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IMPORTANCE The R47H variant in the triggering receptor expressed on myeloid cells 2 gene
(TREM2), a modulator of the immune response of microglia, is a strong genetic risk factor for
Alzheimer disease (AD) and possibly other neurodegenerative disorders.

OBJECTIVE To investigate a large family with late-onset AD (LOAD), in which R47H
cosegregated with 75% of cases.

DESIGN, SETTING, AND PARTICIPANTS This study includes genetic and pathologic studies of
families with LOAD from 1985 to 2014. A total of 131 families with LOAD (751 individuals) were
included from the University of Washington Alzheimer Disease Research Center. To identify
LOAD genes/risk factors in the LOAD123 family with 21 affected members and 12 autopsies,
we sequenced 4 exomes. Candidate variants were tested for cosegregation with the disease.
TREM2 R47H was genotyped in an additional 130 families with LOAD. We performed clinical
and neuropathological assessments of patients with and without R47H and evaluated the
variant’s effect on brain pathology, cellular morphology, and expression of microglial markers.

MAIN OUTCOMES AND MEASURES We assessed the effect of TREM2 genotype on age at onset
and disease duration. We compared Braak and Consortium to Establish a Registry for
Alzheimer’s Disease scores, presence of α-synuclein and TAR DNA-binding protein 43
aggregates, and additional vascular or Parkinson pathology in TREM2 R47H carriers vs
noncarriers. Microglial activation was assessed by quantitative immunohistochemistry and
morphometry.

RESULTS Twelve of 16 patients with AD in the LOAD123 family carried R47H. Eleven patients
with dementia had apolipoprotein E 4 (ApoE4) and R47H genotypes. We also found a rare
missense variant, D353N, in a nominated AD risk gene, unc-5 homolog C (UNC5C), in 5
affected individuals in the LOAD123 family. R47H carriers demonstrated a shortened disease
duration (mean [SD], 6.7 [2.8] vs 11.1 [6.6] years; 2-tailed t test; P = .04) and more frequent
α-synucleinopathy. The panmicroglial marker ionized calcium-binding adapter molecule 1 was
decreased in all AD cases and the decrease was most pronounced in R47H carriers (mean
[SD], in the hilus: 0.114 [0.13] for R47H_AD vs 0.574 [0.26] for control individuals; 2-tailed t
test; P = .005 and vs 0.465 [0.32] for AD; P = .02; in frontal cortex gray matter: 0.006
[0.004] for R47H_AD vs 0.016 [0.01] for AD; P = .04 and vs 0.033 [0.013] for control
individuals; P < .001). Major histocompatibility complex class II, a marker of microglial
activation, was increased in all patients with AD (AD: 2.5, R47H_AD: 2.7, and control: 1.0;
P < .01).

CONCLUSIONS AND RELEVANCE Our results demonstrate a complex genetic landscape of
LOAD, even in a single pedigree with an apparent autosomal dominant pattern of inheritance.
ApoE4, TREM2 R47H, and rare variants in other genes, such as UNC5C D353N, are likely
responsible for the notable occurrence of AD in this family. Our findings support the role of
the TREM2 receptor in microglial clearance of aggregation-prone proteins that is
compromised in R47H carriers and may accelerate the course of disease.
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A lzheimer disease (AD) is the most common form of age-
related dementia. Typically, AD manifests after 65 years
of age (late-onset AD [LOAD]), although 5% to 10% of

patients have early-onset AD. Approximately 13% of early-
onset AD cases are mendelian dominant forms of the disease
caused by high-penetrance variants in amyloid precursor pro-
tein and presenilins.1 Although LOAD is traditionally referred
to as sporadic, familial clustering has frequently been observed2

and biological relatives of patients with LOAD are at an in-
creased risk for developing dementia.3,4 A twin study5

