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Abstract

A rare coding variant (rs72824905, p.P522R) conferring protection against Alzheimer’s disease (AD) was identified in the
gene encoding the enzyme phospholipase-C-y2 (PLCG2) that is highly expressed in microglia. To explore the protective
nature of this variant, we employed latent process linear mixed models to examine the association of p.P522R with lon-
gitudinal cognitive decline in 3595 MCI patients, and in 10,097 individuals from population-based studies. Furthermore,
association with CSF levels of pTau, g, total tau, and AP, 4, was assessed in 1261 MCI patients. We found that MCI patients
who carried the p.P522R variant showed a slower rate of cognitive decline compared to non-carriers and that this effect was
mediated by lower pTau, g, levels in CSF. The effect size of the association of p.P522R with the cognitive decline and pTau g,
was similar to that of APOE-¢e4, the strongest genetic risk factor for AD. Interestingly, the protective effect of p.P522R was
more pronounced in MCI patients with low A, 4, levels suggesting a role of PLCG2 in the response to amyloid pathology. In
line with this hypothesis, we observed no protective effect of the PLCG?2 variant on the cognitive decline in population-based
studies probably due to the lower prevalence of amyloid positivity in these samples compared to MCI patients. Concerning
the potential biological underpinnings, we identified a network of co-expressed proteins connecting PLCG2 to APOE and
TREM? using unsupervised co-regulatory network analysis. The network was highly enriched for the complement cascade
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and genes differentially expressed in disease-associated microglia. Our data show that p.P522R in PLCG2 reduces AD disease
progression by mitigating tau pathology in the presence of amyloid pathology and, as a consequence, maintains cognitive
function. Targeting the enzyme PLCG2 might provide a new therapeutic approach for treating AD.

Keywords Alzheimer’s disease - PLCG2 - Phospholipase C gamma 2 - Cognitive decline - Mild cognitive impairment

Introduction

Alzheimer’s disease (AD) is highly heritable and the most
common cause of neurodegenerative dementias. The dis-
covery of mutations in amyloid precursor protein (APP),
Presenilinl and Presenilin2 (PSEN1/2) causing rare familial
AD laid an important foundation for the ‘amyloid cascade
hypothesis’, postulating that the aggregation of amyloid
is causative for AD and triggers downstream pathological
events such as the formation of tau pathology [38]. The
importance of amyloid for the development of the more
common, sporadic form of AD has recently been empha-
sized by two large genome-wide association studies (GWAS)
[33, 41]. Besides amyloid, GWAS studies suggest additional
causative molecular pathways, including immune system
processes [33, 35, 41]. Interestingly, it has been suggested
that pathways supported by genetic evidence might provide
entry points for drug development with a better chance of
clinical success [37, 55]. Unfortunately, for most GWAS-
identified loci, the variants responsible for the AD-associ-
ation are unknown, which hampers their translation into a
clear functional consequence.

In 2017, we and others identified a specific rare non-
synonymous coding variant (rs72824905, p.P522R) in the
gene encoding the enzyme phospholipase-C-y2 (PLCG2)
that confers protection against the susceptibility to AD [68].
This association has been replicated in multiple independ-
ent samples from different populations [10, 13, 78]. PLCG2
is an enzyme mainly expressed in immune cells including
microglia which are involved in innate immunity [47, 78].
PLCG?2 is related to autoimmune diseases and involved in
the activation of platelets in response to amyloid [8, 52,
66]. From a functional perspective, p.P522R induces a
slight increase in PLCG2 activity [47]. Thus, therapeutic
strategies similarly modulating PLCG?2 activity as p.P522R
may offer a new treatment option for common sporadic AD
forms. To achieve this latter aim, we need first to understand
the biological mechanisms linking p.P522R in PLCG2 to
the pathophysiological processes of AD. Importantly, van
der Lee and colleagues [78] suggested that the p.P522R
might also have a protective effect on other neurodegenera-
tive dementias [i.e., Dementia with Lewy Body (DLB) and
frontotemporal dementia (FTD)] as well as a positive effect
on longevity. However, it is unclear whether these protec-
tive effects result from an attenuated protein accumulation
process that may be accelerated by microglia activation [4,
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5,28,70, 72,79, 85] in carriers of the mutated PLCG2 gene,
or whether the response to accumulated protein aggregates
is different, which is the suggested modus operandi for other
AD-associated genes like TREM?2 [34].

