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Abstract
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Introduction: First reports associated mutations in triggering receptors expressed on myeloid cells 2 (TREM2) with autoso-
mal recessive Nasu-Hakola disease characterized by painful bone cysts and progressive presenile dementia with psychotic
symptoms; however, recent TREM?2 biallelic rare variants are suggested to be causative also for the behavioral variant of
frontotemporal dementia (bvFTD) without bone involvement.

Material and methods: Clinical data of three unrelated bvFTD patients carrying TREM2 biallelic variants were evaluated.
All patients underwent neurological, psychiatric, and cognitive evaluation and neuroimaging. A full neuropsychological
assessment was performed in two cases.

Results: Two patients carried compound heterozygous TREM?2 variants, p.R62C and p.T66M, and one carried the homo-
zygous p.D87N variant. Based on all obtained clinical and neuroimaging data, a behavioral variant of frontotemporal
dementia was diagnosed in all cases. Their clinical manifestation was typical with neuropsychiatric and cognitive features,
without bone abnormalities.

Conclusions: Despite all three subjects partially resembling clinical manifestations of Nasu-Hakola disease with TREM2
mutations, we reveal some distinct features, including age of onset, neuroimaging findings, or disease course.
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Introduction senile dementia [17,24]. Further investigation associ-

Triggering receptors expressed on myeloid cells 2
(TREM2) in the central nervous system are primarily
expressed in microglia. Activation of the TREM2 recep-
tor stimulates phagocytosis activity and decreases
microglial pro-inflammatory responses [28]. Therefore,
it is proposed that TREM2 is essential for clearing cel-
lular debris without excessive inflammation and tis-
sue destruction. Causative homozygous loss-of-func-
tion mutations in the TREM2 gene were described for
the first time in patients with autosomal recessive
Nasu-Hakola disease (NHD) characterized by painful
bone cysts, psychotic symptoms and progressive pre-

ated heterozygous TREM?2 rare variants with neurode-
generative disorders both as causative factors and/or
risk ones with late-onset Alzheimer’s disease (LOAD),
Parkinson’s disease (PD), amyotrophic lateral sclerosis
(ALS), frontotemporal lobar degeneration (FTLD) spec-
trum, mainly in the primary progressive aphasia (PPA),
and the behavioral variant of frontotemporal demen-
tia (bvFTD) [5,13]. Cognitive deterioration in bvFTD
includes executive and language dysfunctions without
episodic memory deficits, along with altered personal-
ity and behavior. It results in delayed diagnosis or mis-
diagnosis of psychiatric disorders [14].
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Biallelic variants (compound heterozygous or
homozygous) in the TREM2 gene have been reported
in several families and associated with bvFTD. Besides
the early age of onset (mainly in the third and fourth
decade of life), personality and behavioral changes
occur with executive and language impairments with
relatively spared memory. Seizures, callosal atrophy,
and diffuse white matter lucency were also described
in patients [2-4,8,11,12,22,23]. TREM2 rare variants are
likely to be the first recessive determinants for FTD.
Here, we report a clinical description of three bvFTD
cases carrying TREM?2 biallelic variants identified in
Polish patients.

Material and methods

Among 135 FTD patients from the Polish cohort,
we identified three subjects with biallelic variants of
the TREM?2 gene using a next-generation sequencing
based gene panel. All three patients were initially diag-
nosed with FTD [21] and later confirmed as a behav-
joral variant of FTD [27]. Two female patients carried
the same putative causative compound heterozygous
variants: p.R62C (c.184C>T, NM_018965.4) and p.T66M
(c.197C>T, NM_018965.4). One male patient was
a carrier of homozygous TREM2 p.D87N (c.259G>A,
NM_018965.4). The biochemical and epidemiological
characteristics of the identified variants were described
previously [25].

We found no mutations in known genes (PSENI,
APP, MAPT, C9orf72, and PGRN) associated with neuro-
degeneration.

All subjects underwent clinical evaluation, including
detailed medical interviews, neurological and psychiat-
ric examination, cognitive screening, and full neuropsy-
chological assessment in Cases 2 and 3 [7]. Standard
laboratory testing and computed tomography (CT) were
performed in all patients, and Case 3 underwent single
positron emission computed tomography (SPECT).