estimated the heritability of AD to be as high as 79%.
Whole-genome association studies have identified multiple
genomic loci/genes that appear to influence disease onset/
progression; however, only 2 of these genetic factors are as-
sociated with a significant disease risk: the ε4 allele of apoli-
poprotein E (ApoE4) (odds ratio, 3.2) and the R47H variant in
the triggering receptor expressed on myeloid cells 2 gene
(TREM2) (odds ratios, 1.7-4.5).6-8 Whereas ApoE4 is common
in the white population (minor allele frequency, 12.6%9),
TREM2 R47H is rare (minor allele frequency, 0.26%; http://evs
.gs.washington.edu/EVS/). In the brain, TREM2 is expressed
by microglia. To our knowledge, segregation of R47H with
AD in families with LOAD has not been reported. Here we
describe a large family with LOAD with multiple affected
TREM2 R47H carriers and demonstrate mutation-specific
changes in neuropathology and expression of microglial
markers in brains.

Methods
Participants
Families with LOAD and control individuals were ascertained
and evaluated through the University of Washington Alzhei-
mer Disease Research Center. Examinations, blood sampling,
medical record reviews, brain autopsies, and genetic analyses
were performed under protocols approved by the institutional
review boards of the University of Washington and the Seattle
Veterans Affairs Puget Sound Health Care System. Written in-
formed consent was obtained from participants.

Exome Sequencing, Copy-Number Variation Analysis,
and Genotyping
Target enrichment was performed by hybridization of shot-
gun fragment libraries to custom microarrays or to
NimbleGen_solution_V2refseq2010.HG19 probe library. Exome
sequencing was performed as described previously.10 Sanger
sequencing was used to confirm rare exome variants or evalu-
ate them in other family members. For copy-number variant
detection, a customized microarray (Agilent 2 × 400K probes)
was designed to detect copy-number variants greater than 10
kbp within 1367 sites predisposed for genomic rearrange-
ments and greater than 50 kbp over the rest of the genome. Ar-
ray comparative genomic hybridization and analysis were per-
formed as described previously11 and compared with data from
8900 control individuals.12 R47H was genotyped using a Taq-
Man single-nucleotide polymorphism assay (rs75932628 Assay-
by-Design; Applied Biosystems/Life Technologies).

Postmortem Brain Tissues
Autopsy tissues from members of the LOAD123 family, spo-
radic LOAD cases, and age-matched nondemented (ND) con-
trol individuals were obtained from the University of Wash-
ington Neuropathology Core Brain Bank. The average age of
the individuals was 84.9 years and the average postmortem
interval was 4.5 hours.

Immunohistochemistry
Formaldehyde-fixed paraffin-embedded sections were depa-
raffinized and autoclaved at 15 psi and 121°C for 20 minutes in
citrate buffer pH of 6.0 for antigen retrieval. Immunodetec-
tion was performed with antibodies against α-synuclein
(LB509, from John Trojanowski, MD, PhD, University of Penn-
sylvania), TAR DNA-binding protein 43 (TDP-43) (10782-2-
AP; ProteinTech), major histocompatibility complex class II
(MHCII) (M0746; Dako/Agilent Technologies), and ionized cal-
cium-binding adapter molecule 1 (Iba1) (019-19741; Wako), and
the correspondent secondary antibodies (Vector Laborato-
ries). The specificity of antigen detection was ascertained by
omitting the primary antibody. α-Synuclein and TDP-43 de-
posits were scored qualitatively per each brain region (0 = ab-
sence; 1 = presence). For each group, the severity of deposi-
tion was calculated as a sum of qualitative scores per region
and normalized by the number of samples. The deposit fre-
quency was determined as the number of patients with dep-
osition in at least 1 region. P values were calculated using the
Fisher exact test.