To understand the boundary conditions and mechanisms
of p.P522R effects, we examined its association with cog-
nitive decline in patients with mild cognitive impairment
(MCI) and population-based studies. We also analyzed the
effect of p.P522R on cerebrospinal fluid (CSF) biomark-
ers levels amyloid-beta 1-42 (A, 4,), total tau (tTau) pro-
tein, and phosphorylated tau (pTau,g,) protein as well as
their interactions in patients with MCI. We also investi-
gated potential biological underpinnings for the effect of
PLCG?2 within the context of AD pathology. We focused
our analysis on the identification of a link between PLCG2
and the known functional relationship between APOE and
TREM2. While research identified APOE as a ligand for
TREM2 [67, 84] and PLCG2 as an important element of the
TREM?2 downstream signaling cascade [54], a link between
PLCG?2 and APOE is currently missing. Consequently, we
conducted an unsupervised analysis of trans-co-regulatory
network analysis to identify a biological pathway shared
between APOE and the TREM2-PLCG2-signaling cascade.

Methods
Study cohorts

The design, recruitment, and diagnostic procedures are
described in detail in the supplementary text 1, online
resource. A flowchart of the participant recruitment and
their assignment to outcome-specific analyses is presented
in Fig. 1. All participants included in the analyses were older
than 50 years, since the focus of our study was the effect of
p-P522R in late life.

Longitudinal cognitive decline was analyzed in 3595
MCI patients. These patients were derived from four mem-
ory clinic cohorts, namely the Amsterdam dementia cohort
(ADC), the German dementia competence network (DCN),
the Spanish Fundacio ACE (FACE), and the Alzheimer’s
disease neuroimaging initiative (ADNI) cohort that was
launched as public—private partnership led by Michael
Weiner with the aim to establish measurements of disease
progression in MCI and AD (see supplementary text 1,
online resource for full description). Also, MCI patients
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Fig. 1 Study design

from the prospective, general practitioner-registry-based
German study on aging, cognition, and dementia (AgeCoDe)
were included. Participants of the AgeCoDe cohort were all
non-demented at baseline. Among those, the MCI patients
were identified by a standardized diagnostic procedure at
each visit and included in this analysis.

10,097 participants from the Three-City Study (3C) and
the Longitudinal Aging Study Amsterdam (LASA), as well
as all participants from the AgeCoDe study, were included
for the analysis of the cognitive decline in population-based
samples regardless of MCI or dementia diagnoses.

To analyze the effect of p.P522R on proxy measures of
amyloid and tau pathology in the CSF, levels of Af 4,,
pTau,g;, and tTau protein were analyzed. CSF data were
collected from 1,261 MCI from the DCN, ADC and ANDI
cohort as well as from the memory clinic of the University
Hospital of Bonn (UHB) and processed at different centers
(supplementary text 4, online resource).

Genotyping

In all samples, DNA was extracted using standard proce-
dures. In all cohorts except LASA and ADNI, p.P522R
was directly genotyped using the MassARRAY (3C cohort,
Agena Bioscience), custom content using the Infinium-
global-screening-array-24-v1l (ADC cohort, Illumina), or
a TagMan custom design genotyping assay (other cohorts,
Thermo Fisher Scientific), respectively. In LASA, p.P522R
genotypes were derived from imputation based on the
Infinium-global-screening-array-24-v1(Illumina, imputa-
tion quality: R>=0.89) or the AXIOM-NL (Affymetrix,

imputation quality: R?=0.93) array. In ADNI, three dif-
ferent platforms [i.e., [llumina Human610-Quad BeadChip
(imputation quality: R?=0.87), HumanOmniExpress Bead-
Chip (imputation quality: R*=0.83), and Illumina Omni
2.5 M (imputation quality: R>=0.93)] were used for deriving
p.P522R genotypes from imputed values. In case multiple
platforms were used for genotyping the same individual,
we retained p.P522R imputations with the highest geno-
type probability. All procedures are described in detail in
supplementary text 2, online resource. For a fraction of the
samples included in the analysis, GWAS data were available.
In these samples, all individuals of non-European ancestry
were discarded and the presence of population stratification
was excluded by visually inspecting a plot of the first two
principal components (PCs) of the GWAS data (supplemen-
tary Fig. 1a—g, online resource). No evidence for population
stratification was found during visual inspection. In line with
that, adjustment for PCs in those samples with GWAS data
did not change the effects observed for p.P522R (supplemen-
tary text 3). For this reason, PCs were not used to adjust the
analysis maximizing thereby the data set for analysis and
thus increasing the statistical power.

