,200 microglia were individually collected for each
subject, yielding a total sample of 21,600 microglia. The data were expressed as Fragments
per Kilobase Million (FPKM), a standard measure for gene expression that normalizes for
sequencing depth and gene length.

2.5 Western blotting

Neocortex and erythrocyte membrane homogenates from the 4 AD and 4 ND cases
employed for immunohistochemistry were subjected to CR1 non-reducing, denaturing
Western blots using CR1 clone E11 antibody and protein loads of 20 pg/ml and 100 pg/ml
per lane. A parallel membrane was probed at the same concentrations with rabbit
monoclonal platelet glycoprotein VI (GPVI) antibody (Abcam). In the larger cohort of 80
AD and 117 ND subjects prospectively recruited for the study, CR1 Western blots with CR1
clone E11 were also employed to evaluate levels of CR1 and its structural isoforms, as well
as to identify the isoform genotype for each patient (Fig. 2). All methods were as previously
described [25,26] and are covered in detail in the Supplementary Materials.

2.6 Flow cytometry

AP antibody 4G8 (BioLegend, San Diego, CA) and mouse isotype control 1gG (Thermo
Fisher Scientific) were biotinylated using the EZ-Link NHS-PEG4 Biotin kit (Thermo
Fisher Scientific) following the manufacturer’s instructions. Erythrocyte membrane samples
from the prospectively-enrolled 80 AD and 117 ND cases were incubated with the
biotinylated antibodies and assayed for AB using conventional flow cytometry methods we
have previously published [26] (see also Supplementary Material). A minimum of 10,000
events/sample were recorded on a Becton-Dickinson LSR |1 flow cytometer and analyzed
for AB capture with FlowJo v10.1 (FlowJo, Ashland, OR).

2.7. CR1 genotyping

Using the prospectively-obtained blood samples from 80 AD and 117 ND subjects, a total of
30 CR1SNPs (Table 1) were chosen for evaluation based on previous GWAS reports on AD,
associations with other disorders, or haplotype coverage. As a positive control, two
apolipoprotein E (APOE) SNPs known to be associated with AD risk (rs429358 and rs7412)
were also evaluated. To assess the SNPs, genomic DNA from buffy coat of prospectively-
enrolled AD and ND subjects was extracted using Gentra PureGene Blood kits (Qiagen) and
quantified by densitometry (N = 46 samples). Buffy coat was unavailable for the remaining
151 samples, and DNA was extracted from 3—-4 ml plasma using QlAamp Circulating
Nucleic Acid kits (Qiagen). Here, DNA was eluted with 35 pl 1:10 Tris-EDTA buffer and 1
ul was quantified in triplicate in a 9 pl reaction volume with a TagMan RNase P Detection
Reagents kit (Thermo Fisher Scientific) and Tagman Universal Master Mix Il on a ViiA7
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TagMan instrument to estimate yields. The average yield of DNA from plasma was 17.0

+ 1.1 ng. The remaining eluted DNA was concentrated by Speedvac, and whole genome
amplification (WGA) was performed on 3 pl samples using the REPLI-g Single Cell Kit
(Qiagen). Genotyping was evaluated on the TagMan OpenArray SNP Genotyping System
(32 SNP array) or ViiA 7 instrument and included HapMap DNA samples for controls
(Coriell Cell Repositories, Camden, NJ). OpenArray samples were run at the University of
California, San Francisco, Helen Diller Family Comprehensive Cancer Center Genome
Core. ViiA7 samples were run at SRI International. Data were analyzed using Genotyper
Software. SNP genotyping assays were checked for clustering, concordance with replicate
samples, and completion rates. Two of the original 30 CRZ SNPs from the OpenArray Panel,
rs6696840 and rs2025935, had <95% genotyping completion and were dropped from further
analysis. Although we recognize that genotyping samples from WGA DNA may cause
allelic bias, the viability of the plasma DNA approach, which has ample precedent in the
literature [reviewed in 37], was strongly suggested by the fact that the vast majority of
samples met the criteria of having a >87% call rate (samples with <87% call rate were
dropped from the analysis), none of the assayed SNPs showed significant loss of
heterozygosity with respect to Hardy-Weinberg equilibrium (P > 0.10), the frequencies of
SNPs in our cohort were similar to those in much larger GWAS cohorts, and the APOE
SNPs employed as a positive control exhibited highly significant associations with AD risk
even in our small sample (N = 197) (e.g., for APOErs429358: z = 4.48, P <« 0.001, Odds
Ratio (OR) = 4.89 £ 1.73, 95% Confidence Interval (Cl) = 2.44 — 9.80).