Results
Case 1 - TREM2 (p.[R62C]; [T66M])

A 60-year-old female farmer with primary school
education was referred to the Neurodegenerative De-

Table I. Screening assessment scores

partment in 2000 with behavioral and speech prob-
lems. No cognitive or psychiatric disorders were present
in the family history, according to relatives’ knowledge.
The subject’s first symptoms at the age of 50 manifest-
ed in increased apathy, jocular attitude, excessive joy,
and disinhibition. Three years later, the patient devel-
oped memory decline and language perseverations
in speech. It was followed by disorientation in space,
which resulted in being lost in the neighborhood. At
the age of 59, the patient had manifested severe dress-
ing and cutlery apraxia and personal care neglect with
bowel and bladder incontinence.

The first epileptic seizures were also present at that
time. Neither aggression nor psychotic features were
reported. She was physically healthy except for the
medical issues with the knee joints due to a rheuma-
tologic condition.

The psychiatric examination unveiled increased
apathy. The neurological examination revealed mild
both-sided Babinski and pyramidal signs, parkinson-
ism manifesting with bradykinesia, hypomimia, brady-
phrenia, and disturbances in the basic reflexes. CT scan
showed general cortico-subcortical atrophy. Routine
blood laboratory testing showed no abnormalities.

The clinical assessment at the age of 60 revealed
severe behavior and cognition impairment. The
Mini-Mental State Examination (MMSE) [6] scale score
was 1, as the subject could repeat only one word, with
the presence of echolalia, the lack of insight and logical
contact. She failed to follow any commands and man-
aged to copy a circle with later preservations. Detailed
scores of used assessment scales are in Table I.

Based on the history of symptoms and the subject’s
examination, she was then diagnosed with FTD in the
severely advanced stage and later confirmed as bvFTD.

The patient’s condition was stable, with persistent
epileptic seizures (once a month). Due to the fur-
ther progression of movement problems, the family
resigned from 3-month apart visits. No follow-up data
were possible to obtain.

Case 2 - TREM2 (p.[R62C]; [T66M])

A 51-year-old female with a high school degree,
working as an office clerk for a short period, was admit-

Test (ranges) Case 1 Case 2 Case 3
MMSE (0-30) 1 24 26
CDT (0-10) 1 n/a 6
GDS (1-7) 6 n/a

CDR (0-3) n/a 1 0,5

MMSE — Mini-Mental State Examination, CDT — Clock Drawing Test, GDS — Global Dementia Scale, CDR — Clinical Dementia Rating
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ted to a Neurology Clinic in 2010 with an unconfirmed
diagnosis of cognitive disorders manifesting in lan-
guage and behavioral problems for the last six months.
At 49, she was hospitalized in the Psychiatric Unit with
depression symptoms and diagnosed with unspec-
ified personality and behavioral disorders with a his-
tory of alcohol abuse. The subject’s mother reported
verbal and physical aggression, socially inappropriate
behavior, emotional liability, and the neglect of person-
al care. The patient was agitated and loquacious, with
accelerated, slurred, and unintelligible speech. It was
accompanied by elevated mood and disinhibition. No
family history of dementia or psychiatric disorders was
reported.

Except for the elevated cholesterol level, all labora-
tory results were normal. No other neurological prob-
lems were observed. CT scans revealed bilateral fron-
totemporal atrophy with the enlargement of ventricles.
Screening cognitive diagnosis (MMSE score 24) and the
patient’s behavioral disorders pointed to mild demen-
tia. See Table | for details.