Imaging and Quantitative Analysis of Diamino Benzidine–
Stained Tissue Sections
Immunolabeled sections were analyzed using MicroCom-
puter Imaging Device (Imaging Research). Blinded assess-
ment of optical density measurements were obtained relative to
the proportional area for Iba1 and MHCII immunostaining. Im-
munoreactivity within the hippocampal formation was as-
sessed in the hilus, cornu ammonis region 1, parahippocam-
pal gyrus, and white matter (average of 3 separate readings per
region). All data are represented as mean ± SEM. A 2-tailed t
test was used to assess differences. For graded immunohisto-
chemistry analysis, blinded assessment was performed by 2
observers. Five fields in hippocampal neuropil were counted
per individual. The relative intensity and pattern of immuno-
staining in neuropil were graded on a scale of 0 to 3 for both
Iba1 and MHCII, incorporating quantitative evaluation of im-
munopositive cells and observable phenotype. Major histo-
compatibility complex class II labeling graded zero had no im-
munoreactivity; grade 1 signified observable, although
few, immunopositive cells per field; grade 2 represented mul-
tiple immunopositive cells per field, with fewer than half dem-
onstrating an activated plump morphology, with thicker
processes and more bizarre shapes; and grade 3 was given
where a field was prominently immunopositive for numer-
ous MHCII cells, many appearing activated. Staining with Iba1
was ranked on presence in white matter and morphology. Com-
pletely absent Iba1 labeling received a zero grade. Grade 1 fields
showed virtually no Iba1-positive staining, grade 2 fields con-
tained a few Iba1-positive cells in white matter in addition to
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occasional activated microglia, and grade 3 fields demon-
strated the presence of multiple Iba1-positive cells with at least
1 plump, irregular microglial cell.

Results
TREM2 R47H in Familial LOAD
The LOAD123 family contains 21 individuals with an AD diag-
nosis (Figure 1; eTables 1 and 2 in the Supplement). The mean
(SD) age at onset was 72.5 (8.2) years, the mean (SD) age at death
was 81 (8.4) years, and the mean (SD) disease duration was 7.7
(4.4) years. The pedigree in Figure 1 shows vertical disease
transmission to the 3 branches. There is age-at-onset hetero-
geneity, clustered at early age (60-70 years) but extending to
88 years.

We selected 4 affected individuals for exome sequencing
(Figure 1). Two of them, III-5 and III-12, were additionally
screened for structural genome variation, but no shared patho-
genic uncommon structural variants were identified (eTable
3 in the Supplement). Shared exome variants were sorted by
frequency in the population assuming that LOAD risk vari-
ants of strong effect would be uncommon (<5%) or rare (<1%).
Five shared identity-by-descent regions contained 9 mis-
sense variants with frequency less than 5% (eTable 4 in the
Supplement). None of the exomes had rare missense variants
in the genes known to cause early-onset AD or frontotempo-
ral dementia.13 One exome contained a rare missense variant,
D353N, in the unc-5 homolog C gene (UNC5C) (rs145155041; mi-

nor allele frequency, 0.2% in white individuals; http://evs.gs
.washington.edu/EVS/), in which another rare variant
(rs137875858) was reported in association with AD.14 D353N is
predicted to be damaging to the protein (PolyPhen2 score, 0.85).

The R47H variant in TREM2 was prioritized based on as-
sociation studies.6,7 Sanger sequencing confirmed R47H pres-
ence in 11 of 15 affected individuals with available DNA and case
II-3 could be inferred as a carrier based on the pedigree struc-
ture, for a total of 12 R47H carriers of 16 patients with AD (75%).
In the central branch of the family, of 9 siblings with AD, 5 in-
herited this variant, and 3 of these transmitted it to their af-
fected offspring. Three unaffected individuals were also de-
duced or shown to carry the variant: II-4 and III-14, who died
before the typical age of LOAD onset (57 and 62 years), and III-
20, who died at age 87 (Figure 1). Four other siblings with AD
were negative for R47H and did not transmit the disease to their
12 offspring (age range, 64-86 years).

We studied the distribution of ApoE and UNC5C alleles in
the LOAD123 family. Fourteen of 15 affected individuals and 4
of 10 unaffected individuals had at least 1 ApoE4 allele. Of the
3 individuals who were APOE 4/4 homozygotes, 2 with AD had
quite disparate ages at onset—60 and 82 years (IV-55 and III-
17)—and the third was unaffected at 74 years (IV-57). UNC5C
D353N was transmitted within the central branch of the fam-
ily; of 8 siblings with AD with available DNA, 3 inherited this
variant (III-11, III-13, and III-18) and 1 (III-11) transmitted it to
her affected offspring (IV-26 and IV-29).