Associations of the various SNPs with CR1, F isoform, and S isoform expression were
assessed in the 80 AD and 117 ND individuals in this cohort. In addition, associations of the
SNPs with AD risk were evaluated over the six GWAS datasets furnished by NIAGADS.
Data from these datasets were phased and imputed for SNPs throughout the CRZ region
using Impute2 [38] and the 1000 Genomes Project Phase 3 reference dataset [39].

2.8. Statistics

Because we evaluated 28 CRZ SNPs on four different outcome measures (112 total tests),
the criterion significance level for SNP analyses was set at P < 0.009 (two-tailed) (i.e., one
false positive result by chance alone in 112 tests). The remaining non-SNP analyses (e.g.,
effect of erythrocyte CR1 levels on erythrocyte AB capture) did not entail multiple
comparisons and used a conventional significance level of P < 0.05 (two-tailed). Neither
APOE genotype nor age proved to be significant covariates in the SNP analyses and their
inclusion or exclusion had no effect on the statistical conclusions reached here. Likewise, a
dominant model gave nearly identical results as an additive model. The results presented are
therefore with a dominant model and no covariates.

3.0 Results

3.1. Peripheral versus CNS localization of CR1

Immunohistochemistry using commercially-available CR1 antibodies (clone E11, H2, J3D3)
readily labeled peripheral erythrocytes. A representative micrograph with CR1 clone E11 is
shown in Fig. 3A. Under the same conditions, even in extremely short postmortem (<4
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hours) samples, there was no detectable CR1 immunoreactivity in AD or ND brain
parenchyma (Fig. 3B), with the notable exception of CR1-immunoreactive profiles in the
brain vasculature (inset, Fig. 3B, and Fig. 3C). These data are consistent with those of
Fonseca et al. [9], who also failed to find material brain immunoreactivity with CR1 clone
E11, H2, or J3D3 commercial antibodies after appropriate preabsorption controls were
applied. In Western blots using CR1 clone E11 antibody, erythrocyte membrane
homogenates gave clear CR1 immunoreactivity with conventional, 20 ug protein/lane loads,
whereas short postmortem neocortex homogenates showed only faint CR1 immunoreactive
bands even at extremely high, 100 g protein/lane loads (Fig. 3D) where immunoreactivity
for vascular-specific proteins such as platelet GPVI [40,41] (Fig. 3E) and hemoglobin (not
shown) were equally or more evident. Likewise, the presence of CRZ mRNA by gPCR was
only detectable in short postmortem AD and ND neocortex homogenates at extremely high
amplification levels where mRNAs for HBAZ, a low-expression variant of hemoglobin A in
human blood [42], also began to be observed (Fig. 4A). Conversely, MRNAs for blood-
specific markers such as CRZ and HBAZ were readily observed at conventional
amplification levels in blood samples (Fig. 4B).

Because several studies have attributed effects of CR1 SNPs on AD risk specifically to brain
microglial mechanisms [e.g., 12-14], we also evaluated CRZ gene expression in single cell
laser captured AD and ND microglia unadulterated by other CNS cell types that are perforce
collected in brain homogenates. Microglia-specific CR1 gene transcripts were essentially not
detectable in hippocampus CAL or midbrain substantia nigra, with FPKMs of 0 for the vast
majority of samples (94%) and an overall mean FPKM of 0.04 £ 0.03 for all samples. By
contrast, transcripts for proteins known to be expressed by microglia such as CD45 and
TLR5 were readily detected, with values on the order of 15-45 FPKMs (Fig. 4C).