During the neuropsychological assessment, the
patient lacked insight, denied cognitive deficits, and
was disinhibited with utilization behavior. She had only
mild problems with time and place orientation. There
was a dominant executive impairment, mainly in poor
verbal fluency and mental inflexibility, with disturbed
abstractive thinking. She presented with dysfunctions
in repeating digits backward, spatial planning, and
organization, with difficulties learning hand movement
sequences. Serial subtractions and attention were
mildly impaired. Problems with verbal learning, as the
typical frontal lobe damage “plateau” curve during the
words-learning task were noted. Her episodic memory
was relatively spared, with slightly decreased recog-
nition due to intrusions. Semantic memory was also
disturbed as the patient recognized or recalled 11 of

Table II. Neuropsychological assessment scores

20 contouring objects. The visuospatial functions were
intact. A mild psychomotor slowing was observed in
the initiation and execution of task times. See Table Il
for details. She was diagnosed with early-onset demen-
tia due to FTD.

A diagnosis of bvFTD, according to criteria from
2011 [27], was established a year later. The patient’s
condition was relatively stable, with slurred and accel-
erated speech, increased apathy, slowness of gait,
and agitation, along with verbal and physical aggres-
sion. She was treated with mood stabilizers without
improvement. Another CT scan revealed more pro-
nounced left-sided brain atrophy. The observation two
months later showed the diminishing of loquacity, but
the rest of the psychiatric symptoms remained stable.
At 53 years old, the subject required full care as the
extrapyramidal signs became severe with the adverse
reaction to levodopa treatment. In addition, there were
bladder and bowel incontinence and advanced prob-
lems with gait. Her worsening physical condition was
the reason that her family stopped follow-up visits.

Case 3 — TREM2 (p.[D87N]; [D87N])

A 66-year-old male with a high school degree work-
ing as a plumber was referred to the Neurodegenerative
Department in 2002 with behavioral problems start-
ing two years earlier. His father was diagnosed with
young-onset dementia of unknown etiology at 58 and
died four years later. The subject suffered from diabetes
and had a history of alcohol abuse until 63. He mani-
fested mainly irritability, verbal and physical aggression,
and poor control, together with withdrawal and apathy.
His disturbed circadian cycle —waking up at sunrise with
the immediate need to go outside without any purpose
caused distress for his family. According to the subject’s
son, the patient always presented a self-control prob-

List of tasks (ranges) Case 2 Case 3
Blessed’s Information, Memory, and Concentration Scale/Address (0-37) 24/0 32/2
Verbal fluency: animals/letter K 11/2 8/5
Complex Figure Copy (0-36) (score/time) 30/131 sec 32/219 sec
Complex Figure Recall (0-36) (score/time) 6/92 sec 15/ 112 sec
Serial sevens task (0-14) (score/time) 10/160 sec 6/170 sec
8 Words List Learning task (first trial/last trial/recall/recognition) 3/5/3/6 4/6/3/7
Digit span forward/backward (0-7) 4/3 6/2
WAIS-R Similarities subtest (0-28) 6 11
Naming of 20 contouring pictures (0-20) 11 17
Trial Making Test A (0-24) (score/time) 23/61 sec n/a
Trial Making Test B (0-24) (score/time) 11/347 sec n/a

WAIS-R — Wechsler Adult Intelligence Scale-Revised
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Fig. 1. Single positron emission commuted
tomography of Case 3.

lem, but these symptoms became more apparent and
impossible to handle. At 66, he lost his driving license
as he caused three mild vehicle collisions. There were
no neurological problems during the clinical evaluation
at the age of 66, but psychiatric assessment revealed
aggression and irritability. He scored 26 points on MMSE
(see Table | for details). Standard laboratory testing
showed no abnormalities. CT revealed general atrophy
of the brain and cerebellum with a small hypertensive
focal change in the left lenticular nucleus. SPECT sug-
gested the FTD-like pattern — with decreased perfusion
in bilateral frontal and anterior temporal lobes and basal
ganglia regions (Fig. 1).

Neuropsychological assessment revealed a lack
of insight, disinhibition, and poor cooperation during
testing, as the patient constantly complained about
non-localized pain in his right arm. He was fully ori-
ented, with extensive executive impairments, mainly in
poor verbal fluency, difficulties with serial sevens sub-
tractions, repeating digits backward, planning, and spa-
tial organization, and the subject could not follow the
rules of Trail Making Test Part A [19]. It was accompa-
nied by severe hand motor sequencing and reciprocal
coordination impairments. He had problems in verbal
learning, with a flat curve, but episodic memory and
recognition were relatively intact. No semantic memo-
ry, visuospatial, or abstractive thinking impairment was
noted, but psychomotor slowing was observed (see
Table Il for details). Based on the data, the subject was

diagnosed with FTD in its initial phase, which was later
confirmed as bvFTD.