We genotyped R47H in an additional 130 families with
LOAD (713 individuals). Eight R47H carriers were found in 3

Figure 1. Late-Onset Alzheimer Disease Pedigree Segregating TREM2 R47H
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The dark icons denote individuals confirmed by medical records to be affected,
death certificate, or examination by medical personnel. An individual suspected
to have dementia is shaded pale gray. Capital letters within the icons denote the
TREM2 genotype (CT = R47H and CC = R47R) and lower case letters denote the
UNC5A genotype (ct = D353N and cc = D353D) for those whose DNA was
available; c indicates current age (in years); d, age at death (in years); e, last

evaluated; ε 3/3, ε 2/4, ε 3/4, or ε 4/4, apolipoprotein E genotype; E, exome
sequencing done; and o, age at onset (in years). The circles indicate females;
squares, males; diamonds, sex unknown; and a diagonal line through a symbol
indicates death. The numbers within the symbols indicate the number of
individuals of that sex within the sibship.
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white European families (KS, MGK, and #62468) and 1 Japa-
nese family (NOA). Seven of 8 R47H carriers had an AD diag-
nosis. Of the individuals with AD, 1 of 11 in KS, 2 of 4 in NOA, 2
of 3 in MGK, and 2 of 5 in #62486 had R47H. Assuming 1 founder
per family, R47H was present in 3% of familial LOAD cases, 10
times higher than in the general population (http://evs.gs
.washington.edu/EVS/).

In the 5 relevant families, we assessed the effect of TREM2
genotype on age at onset and duration of disease. The disease
onset did not differ between R47H carriers and noncarriers
(mean [SD], 73.3 [7.6] years; range, 60-85 years; n = 16 and 73.8
[9.7] years; range, 58-90 years; n = 18, respectively). As ex-
pected, disease onset was significantly earlier in the patients
with at least 1 ApoE4 allele (mean [SD], 70.74 [7.9] years; range,
56-85 years; n = 23 vs 80.9 [5.8] years; range, 71-90 years; n = 10
for noncarriers of the ApoE4 allele; 2-tailed t test P = .0004).
The ApoE genotype of 1 affected patient was not tested and
could not be deduced. In the subset of patients with AD with
at least 1 ApoE4 allele, the TREM2 genotype did not further re-
duce the age at onset (mean [SD], 72.9 [6.2] years; range, 60-85
years; n = 13 vs 67.9 [5.3] years; range, 58-82 years; n = 10 for
R47H carriers and noncarriers, respectively).

Disease duration did not differ between ApoE4 carriers and
noncarriers (mean [SD], 9.4 [6.2] years; range, 3-23 years; n = 20
and 7.5 [3.1] years; range, 3-10 years; n = 4, respectively). How-
ever, disease duration was significantly shorter in the TREM2
R47H AD group as a whole (mean [SD], 6.7 [2.8] years; range,
3-11 years; n = 11 vs 11.1 [6.6] years; range, 3-23 years; n = 14 for
noncarriers; 2-tailed t test P = .04). This disease duration ef-
fect was also seen in the subgroup of ApoE4 carriers with the

R47H variant (mean [SD], 6.3 [2.6] years; range, 3-11 years;
n = 10) vs those positive for ApoE4 without the R47H variant
(mean [SD], 12.5 [7.2] years; range, 5-23 years; n = 10; 2-tailed
t test P = .03).

The small number of patients with AD with ApoE 3/3 geno-
type and TREM2 R47H (n = 2) precluded a statistical test of age-
at-onset effects of R47H, but there was no apparent change.
These 2 patients had onset at 78 and 81 years (mean, 79.5 years)
compared with a range of 71 to 90 years (n = 8; mean [SD], 81.3
[6.5] years) for patients with ApoE 3/3 and without TREM2
R47H. It was not possible to assess the effect of R47H on dis-
ease duration in the absence of an ApoE4 allele as both pa-
tients are still living.

Clinical and Neuropathological Findings
in the LOAD123 Family
Clinical presentations of the patients with AD positive and
negative for R47H were similar; most patients showed slowly
progressive dementia with memory problems as the initial
symptom. Initial psychobehavioral signs were present in 2 pa-
tients: a TREM2 R47H carrier (III-15) had hallucinations and ag-
gression early in the disease and a noncarrier (III-9) devel-
oped severe paranoia. Another R47H carrier (III-11) was
diagnosed as having Parkinson disease (PD) 3 years after the
onset of the memory deficit.