3.2. Erythrocyte CR1 and A clearance

The vast majority of the body’s CR1 is present in the erythrocyte compartment, where CR1
is employed to capture and clear circulating, complement-opsonized antigens/pathogens
[22,23]. Our previous studies [24-26] have demonstrated that circulating Ap is subject to
this major mechanism for pathogen removal. We therefore next evaluated whether changes
in erythrocyte CR1 might help explain the association of CR1 polymorphisms with
increased AD risk.

Expression of erythrocyte CR1 protein was significantly deficient in AD compared to ND
subjects (t = -2.11, P = 0.018) (Fig. 5A), and these low levels of erythrocyte CR1
significantly increased AD risk (z =2.07, P =0.038, OR =1.14 + 0.07, 95% CI = 1.01-
1.28). In turn, erythrocyte capture of Ap, which is mediated by erythrocyte CR1 [24,25],
was significantly deficient in the AD compared to the ND group (t = -2.94, P = 0.002) (Fig.
5B), replicating three previous studies by our group [24-26], and this deficit also
significantly increased AD risk (z =2.79 P = 0.005, OR = 1.02 +£ 0.01, 95% CI = 1.01-1.03).
These small but consistent effects on erythrocyte CR1 are wholly in accord with the small
but consistent effects of CR1 SNPs on AD risk in previous GWAS reports [1-6].
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3.3. Effects of CR1 structural isoforms

CR1 is produced in four different isoforms, F, C, D, and S, each of which varies in its
capacity to bind opsonized pathogens. The F (fast migrating on electrophoresis) isoform is
by far the most common, with a frequency of 83% in the general population, whereas the S
(slow migrating on electrophoresis) isoform occurs with a frequency of 15%. The C and D
isoforms are quite rare, exhibiting frequencies of 1% or less [43]. In our sample, 66% of
subjects were homozygous for the F isoform (F/F), 4% were homozygous for the S isoform
(S/S), and 30% were heterozygous for the F and S isoforms (F/S). F/C and F/D subjects
(<1% each) were too few to consider statistically and were dropped from further analyses.

Although the F isoform has fewer binding sites for opsonized pathogens, our data and a
previous report by Hazrati et al. [16] suggest that this is compensated for by increases in the
expression of F isoform CR1. Thus, subjects in our study who were homozygous for the F
isoform (F/F) exhibited significantly greater total CR1 levels than F/S (t = 3.16, P = 0.002)
or S/S (t =2.40, P = 0.018) subjects, and there was a significant effect of the F isoform
overall on CR1 levels (t = 2.40, P = 0.004) (Fig. 5C). Notably, the CR1-enhancing F/F
genotype was significantly under-represented in the AD compared to the ND group (z =
-2.03, P =0.042) (Fig. 5D), and F isoform expression overall was significantly less in the
AD compared to the ND group (t = -2.01, P = 0.023) (Fig. 5E). Deficits in erythrocyte F
isoform levels, in turn, significantly increased AD risk (z = 1.98, P = 0.048, OR = 1.25
+0.14, 95% CI = 1.00-1.567). Results for the CR1 S isoform were less conclusive, and most
likely reflect the much lower prevalence of that isoform relative to F. As discussed below,
this does not, by any means, exclude a contribution of the S isoform to CR1 levels or AD
risk.