The patient was under observation for the following
months, attended psychiatric consults, and was treated
with mood stabilizers. At 67, he refused any further vis-
its, probably due to his behavior dysfunctions and the
contact with him and his family was lost.

Discussion

TREM?2 is a relevant part of the functional network
involved in the efficient functioning of the nervous sys-
tem. The transmembrane receptor takes part in the
activation of immune response and phagocytosis in
microglia and the differentiation of dendritic cells and
osteoclast. It was shown that the TREM2 variant burden
is more likely to increase the risk for a broader spec-
trum of neurodegeneration disorders. The biallelic vari-
ants underlie the development of NHD and, as reported
in recent years, might be responsible for bvFTD.

Homozygous splice site mutation (c.40+3delAGG)
as a cause of bvFTD was described for the first time
in the Lebanese family (consanguine marriage) [3].
Further homozygous mutations were found in the
Colombian (p.W198*) [8], Italian (p.T66M) [18], Chinese
families (c.391+1G>A) [20], South Asian (p.R47C) [22],
and Turkish subjects (p.Q33*; p.T66M; p.Y38C; p.D86V)
[10,29]. Compound heterozygosity was described
in the Turkish family (p.Y38C and p.D86V) [10], Hun-
garian (p.A105Rfs*84 and p.R47C) [4] and German
(p.-A105Rfs*84 and p.H67Tfs*9) [2] patients. It was
not possible to differentiate between the possibilities
of co-inheritance or compound heterozygosity in one
Colombian patient (p.H157Y and p.R62H) [23]. It is
noteworthy that the mentioned p.R62H variant with
p.D134Vfs*55 variant was identified only in compound
heterozygous patients with Alzheimer’s disease [1].
This seems to expand the spectrum of clinical pheno-
types. In cases where the pedigree analysis was pos-
sible, these mutations segregate with disease in the
autosomal recessive manner. No biallelic variants in
healthy individuals have been reported yet. There is still
not enough available data (reported cases) to ascertain
correlations between TREM2 rare variants and the
course of the disease (cognitive and behavioral profile).
It was observed that some variants e.g., c.40+3delAGG,
p.Q33%; p.T66M, p.Y38C (firmly damaging ligand-bind-
ing domain in both alleles in the TREM2 gene) result
in more rapid disease progression. All aforementioned
patients present with bvFTD clinical features but with
some atypical signs: early seizures, white matter
lesions, and corpus callosum thickness on magnetic
resonance imaging (MRI). The discrepancy in age of
onset (ranging from 20 to 50 years), the disease pro-
gression rate, and the severity of symptoms are worth
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emphasizing. However, additional features like the pat-
tern of behavioral disturbances, neurological signs, and
neuroimaging changes seem more dependent on the
overall genetic makeup and environmental impact.

The presented study allowed us to report three
new cases: two unrelated compounds heterozygous:
p[(R62C)]; [(T66M)] and one homozygous (p.D87N).
p.R62C and p.T66M variants were described as prob-
ably impairing and severe impairing (respectively) pro-
tein function [15,16,26,31], while p.D87N was reported
only as a risk factor.

Our subjects with different severity of symptoms
(from mild to very advanced ones) were initially diag-
nosed as FTD, according to criteria from 1998 [21], and
later confirmed with bvFTD according to criteria from
2011 [27]. None of our patients presented with differ-
ent dementia within the frontotemporal lobar degen-
eration spectrum. Semantic problems (naming difficul-
ties) presented by Case 2 are observed in half of the
bvFTD population [30].

Our two female subjects had neither a positive
family history nor any relationship. The lack of a strong
inheritance pattern or even a family history record is
often for recessive mutations. Our male subject (Case 3)
had a father diagnosed with early-onset, rapidly evolv-
ing dementia of uncertain diagnosis. Due to the lack of
any clinical data (relatives’ statements), the nature of
the patient’s father’s dementia was unclear.