Autopsies were performed on 12 patients, 10 with clini-
cally diagnosed dementia and 2 unaffected relatives (Table).
Neuropathologic examination confirmed the diagnosis of AD
in 9 patients with dementia with Braak stages of 5 or 6 (9 of
10) and Consortium to Establish a Registry for Alzheimer’s Dis-

Table. Neuropathologic Findings in LOAD123 Autopsy Cases

Case
No.

Age at
Onset,
y

Age at
Death,
y

Disease
Duration,
y

ApoE
Geno-
type

R47H
TREM2
Status

D353N
UNC5C
Status

Braak
Stage

CERAD
Plaque
Score

α-Synuclein Pathology
H&E
LBa

TDP-43 Pathologyb Vascular
Pathol-
ogyMed SN Amyg CG FC Amyg DG PHG FC

III-11c,d 74 87 13 3/4 + + 5 C + + + + + + NA − − NA AA, IF

III-12c 79 86 7 3/4 + − 5 C − − + − − 0 + − + + AA, IF

III-15c,e 79 82 3 3/4 + NA 5 C + + + + + + + + + + AA,
THR,
IF

III-17c 82 85 3 4/4 + − 5 C − − + − − 0 + + + − −

III-21c 85 89 4 3/4 + − 5 C + + + + + 0 − − − − −

IV-26c 70 76 6 3/4 + + 6 C − − − − − 0 + + + + −

IV-55c 60 66 6 4/4 + − 5 C − + + + − 0 − − − − −

III-20f NA 87 NA 3/3 + − 3 A + + + − − 0 + − − − −

III-9c 70 93 23 3/4 − − 6 C − − − − − 0 NA NA NA NA AA, AS,
IF

III-13c 88 96 8 3/3 − + 3 A + + + − − 0 − − − − −

III-22c 82 87 5 3/4 − − 5 B − − − − − 0 + + + + −

III-27f NA 70 NA 3/3 − − 3 A − − − − − 0 + − + + −

Abbreviations: AA, amyloid angiopathy; Amyg, amygdala; ApoE, apolipoprotein
E; AS, atherosclerosis; CERAD, Consortium to Establish a Registry for
Alzheimer’s Disease; CG, cingulate gyrus; DG, dentate gyrus (granule cell layer);
FC, frontal cortex; H&E, hematoxylin-eosin; IF, infarct; LB, Lewy body; LOAD,
late-onset Alzheimer disease; Med, medulla; NA, not available; PHG,
parahippocampal gyrus; SN, substantia nigra; TDP-43, TAR DNA-binding protein
43; THR, thrombosis; TREM2, triggering receptor expressed on myeloid cells 2;
UNC5C, unc-5 homolog C; +, positive; −, negative.
a Lewy body inclusions by H&E stain.

b No hippocampal sclerosis was observed in any case.
c Had Alzheimer disease.
d Parkinson disease confirmed (both clinical history of Parkinson disease and

neuropathology signs).
e Parkinson disease suggested (neuropathologic findings only, no clinical

history).
f Nondemented.
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ease (CERAD) plaque scores of C (8 of 10) or B (1 of 10).15-17 Case
III-13 had very late-onset dementia (88 years), died at age 96,
and had Braak stage 3 and CERAD score of A. She was ApoE
3/3 and R47H negative. It is of interest that she carried the
UNC5C D353N variant that is predicted to be pathogenic.

Their ND relatives (III-20 and IV-27) both had a Braak stage
of 3 and a CERAD score of A. Four patients with AD (3 R47H
carriers [III-11, III-12, and III-15] and 1 noncarrier [III-9]) had
notable vascular pathology, presumably at least partly re-
lated to their advanced ages of 82 to 93 years (Table).