3.4 Effects of CR1 SNPs on erythrocyte CR1 levels and structure

Of the 28 CR1 SNPs evaluated, 18 were associated with significant decreases, and two were
associated with significant increases in erythrocyte CR1 levels (Table 2). Consistent with our
results on the relationship of erythrocyte F isoform expression to erythrocyte CR1 levels, 10
of the CR1-reducing SNPs were significantly associated with decreased expression of the F
isoform, whereas the two CR1-increasing SNPs were significantly associated with increased
expression of the F isoform (Table 2). A CR1 SNP, rs6656401, of particular interest because
of prior reports of its effects on the S isoform and AD risk [4,7], was also significantly
associated with decreased total erythrocyte CR1. This SNP clearly co-segregated with the S
genotype in our cohort: all S/S subjects possessed rs6656401, 89% of F/S subjects possessed
rs6656401, and only 8% of F/F subjects possessed rs6656401. In fact, many of the CR1
SNPs that had an effect on F isoform expression and CR1 levels tended to co-segregate with
the S genotype (Table 2). One interpretation of this result is that the SNPs are associated
with presence or absence of the F or S isoform, as opposed to modulating their expression
levels. By increasing the probability of an S isoform genotype, the occurrence of the
alternate, CR1-enhancing F isoform genotype is proportionately lowered. Erythrocyte CR1
levels are therefore reduced from normal by the relative absence of the CR1-enhancing F
genotype or, alternatively, by the relative presence of the S isoform. Because the prevalence
of the F genotype is some five-fold greater than that of the S genotype, however, such effects
are more readily observed statistically in measures of the F isoform than in measures of the
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S isoform. In Table 2, for example, only two CRZ SNPs were associated with changes in S
isoform levels using our stringent significance criterion of P < 0.009, although seven other
CR1 SNPs had an effect on S isoform levels at P < 0.05 (statistics in parentheses in Table 2).

3.5 Effects of CR1 SNPs on AD risk

Over the six GWAS datasets supplied by NIAGADS, 10 CR1 SNPs that significantly altered
erythrocyte CR1 levels also significantly altered AD risk (Table 2). Five of these 10 SNPs
were in significant linkage disequilibrium with rs6656401 (Table 2). Importantly, the one
lone SNP that was significantly protective for AD risk was a SNP that significantly
enhanced erythrocyte CR1, whereas the remaining nine SNPs significantly decreased
erythrocyte CR1 and significantly increased AD risk.

4.0 DISCUSSION

The present results strongly suggest that the consistent association of CRZ polymorphisms
with AD risk is related to well-established CR1-mediated peripheral mechanisms for
pathogen clearance [reviewed in 22,23]. As summarized in Fig. 1, AB, like other circulating
pathogens, is captured by erythrocyte and monocyte/macrophage CR1 and is subsequently
degraded [24-26]. Both here (Fig. 5B) and in three previous studies [24-26] we have shown
that this mechanism is deficient in AD patients, as is erythrocyte CR1 (Fig. 5A). Moreover,
CR1 polymorphisms that decrease peripheral CR1 and A clearance increase AD risk,
whereas CRZ polymorphisms that increase peripheral CR1 and Ap clearance decrease AD
risk (Table 2). Given this converging evidence and the known roles of CR1 in peripheral
clearance of pathogens, it is challenging to believe that peripheral CR1 interactions with Ap
do not significantly impact pathogenesis or risk for AD.

By contrast, previous efforts to localize CR1 to human brain have had mixed results
[9,12,13,15-17,19-21] and, in our hands, conventional, commercially-available CR1
antibodies did not detect material amounts of CR1 in brain by any technique—including
immunohistochemistry, Western blots, or jPCR—under normal conditions. Only under the
most extreme conditions, where vascular contaminants became apparent, did any trace of
brain CR1 begin to be seen. Fonseca et al. [9] obtained similar results with the same or
similar commercially-available antibodies (i.e., clone E11, H2, J3D3). Although they did
observe significant astrocyte staining with two novel CR1 antibodies, neither showed
differential CR1 immunoreactivity in AD and ND samples, neither showed
immunoreactivity in Western blots of brain homogenates, and neither was able to
immunoprecipitate CR1 from brain samples [9]. Fonseca et al. [9] therefore concluded that
“it is unlikely that astrocyte CR1 expression levels or C1q or C3b binding activity are the
cause of the GWAS identified association of CR1 variants with AD.” Our studies showing
no material CR1 gene expression in some 21,600 single cell laser captured microglia also
clearly challenge current speculation about a role for CR1 in microglial Ap clearance.