Older age of onset (about 50 years in females and
64 years in Case 3) was one of the most distinctive dif-
ferences between our subjects and previously reported
cases with TREM2 mutations. Differences in phenotype
presentations allow to speculate about pathogenicity
spectrum of TREM2 variants. Most bvFTD patients due
to the TREM2 mutations were extremely young (pres-
ent with first symptoms in their twenties or thirties)
[18] and Colombian subjects presenting with symp-
toms in their forties [8] and the Chinese patient in his
fifties were similar to ours [10].

Neuroimaging data of previously described patients
suggested frontal and temporal atrophy with or with-
out parietal involvement but with the presence of white
matter changes rather unusual for bvFTD [10] and cal-
losal thickness [11,18]. Except for general or frontotem-
poral atrophy of the brain, we found no other signifi-
cant changes in the scans of our subjects. The recent
data suggest that the combination of white matter
changes, enlarged ventricles, atrophy of the caudate
nucleus, and thinning of the corpus callosum in MRI in
patients with FTD syndrome might strongly suggest the
presence of NHD [29]. Structural or functional changes
in our cases were different, however typical for bvFTD,
in accordance with clinical diagnosis in Cases 2 and 3;
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moreover, they failed to point to any other specific neu-
rodegenerative disease.

All of our cases presented with different severity of
extrapyramidal symptoms dependent on the advance-
ment of cognitive impairment, as it was not a primary
clinical feature in any of our subjects. In bvFTD, parkinson-
ism is frequent (up to 80%), mainly manifesting in brady-
kinesia, parkinsonian gait/posture, and rigidity [14].

Despite seizures being a rare symptom in bvFTD
without TREM2 pathology compared to other demen-
tias [9], TREM2 mutation carriers from Italian [18], Turk-
ish [11,29], and Colombian [9] families were presenting
with seizures, in some cases even preceding cognitive
and behavioral symptoms. Among our patients, only
Case 1 developed epileptic seizures nine years after
onset, probably due to disease progression.

All previously reported carriers of TREM2 biallelic
mutations presented with a clinical manifestation simi-
lar to the NHD with behavioral change and subsequent
cognitive impairment but without bone-associated
phenotypes, in like manner to our patients as their
physical condition was excellent until they had devel-
oped extrapyramidal symptoms (Cases 1 and 2).

Cases 2 and 3 also had a history of alcohol abuse,
but it was excluded as a direct reason for cognitive
worsening (they stopped drinking before the onset of
the symptoms). It differs from the report on the Turkish
siblings [8] whose increased drinking was a part of the
clinical manifestation of behavioral problems. Accord-
ing to other data, somatic complaints and sleep dis-
turbances manifested by Case 3 are one of the earliest
symptoms in bvFTD patients [30], and many preclini-
cal bvFTD patients present with psychiatric symptoms
or even law-violation behavior (Case 3 caused traffic
collisions) [9]. Misdiagnosis of psychiatric disorders is
common among bvFTD patients and often precedes
the actual diagnosis [14]. All our cases presented with
psychiatric features, but only Case 2 had a previously
documented psychiatric disorder diagnosis. bvFTD is
usually characterized by initial psychiatric symptoms
followed by progressive executive and cognitive impair-
ment with poor reaction to pharmacological treatment.
This pattern was present in previously published cases
as well as in our subjects.

Conclusions

Biallelic TREM2 variants contribute to the risk of
developing bvFTD, regardless of their significant associ-
ations with other forms of neurodegenerative diseases.

Our findings support the presence of a bvFTD-like
clinical profile in biallelic TREM2 variants carriers. It is
still open to discussing whether it should be consid-
ered as NHD without bone involvement or an FTD vari-
ant. It seems that among subjects with biallelic TREM2
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mutations and bvFTD-like clinical profiles, an extremely
young age of onset (20s and 30s), early seizures, colos-
sal thinness, white matter changes, are more sugges-
tive of the NHD without bone involvement. On the oth-
er hand, behavioral and cognitive features fulfilling the
diagnostic criteria for bvFTD, the onset of symptoms in
50s or 60s, typical FTD-like brain changes pattern, and
the lack of strong family history are more likely to be
bvFTD caused by TREM2 mutation.