In addition to LOAD, the R47H variant has been reported
to be associated with a spectrum of neurodegenerative disor-
ders including frontotemporal dementia,18,19 PD,20 and amyo-
trophic lateral sclerosis.21 We evaluated markers characteris-
tic of these pathologies (α-synuclein and TDP-43 deposits) in
10 individuals from the LOAD123 family, 8 of whom had AD
and 2 were ND (Table). α-Synuclein immunopositive inclu-
sions and neurites were most common in the amygdala (6 of
8 with AD; 1 of 2 ND) and less common in the substantia nigra
(4 of 8 with AD; 1 of 2 ND), cingulate gyrus (4 of 8 with AD; 0

of 2 ND), medulla (3 of 8 with AD; 1 of 2 ND), and frontal cor-
tex (3 of 8 with AD; 0 of 2 ND). Both III-11 and III-15 had Lewy
bodies in the substantia nigra, mild neuronal loss, and gliosis
suggestive of PD-like pathology. Scoring of α -synuclein dep-
osition in the 5 brain regions indicated that α-synuclein inclu-
sions were more frequent (P= .06) and more severe (P = .02)
in R47H carriers compared with their noncarrier relatives. In-
clusions of TDP-43 were observed in 5 of the LOAD123 AD cases,
4 of these with neocortical pathologic changes. Both ND rela-
tives also had TDP-43 deposits in the amygdala, and the one
without the R47H variant had additional pathology in the para-
hippocampal gyrus and the frontal cortex. Scoring of TDP-43
deposits in 4 regions did not reveal differences between R47H
carriers and noncarriers.

Two women were of particular interest. The person with
earliest age at onset (IV-55, 60 years) carried both APOE 4/4 and
TREM2 R47H. A female relative (III-17) with the same geno-
type had much later onset at 82 years. Both patients had a Braak
stage of 5 and a CERAD score of C and neither had vascular
pathology.

Decreased Iba1 Level Is a Characteristic Feature
of TREM2 R47H Microglia
To analyze the cellularity and activation state of microglia,
we performed immunohistochemistry of postmortem brains
with panmicroglial marker Iba1 and activation-specific
marker MHCII. We chose the hippocampus as a representa-
tive area affected in AD and as a region with the highest
number of microglia cells. Three groups were compared: (1)
patients with AD heterozygous for R47H (R47H_AD group);
(2) patients with AD with normal TREM2 genotype (AD
group); and (3) age-matched ND control individuals (ND
group) (eTable 5 in the Supplement). The Iba1 signal was
reduced in all AD cases (Figure 2A). In the hilus, Iba1 reactiv-
ity in the R47H_AD group differed from both control indi-
viduals (mean [SD], 0.574 [0.26] for control individuals vs
0.114 [0.13] for R47H_AD; 2-tailed t test; P = .005) and AD
(mean [SD], 0.465 [0.32] for AD vs 0.114 [0.13] for R47H_AD;
2-tailed t test; P = .02). In white matter, the Iba1 level of both
AD groups was significantly decreased (mean [SD], 1.345
[0.28] for control individuals vs 0.247 [0.27] for R47H_AD;
2-tailed t test; P < .001 and 1.345 [0.28] for control individu-
als vs 0.552 [0.25] for AD; 2-tailed t test; P = .003). In con-
trast, the MHCII level was substantially higher in both AD
groups compared with ND control individuals (Figure 2B).
We additionally performed Iba1 immunostaining of frontal
lobe sections and confirmed the reduction of the Iba1 level
in the R47H_AD cases compared with the AD and ND groups
that reached significance in gray matter (mean [SD], 0.016
[0.01] for AD vs 0.006 [0.004] for R47H_AD; 2-tailed t test;
P = .04 and 0.033 [0.013] for control individuals vs 0.006
[0.004] for R47H_AD; 2-tailed t test; P < .001) (Figure 3). In
addition to per-area analysis, we performed per-large-object
quantification (where large objects corresponded to cell bod-
ies; see the eAppendix in the Supplement). There was a
strong correlation between the total positive area and the
total positive area of large (cell-body sized) particles. In
R47H_AD cases with decreased density of Iba1 signal per