With respect to alternative, peripheral mechanisms, our data demonstrate that changes in
erythrocyte CR1 structure, expression, and ability to capture circulating Ap are significantly
associated with AD risk. These findings extend beyond erythrocyte mechanisms, since a
specific CRZ SNP manifest in a patient’s erythrocytes will also be present in the patient’s
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macrophages, B-lymphocytes, and other CR1-expressing vascular cell types. Thus, it is
possible that the CR1 SNPs we have studied affect multiple blood cell types in addition to
erythrocytes and, through these cells, contribute to the findings. Our previous studies [26],
for example, demonstrate that peripheral macrophages also capture circulating A through
CR1-dependent mechanisms. Their capacity for binding and degrading Ap may therefore
also be impaired or enhanced by the same CRZ polymorphisms that influence Ap clearance
by erythrocytes.

In addition, although prior studies [7-11] have identified CRZ SNPs that are associated with
AD brain pathologies such as Ap plaques and A angiopathy, the mechanisms by which
brain CR1 might influence such pathologies remain untested. Our studies, on the other hand,
confirm the well-established fact that CR1 is present on human erythrocytes, and provide a
mechanistic link between CR1 SNPs, erythrocyte CR1, vascular Ap levels, and AD risk.
Though speculative, it is not difficult to see how altering peripheral levels of AB could have
an effect on brain Ap metabolism, since there is clear evidence [reviewed in 33-35] for both
AB influx from blood to brain and A efflux from brain to blood (i.e., the “peripheral sink”
hypothesis) [31,32]. Changes in the concentration gradient for Ap between brain and blood
as a result of failure to adequately clear circulating Ap could also impact Ap angiopathy,
which is associated with the brain vasculature and meninges, not the brain parenchyma
[reviewed in 44].

Our studies may also extend the findings from previous GWAS analyses of CRZ
polymorphisms, which have uniformly shown a modest but significant alteration in AD risk
for various CR1 SNPs [1-6]. Likewise, our data demonstrate a modest but significant impact
of CR1 SNPs on erythrocyte CR1 isoforms and levels, as well as modest but significant
effects of these same SNPs on AD risk in GWAS cohorts. The symmetry of these results,
moreover, is challenging to discount: CRZ SNPs that significantly increased AD risk
significantly decreased erythrocyte CR1, whereas the one C/RZ SNP that significantly
decreased AD risk significantly increased erythrocyte CR1. These results therefore also
strongly support the hypothesis that the association of CRZ polymorphisms with AD risk is
related to their effects on erythrocyte CR1.

Although our analyses have focused on the CR1 F isoform, other studies [4,7] have
suggested a link between the CR1 S isoform and AD risk. In our relatively small cohort, S
isoform expression was not different in AD and ND subjects, nor was it associated with AD
risk, whereas F isoform expression was significantly deficient in AD compared to ND
subjects and this deficiency was significantly associated with increased AD risk. It should be
recognized, however, that because the F isoform is some five-fold more common in the
population [43], analyses of the S isoform will almost always be statistically underpowered
relative to analyses of the F isoform, as was the case in our study with only 197 subjects.
Moreover, given the extreme rarity of the C and D isoforms, it could be said that, for
genotype evaluations of AD risk, absence of the F isoform in one or the other allele is
essentially the same as presence of the S isoform. For these reasons, we do not discount the
findings of Keenan et al. [4] or Mahmoudi et al. [7] on the S isoform. On the contrary, we
recognize that they may simply represent “the other side of the coin” from our results on the
F isoform, or that the cumulative effects of both isoforms should be considered.
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Although the effects of CRZ polymorphisms on AD risk are small in our studies, consistent
with GWAS efforts [1-6], this does not necessarily mean that the mechanisms they influence
are trivial. Deficits in CR1-mediated erythrocyte clearance of pathogens have been linked to
such disorders as lupus and malaria [e.g., 22,23,45,46] and, conversely, it is possible that
ameliorating such deficits could be therapeutic [47,48]. In a companion study [26], for
example, we showed, /n vitro and in vivo, that the presence of Ap antibodies dramatically
enhances erythrocyte clearance of circulating AB, a mechanism that may better account for
the ability of Ap immunotherapy to remove brain AB than the extremely small amounts of
AP antibody that actually reach the brain in A immunotherapy [49-51].