This study demonstrates that genetic testing of
a sporadic or autosomal recessive form of FTD, main-
ly in its behavioral presentation should also include
TREM2 screening.

Funding

The research was supported by the National Science
Centre of Poland grant SONATA9 no. UMO-2015/17/D/
NZ2/03712.

Disclosures

Approval of the Bioethics Committee was not
required.
The authors report no conflict of interest.

References

1. Berdynski M, Ludwiczak J, Barczak A, Barcikowska-Kotowicz M,
Kuzma-Kozakiewicz M, Dunin-Horkawicz S, Zekanowski C,
Borzemska B. TREM2 gene compound heterozygosity in neu-
rodegenerative disorders. J Alzheimers Dis 2022; 89: 1211-1219.

2. Buthut M, Reber B Siebert E, Eisenhut K, Thaler F, Finck J, Soeka-
dar SR, Priiss H. Letter to the Editor: Novel TREM2 frameshift
mutation in a 30-year-old woman with suspected frontotem-
poral dementia. Neurol Sci 2023; 44: 2581-2585.

3. Chouery E, Delague V, Bergougnoux A, Koussa S, Serre J-L,
Mégarbané A. Mutations in TREM2 lead to pure early-onset
dementia without bone cysts. Hum Mutat 2008; 29: E194-204.

4. Csaban D, Illes A, Renata T-B, Balicza R Pentelenyi K, Molnar V,
Gezsi A, Grosz Z, Gal A, Kovacs T, Klivenyi B Molnar MJ. Genetic
landscape of early-onset dementia in Hungary. Neurol Sci 2022;
43:5289-5300.

5. Dardiotis E, Siokas V, Pantazi E, Dardioti M, Rikos D, Xiromeri-
siou G, Markou A, Papadimitriou D, Speletas M, Hadjigeorgiou
GM. A novel mutation in TREM2 gene causing Nasu-Hakola
disease and review of the literature. Neurobiol Aging 2017; 53:
194.e13-194.e22.

6. Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”.
A practical method for grading the cognitive state of patients
for the clinician. ) Psychiatr Res 1975; 12: 189-198.

7. Gabryelewicz T, Pawtowska-Detko A, Misko J, Cwikta B, Pfeffer A,
Barczak A, Wasiak B, tuczywek E, Krélicki L, Walecki J, Barcikow-
ska M. Prediction of deterioration of mild cognitive impairment
with CT and SPECT. Med Sci Monit 2007; 13: 31-37.

8. Giraldo M, Lopera F, Siniard AL, Corneveaux JJ, Schrauwen |,
Carvajal J, Mufoz C, Ramirez-Restrepo M, Gaiteri C, Myers AJ,
Caselli RJ, Kosik KS, Reiman EM, Huentelman MJ. Variants in
triggering receptor expressed on myeloid cells 2 are associated
with both behavioral variant frontotemporal lobar degenera-

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

tion and Alzheimer’s disease. Neurobiol Aging 2013; 34: 2077.
e11-2077.e18

. Greaves CV, Rohrer JD. An update on genetic frontotemporal

dementia. ) Neurol 2019; 266: 2075-2086.

Guerreiro R, Bilgic B, Guven G, Bras J, Rohrer J, Lohmann E,
Hanagasi H, Gurvit H, Emre M. Novel compound heterozygous
mutation in TREM2 found in a Turkish frontotemporal demen-
tia-like family. Neurobiol Aging 2013; 34: 2890.e1-5.