Figure 2. Immunoreactivity in the Hippocampus
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Four areas were assessed: cornu ammonis (CA) region 1 (CA1); the hilus or CA4;
the parahippocampal gyrus (PHG), and white matter (WM). Groups are
compared using a 2-tailed t test. The Alzheimer disease (AD) group indicates
the patients with AD with normal TREM2 (n = 6); control, the nondemented
cases (n = 3); and R47H_AD, patients with AD who carry TREM2 R47H (n = 7).
All R47H_AD individuals and 3 of 6 AD group individuals are from the LOAD123
family; the others are sporadic cases. Iba1 indicates ionized calcium-binding
adapter molecule 1; MHCII, major histocompatibility complex class II. The error
bars indicate 1 SD.
a P < .05.
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area, the number of large objects was also decreased (mean
[SD], 30734 [14581] for control individuals vs 11563 [8839] for
R47H_AD; 2-tailed t test; P = .03) (eFigure in the Supple-
ment), suggesting reduced Iba1-positive cellularity of R47H
microglia.

Microglia quantification and assessment of activated state
are complex and signal intensity alone may not reflect the mor-
phological changes that can be discerned by an observer. There-
fore, we analyzed MHCII and Iba1 immunoreactivities in the
white matter of the hippocampus using an algorithm to in-
clude signal intensity and cellular morphology. We found sig-
nificantly increased numbers of MHCII-positive, activated-
shape microglia in all AD groups compared with control
individuals (AD: 2.5, R47H_AD: 2.7, and control: 1.0; P < .01;
Figure 4), suggesting higher MHCII reactivity in AD microg-
lia. Again, we found significantly decreased Iba1 reactivity in
white matter in the R47H_AD group compared with control in-
dividuals (1-way analysis of variance; P < .001); furthermore,
there was a significant decrease of Iba1 labeling in the R47H_AD
group compared with the AD group (1-way analysis of vari-
ance; F2,13 = 25.96; P < .001; Tukey post-test; mean, 1.143 for
R47H_AD vs 2.333 for AD; mean difference, 1.19; 95% CI of dif-
ference, 0.5875-1.793; P < .001). In aggregate, the area signal
quantification and morphometry confirmed that the substan-
tial reduction of Iba1 level is a characteristic feature of TREM2
R47H microglia that distinguishes it from other AD cases.

Discussion
Although it has been established by population-based stud-
ies that the R47H variant of TREM2 is a risk factor for AD, to
our knowledge, the effect of this variant at the family level has
not been described. We have characterized a large multigen-

eration family with LOAD, in which 75% of patients with AD
had the R47H variant of TREM2 and vertical transmission of
disease was observed only through R47H carriers. The unusu-
ally high incidence of AD in this family is likely an additive ef-
fect of ApoE4, TREM2 R47H, and, possibly, additional genes/
risk factors. Clinically, family members with the TREM2 R47H
variant had a shorter duration of disease than those without
the variant. Our data suggest that in these families, ApoE4 pri-
marily affects age at onset and TREM2 R47H shortens disease
duration.

Patients with R47H did not manifest any features distin-
guishable from classic AD neuropathology. We did find evi-
dence for an increased frequency and severity of α-synucle-
inopathy in the R47H carriers that needs to be confirmed in a
larger-scale study. The link between α-synuclein deposition in
TREM2 R47H AD (our study), the association of R47H with PD,20

and deficient phagocytosis in cells overexpressing this variant22

are especially intriguing. A previous study offered mechanis-
tic clues about the role the TREM2 receptor may have in mi-
croglial sensing of β-amyloid deposits23 and, possibly, other
aggregation-prone proteins, such as α-synuclein.