Several limitations to the present study may be worth noting. With regard to our negative
results on presence of CR1 in brain, it remains possible that a novel form of the molecule
exists in brain that is not immunoreactive with multiple commercial antibodies that readily
label CR1 in the periphery, as suggested by the results of Fonseca et al. [9]. A second
consideration is that our studies of CRZ SNPs were mostly conducted on extracts from
plasma samples, whereas buffy coat extracts are the conventional preparation. Nonetheless,
as previously described, the samples met numerous criteria for viability, including a 287%
call rate, absence of significant loss of heterozygosity with respect to Hardy-Weinberg
equilibrium, similar frequencies of SNPs in our cohort with those in much larger GWAS
cohorts, and significant effects on AD risk of APOE SNPs that were included as a positive
control.

In conclusion, the present research, as well as our previous studies [24—26], provides
substantial, converging evidence that CRZ polymorphisms impact AD risk by altering
peripheral CR1 expression, and that mechanisms for the disposal of circulating AR may play
arole in AD pathophysiology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RESEARCH IN CONTEXT
Systematic Review

Relevant literature on complement receptor 1 (CR1) and Alzheimer’s disease (AD) was
identified using PubMed. A brief summary of the findings is as follows. Genome-wide
association studies (GWAS) have consistently shown that single nucleotide
polymorphisms (SNPs) in the CRZ gene significantly alter AD risk. Follow-up research
has assumed that CR1 is expressed in human brain, despite a paucity of evidence for its
function there. Alternatively, erythrocytes contain >80% of the body’s CR1, where, in
primates, it is known to bind circulating pathogens.

Interpretation

Our findings may help clarify the mechanism by which CRZ SNPs impact AD and AD
risk. Namely, they do so by altering erythrocyte and macrophage CR1 expression and
their ability to capture circulating pathogens, including amyloid-p peptide.

Future Directions

Replication in larger samples and CRZ haplotype analyses of GWAS cohorts may further
confirm a primary role of peripheral CR1 in AD risk.
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MECHANISMS FOR AB CAPTURE BY ERYTHROCYTES
AND MONOCYTES/MACROPHAGES

D) Antibody-Dependent

A) Direct Binding B) Antibody-Dependent  C) Antibody-Independent + Antibody Independent
Binding Binding Binding
antibody
\
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Fig. 1. Schematic of the different mechanisms by which cell-surface expression of CR1 mediates
capture of circulating AR by monocytes/macrophages and erythrocytes [21,22,27] (adapted from
Roit, Brostoff, and Male) [52]

A) Direct binding and degradation of pathogens such as A can occur without CR1
mediation, but is typically less effective than CR1-dependent mechanisms [52]. B) Classical
immune adherence occurs when pathogen/antibody immune complexes activate
complement, resulting in fixation of the immune complex with complement opsonins,
particularly C3b. C3b is a primary ligand for CR1 and therefore binds the immune complex
to CR1 on monocyte/macrophage and erythrocyte surfaces. Such binding is considered to be
more effective/facile than direct binding [52], as is the case for Ap [26]. After capture of the
pathogen/immune complex, monocyte/macrophages then internalize and degrade the
pathogen. Erythrocytes, however, ferry the bound immune complex to the liver, where the
pathogen is stripped off by Kupffer cells and degraded [22,23]. C) AB in its aggregated state
is one of a handful of peptides that can activate complement without antibody mediation
[24-30]. As a result, it is tagged with complement opsonins such as C3b [29,30] and
becomes subject to capture by CR1. D) The most efficacious binding and degradation of
pathogens occurs when both antibody-dependent (Panel B) and antibody-independent (Panel
C) mechanisms of complement opsonization occur (Panel D) [52].
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Fig. 2. Expression of CR1 and its structural isoforms
CR1 is synthesized in four different structural isoforms. The F (fast migrating on