GuerreiroR, Lohmann E,BrasJM, Gibbs JR, Rohrer D, Gurunlian N,
Dursun B, Bilgic B, Hanagasi H, Gurvit H, Emre M, Singleton A,
Hardy J. Using exome sequencing to reveal mutations in TREM2
presenting as a frontotemporal dementia-like syndrome with-
out bone involvement. JAMA Neurol 2013; 70: 78-84

Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva E, Majou-
nie E, Cruchaga C, Sassi C, Kauwe JS, Younkin S, Hazrati L,
Collinge J, Pocock J, Lashley T, Williams J, Lambert JC, Amouyel P
Goate A, Rademakers R, Morgan K, Powell J, St George-Hyslop P
Singleton A, Hardy J; Alzheimer Genetic Analysis Group. TREM2
variants in Alzheimer’s disease. N Engl J Med 2013; 368: 117-
127.

Jay TR, von Saucken VE, Landreth GE. TREM?2 in neurodegener-
ative diseases. Mol Neurodegener 2017; 12: 56.

Katisko K, Cajanus A, Korhonen T, Remes AM, Haapasalo A,
Solje E. Prodromal and early bvFTD: evaluating clinical features
and current biomarkers. Front Neurosci 2019; 13: 658.
Kleinberger G, Brendel M, Mracsko E, Wefers B, Groeneweg L,
Xiang X, Focke C, DeuRing M, Suarez-Calvet M, Mazaheri F, Par-
hizkar S, Pettkus N, Wurst W, Feederle R, Bartenstein B Mueg-
gler T, Arzberger T, Knuesel |, Rominger A, Haass C. The FTD-like
syndrome causing TREM2 T66M mutation impairs microglia
function, brain perfusion, and glucose metabolism. EMBO J
2017; 36: 1837-1853.

Kleinberger G, Yamanishi Y, Suarez-Calvet M, Czirr E, Lohmann E,
Cuyvers E, Struyfs H, Pettkus N, Wenninger-Weinzierl A, Maza-
heri F TahirovicS, Lled A, Alcolea D, Fortea ), Willem M, Lammich'S,
Molinuevo JL, Sanchez-Valle R, Antonell A, Ramirez A, Heneka
MT, Sleegers K, van der Zee J, Martin JJ, Engelborghs S, Demir-
tas-Tatlidede A, Zetterberg H, Van Broeckhoven C, Gurvit H,
Wyss-Coray T, Hardy J, Colonna M, Haass C. TREM2 mutations
implicated in neurodegeneration impair cell surface transport
and phagocytosis. Sci Trans| Med 2014; 6: 243ra86.
Kltinemann HH, Ridha BH, Magy L, Wherrett JR, Hemelsoet DM,
Keen RW, De Bleecker JL, Rossor MN, Marienhagen J, Klein HE,
Peltonen L, Paloneva J. The genetic causes of basal ganglia cal-
cification, dementia, and bone cysts: DAP12 and TREM2. Neu-
rology 2005; 64: 1502-1507.

Le Ber |, De Septenville A, Guerreiro R, Bras J, Camuzat A, Carop-
po P Lattante S, Couarch B Kabashi E, Bouya-Ahmed K, Dubois B,
Brice A. Homozygous TREM2 mutation in a family with atypical
frontotemporal dementia. Neurobiol Aging 2014; 35: 2419.e23-
2419.e25.

Lezak MD, Howieson DB, Bigler ED, Tranel D. Neuropsycholog-
ical Assessment, 5th Edn. Oxford University Press, New York
2012.

Li X, Sun 'Y, Gong L, Zheng L, Chen K, Zhou Y, Gu Y, Xu Y, Guo Q,
Hong Z, Ding D, Fu J, Zhao Q. A novel homozygous mutation in
TREM2 found in a Chinese early-onset dementia family with
mild bone involvement. Neurobiol Aging 2020; 86: 201.e1-201.e7.
Neary D, Snowden JS, Gustafson L, Passant U, Stuss D, Black S,
Freedman M, Kertesz A, Robert PH, Albert M, Boone K, Miller BL,
Cummings J, Benson DF. Frontotemporal lobar degeneration:

Folia Neuropathologica 2024; 62



Behavioral variant of frontotemporal dementia in carriers of biallelic TREM2 variants: cases study

a consensus on clinical diagnostic criteria. Neurology 1998; 51:
1546-1554.