The search for causes and therapies for AD has primarily
concentrated on neurons and less on glia and microglia. Al-
though the presence of activated microglia surrounding amy-
loid deposits and neurofibrillary tangles is well documented
in AD and other age-related dementia, these changes have long
been considered secondary events. One exception is polycys-
tic lipomembranous osteodysplasia with sclerosing leukoen-
cephalopathy, a rare recessive systemic disorder that mani-
fests with an early-onset dementia and bone cysts. In polycystic
lipomembranous osteodysplasia with sclerosing leukoen-
cephalopathy, the primary trigger of neurodegeneration is loss
of function of the microglial TREM2-TYROBP receptor-
signaling complex.24 The contribution of microglial immu-
nity to the neurodegenerative process is now evidenced by

Figure 3. Immunoreactivity in the Frontal Lobe for Ionized Calcium-
Binding Adapter Molecule 1 (Iba1)

0.06

0.04

0.02

0

Ib
a1

 S
ig

na
l

Gray Matter White Matter

Control

AD

R47H_AD

Group

a

a

a

a

Gray matter and white matter were assessed. The density of the signal was
averaged from 3 areas measured for each individual. Groups are compared
using a 2-tailed t test. AD group indicates patients with AD with normal TREM2
(n = 6); control, the nondemented cases (n = 3); and R47H_AD, patients with
AD who carry TREM2 R47H (n = 7). All R47H_AD individuals and 3 of 6 AD group
individuals are from the LOAD123 family; the others are sporadic cases. The
error bars indicate 1 SD.
a P < .05.

Figure 4. Graded Immunohistochemistry Analysis of Hippocampal
White Matter
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pathogenic TREM2 variants found in a spectrum of neurode-
generative disorders,18-21,25-28 indicating an importance of this
receptor for neuronal health. Our study further supports its role
as a risk factor in familial LOAD. Consistent with some,6 but
not all, studies,6,19 we did not observe an R47H influence on
age at onset. However, we noticed that our patients with AD
with R47H had shortened disease duration that presumably
reflects an accelerated disease progression. The link between
R47H and the ultimate life expectancy of patients with AD
awaits confirmation in a larger sample.

Ionized calcium-binding adapter molecule 1 has been con-
sidered a proinflammatory protein expressed by both resting
and activated microglial cells. It is used as a robust marker to
characterize microglia. Ionized calcium-binding adapter mol-
ecule 1 is highly upregulated in microglia in murine models of
acute neuroinflammation29,30 and in a mouse microglial cell
line on stimulation with β-amyloid 42 peptide.31 In contrast
to acute neuroinflammation, we demonstrated here that the
chronic activated phenotype adopted by AD microglia is char-
acterized by a substantial decrease of Iba1 level, and this low-
ered expression is exacerbated in R47H carriers. Our observa-
tion of a decreased tissue level of Iba1 across all examined
regions of AD brain could be explained by reduced microglial
cellularity or by loss of the Iba1 by a substantial fraction of mi-
croglia. A study of a large sporadic AD cohort found that a sub-
stantial fraction of AD microglia was negative for Iba1 and posi-
tive for MHCII, while the total number of microglial cells in fact
did not differ between those with AD and control individuals.32

While Serrano-Pozo et al32 and Jay et al33 have proposed that
the MHCII-positive/Iba1-negative cells represent peripheral my-

eloid cells that had acquired a microglial phenotype, it is also
possible that resident AD microglia have lost Iba1 expression.
We hypothesize that in the course of chronic activation, MHCII-
positive/Iba1-positive cells may eventually express de-
creased levels of Iba1, a factor important for microglial func-
tions, such as motility and phagocytosis.34 The idea of such
reprogrammed microglia in AD35 is supported by several lines
of evidence, such as a decline of essential microglial activi-
ties with progressive accumulation of β-amyloid plaques in the
mouse model of AD36 and a strong negative correlation of
β-amyloid burden and Iba1 level in the brains of patients with
AD.37 A decreased Iba1 level is also found in the animal model
of polycystic lipomembranous osteodysplasia with scleros-
ing leukoencephalopathy.38 Thus, TREM2 R47H may exacer-
bate the dysfunctional phenotype of AD microglia by further
reduction of Iba1.

Conclusions
The LOAD123 family reported herein exemplifies the com-
plexity of the genetic landscape of LOAD, even in single
pedigrees with an apparent autosomal dominant pattern of
inheritance. In this pedigree, it is likely that ApoE4, TREM2
R47H, and rare variants in other genes, such as UNC5C
D353N, are responsible for the marked occurrence of AD in
the family. Our results also support the role of the TREM2
receptor in microglial clearance of aggregated proteins that
is compromised in R47H carriers who may have shortened
duration of disease.
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