electrophoresis) isoform has a molecular weight of ~190 kDa; the S (slow migrating on
electrophoresis) isoform has a molecular weight of ~220 kDa. The C (~160 kDa) and D
(~250 kDa) isoforms are quite rare (<1% of the population) [43]. Western blots with CR1
clone E11 antibody reveal these structural isoforms. For example, the patient in lane 3 (F/C)
has one allele that expresses the F isoform and one allele that expresses the C isoform,
whereas the patients in lanes 4-6 (F/F) are homozygous for the F isoform, and the patient in
lane 9 (S/S) is homozygous for the S isoform. In addition to defining the structural isoform
genotype for each patient, Western blots of CR1 have the further advantage of providing
separate expression measures for each isoform (i.e., densitometry of each isoform b and) as
well as measures of total erythrocyte CR1 (i.e., sum of the levels for each band). (MW)
Molecular weight standards. (rCR1) Recombinant CR1.
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Fig. 3. CR1 immunocytochemistry, immunohistochemistry, and Western blots of blood and brain
samples
A) Representative immunocytochemistry of erythrocyte ghosts from a normal elderly

subject using a conventional, commercial CR1 antibody (#376223, clone E11, US
Biologicals, Salem, MA) directed at an epitope in the C3b/C4b binding region of CR1. CR1
immunoreactivity was readily detected at the cell surface and in clusters, characteristics of
this cell surface receptor [53]. B) Representative immunohistochemistry of a <4 hours
postmortem cortical brain section from an AD case using the same antibody and conditions
as in Panel A. No material staining of any cell type was observed in any of the 4 AD or 4
ND patients studied, except for staining of cells that clearly lay in the brain vasculature
(inset). Similar results were obtained with the three other CR1 antibodies employed in the
experiments. C) In addition to erythrocytes, other blood cells known to express CR1 were
detected in the brain vasculature by these methods. For example, CR1 immunoreactive
eosinophils could be identified based on their multi-nucleated morphology (inset). D) In
Western blots with CR1 clone E11 antibody and conventional 20 pg/ml/lane protein loads,
CR1 immunoreactive bands were readily detected in erythrocyte samples (E) (lane 10) at the
same molecular weight as recombinant CR1 (rCR1) (lane 9). Under the same conditions,
only faint traces of immunoreactive CR1 were observed for the neocortical samples even at
extremely high, 100 pg/ml/lane loads. E) Nearly identical results were obtained for the same
samples in parallel blots of GPVI, a platelet marker that is expressly not found in brain [54],
strongly suggesting that it (and putative brain CR1) are simply vascular contaminants that
are inherently trapped in brain homogenates. Autofluorescent and immunoreactive
hemoglobin could also be observed at these high protein concentrations (not shown). (P)
Plasma sample showing bands for GPVI, which appear as multimers of the 62 kDa
monomer form [55].
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Fig. 4. CR1 gene expression in cortical homogenates and microglia
A) Log plot of gPCR for CRZ mRNA and mRNAs for other blood and brain proteins in