22. NgASL TanYJ,Yi Z, Tandiono M, Chew E, Dominguez J, Macas M,
Ng E, Hameed S, Ting S, Tan EK, Foo JN, Kandiah N. Targeted
exome sequencing reveals homozygous TREM2 R47C mutation
presenting with behavioral variant frontotemporal dementia
without bone involvement. Neurobiol Aging 2018; 68: 160.e15-
160.e19.

23. Ogonowski N, Santamaria-Garcia H, Baez S, Lopez A, LasernaA,
Garcia-Cifuentes E, Ayala-Ramirez B Zarante |, Suarez-Obando F
Reyes P Kauffman M, Cochran N, Schulte M, Sirkis DW, Spina S,
Yokoyama JS, Miller BL, Kosik KS, Matallana D, Ibafez A. Fronto-
temporal dementia presentation in patients with heterozygous
p.H157Y variant of TREM2. ) Med Genet 2023; 60: 894-904.

24. Paloneva J, Manninen T, Christman G, Hovanes K, Mandelin J,
Adolfsson R, Bianchin M, Bird T, Miranda R, Salmaggi A, Traneb-
jaerg L, Konttinen Y, Peltonen L. Mutations in two genes encod-
ing different subunits of a receptor signaling complex result
in an identical disease phenotype. Am J Hum Genet 2002; 71:
656-662.

25. Peplonska B, Berdynski M, Mandecka M, Barczak A, Kuzma-
Kozakiewicz M, Barcikowska M, Zekanowski C. TREM2 vari-
ants in neurodegenerative disorders in the Polish population.
Homozygosity and compound heterozygosity in FTD patients.
Amyotroph Lateral Scler Frontotemporal Degener 2018; 19:
407-412.

26. Piccio L, Deming Y, Del-Aguila JL, Ghezzi L, Holtzman DM,
Fagan AM, Fenoglio C, Galimberti D, Borroni B, Cruchaga C.
Cerebrospinal fluid soluble TREM?2 is higher in Alzheimer dis-
ease and associated with mutation status. Acta Neuropathol
2016; 131: 925-933.

27. Rascovsky K, Hodges JR, Knopman D, Mendez MF, Kramer JH,
Neuhaus J, van Swieten JC, Seelaar H, Dopper EG, Onyike CU,
Hillis AE, Josephs KA, Boeve BF, Kertesz A, Seeley WW, Rankin KR
Johnson JK, Gorno-Tempini ML, Rosen H, Prioleau-Latham CE,
Lee A Kipps CM, Lillo B Piguet O, Rohrer D, Rossor MN, Warren D,
Fox NC, Galasko D, Salmon DP Black SE, Mesulam M, Wein-
traub S, Dickerson BC, Diehl-Schmid J, Pasquier F DeramecourtV,
Lebert F, Pijnenburg Y, Chow TW, Manes F, Grafman J, Cappa SF
Freedman M, Grossman M, Miller BL Sensitivity of revised
diagnostic criteria for the behavioural variant of frontotempo-
ral dementia. Brain 2011; 134: 2456-2477.

28. Rohn TT. The triggering receptor expressed on myeloid cells 2:
“TREM-ming” the inflammatory component associated with
Alzheimer’s disease. Oxid Med Cell Longev 2013; 2013: 860959.

29. Samanci B, Bilgic B, Gelisin o} Tepgec F, Guven G, Tufekgioglu Z,
Alaylioglu M, Hanagasi HA, Glrvit H, Guerreiro R, Hardy J,
Emre M. TREM2 variants as a possible cause of frontotempo-
ral dementia with distinct neuroimaging features. Eur J Neurol
2021; 28: 2603-2613.

30. Snowden JS, Harris JM, Saxon JA, Thompson JC, Richardson AM,
Jones M, Kobylecki C. Naming and conceptual understanding in
frontotemporal dementia. Cortex 2019; 120: 22-35.

31. Song W, Hooli B, Mullin K, Jin SC, Cella M, Ulland TK, Wang VY,
Tanzi RE, Colonna M. Alzheimer’s disease-associated TREM2
variants exhibit either decreased or increased ligand-depen-
dent activation. Alzheimers Dement 2017; 13: 381-387.

Folia Neuropathologica 2024; 62 7