brain samples. At 30 amplification cycles, mRNAs for brain-specific markers such as GFAP
and ALDHI1L 1 were readily detected in brain homogenates from four AD and four ND
subjects, whereas, in the same samples, there was no detectable mRNA for CRZ with either
of two different primers. Likewise, mRNAs for the hemoglobin marker HBAZ2[42] exhibited
only trace values. Nonetheless, in these same samples, small but consistent amounts of
mRNAs for CR1and HBAZbegan to be observed after 40 amplification cycles, although
their copy numbers were still some 2 orders of magnitude less than those for the brain-
specific markers. B) As expected, using the same primers, mRNAs for CRZ and HBAZwere
readily detected in blood samples at both 30 and 40 amplification cycles. By contrast,
neither of the brain-specific markers had detectable mMRNAs at 30 amplification cycles, and
only trace amounts of astrocyte-specific GFAP mRNA were observed at 40 cycles. C) In
single cell laser captured microglia (N = 21,600) from 6 AD, 6 ND, and 6 PD cases, CR?
MRNA expression was essentially background (mean FPKM = 0.04 £ 0.03), with 0 values
for 94% of samples, whereas mMRNAs for other markers known to be expressed by microglia
were readily observed in all samples.
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Fig. 5. Erythrocyte CR1, F isoform, S isoform, and A levels in AD (N = 80) and ND (N = 117)
subjects
A) Erythrocyte CR1 expression as measured by densitometry of Western blots using AD and

ND erythrocyte membrane preparations. B) Erythrocyte AB levels as measured by flow
cytometry. These data confirm our earlier reports of deficient erythrocyte Ap capture using
ELISA methods [24-26]. C) Relationship of erythrocyte CR1 expression to the structural
isoforms of CR1. Possession of the F isoform in one or both alleles significantly increased
total erythrocyte CR1 levels, in keeping with previous findings [16]. Homozygosity for the F
allele (F/F) was particularly potent in this regard. D) Homozygosity for the CR1-enhancing
F/F genotype was significantly under-represented in AD compared to ND subjects. E)
Likewise, expression levels of the F isoform overall were significantly deficient in AD
compared to ND subjects.
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CRI1and Apo E SNPs evaluated in the present study for their relationships to erythrocyte clearance

mechanisms and AD risk

TABLE 1

Tagman Assay 1D Gene Symbol Chromosome | NCBI SNP Reference
AHPAUSA CR1 1 rs12734030
C__25598595_10 CR1 1 rs17259045
C__ 904973_10 | APOC1; TOMMA40;APOE 19 157412
C__16092063_10 CR2;CR1 1 rs2182911
C__30096371_10 CR2;CR1 1 1s9429781
C__ 8828478_10 CR2;CR1 1 rs1571344
C__12082954_10 CR1 1 1s2025935
C__12080026_10 CR1 1 rs646817
C__16092052_10 CR2;CR1 1 rs2182913
C__28011832_10 CR1 1 rs4310446
C__30033241_10 CR1 1 1s6656401
C__12080028_20 CR1 1 1s2274566
C__12080027_10 CR1 1 1s2274567
C__25472615_10 CR1 1 rs6691117
C__25598588_10 CR1 1 rs3818361
C__26971223_10 CR1 1 rs11803956
C__30510279_10 CR2;CR1 1 1s4618971
C__30213243_20 CR1 1 rs6701713
C__27978336_10 CR1 1 s4844610
C__8828838_1_ CR1 1 rs1408077
C__31805093_10 CRI1L;CR1 1 rs10779340
C__8828824_10 CRI1L;CR1 1 rs1323720
C__25598594_10 CR1 1 rs41274768
C__30168451_10 CR2;CR1 1 rs9429940
C__26971293_10 CR1 1 s10127904
C__26971230_10 CR1 1 rs12036785
C__26971198_10 CRI1L;CR1 1 1s6696840
C__31805085_10 CRI1L;CR1 1 rs12080578
C__26228458_10 CR1 1 1s12567990
C___8828813_10 CR1L;CR1 1 rs1323722
C__26971190_10 CRI1L;CR1 1 1s6540437
C___3084793_20 | APOC1;TOMMA40;APOE 19 rs429358
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