CSF collection and biomarker measurement

CSF levels of AP, 4,, pTaug;, and tTau were measured using
commercial ELISA immunoassays. Samples were quanti-
fied in different laboratories (CSF samples from Erlangen,
Bonn, Amsterdam, and the ADNI cohort, see Fig. 1) using
different methods described in supplementary text 4.1,
online resource. For the present analysis, CSF from different
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cohorts was harmonized using the method described by
Zhou and colleagues [89] (supplementary text 4.2, online
resource).

Neuropsychological assessments

In all cohorts, the Mini-Mental State Examination (MMSE)
was used as this measure of global cognition is sensitive to
change in patients with MCI [59] and available in all cohorts.
In the population-based studies, the MMSE might show ceil-
ing effects. Therefore, additional measurements were used
for the cognitive function: the 3C cohort also measured epi-
sodic memory using the Benton visual retention test, the
LASA cohort used the Dutch version of the Adult Verbal
Learning Task, and the AgeCoDe cohort used the CERAD
word list learning task with delayed recall. Besides, verbal
fluency was assessed in the 3C and AgeCoDe study using the
Isaac set test and the CERAD animal fluency task, respec-
tively. References and further descriptions for all tests are
given in supplementary text 5, online resource.

Statistical analysis

Statistical analyses were conducted in R version 3.4.4 [58]
and Mplus version 7.31 [50]. References to all utilized soft-
ware are provided in supplementary Table 1, online resource.
More detailed descriptions of the used methods are provided
below and in supplementary text 6, online resource. All p
values < 0.05 (two-sided) were considered significant.

Analysis of cognitive decline

The analysis of the effect of p.P522R on longitudinal cogni-
tive decline was performed using latent process linear mixed
models [56] (supplementary text 6.1, online resource) as
implemented in the R package LCMM [57]. These mod-
els jointly estimate a latent process representing the true
change of cognition over time and a link function that relates
this process to the observed cognitive measurements. This
link function takes into account the unequal interval scaling
that commonly occurs for cognitive tests and may introduce
bias [56] by modeling a monotone but possibly non-linear
relationship between the latent process and the outcome.
Modeling of the link function also accounted for the skewed
distribution of the MMSE indicated ceiling effects in some
MCI patients. Moreover, residuals derived from the stand-
ard linear mixed model showed deviations from normality
which were adjusted by including the appropriate link func-
tion. Potential non-linear decline trajectories were assessed
using polynomial order of time. The most appropriate link
function and polynomial of time were chosen according to
the lowest Bayesian information criterion (BIC). Statistical
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significance of the effect of p.P522R on the decline was
assessed using multivariate Wald tests.

For the analysis of MCI patients, median-centered time
from MCI diagnosis was used as the time scale to approxi-
mate disease progression after cognitive symptom onset.
In the AgeCoDe cohort, the baseline for our analysis was
defined as the first visit where MCI criteria were met and
only subsequent observations were considered as follow-
up assessments. In a sensitivity analysis, the follow-up time
was restricted up to 6 years to rule out that a possible effect
of p.P522R was artificially induced by only a few observa-
tions with long follow-up. An integrative data analysis was
performed by pooling data from all memory clinic cohorts
to maximize the number of p.P522R carriers as recom-
mended for rare predictors [11]. Also, stratified analyses
in each cohort were performed. The relationship between
p.-P522R and APOE-¢4 was investigated by examining the
interaction effect on the cognitive decline between the two
genotypes. In addition, effect sizes on cognitive change of
p.P522R in the absence and presence of APOE-e4 were com-
pared with the effect of APOE-¢4 alone. Due to potential
non-linear decline, effects were calculated at multiple time
points on the scale of the latent process, standardized by the
predicted variation at the last time point (supplementary text
6.2, online resource).

For the analysis of the effect of p.P522R in three popula-
tion-based cohorts, median-centered age at assessment was
used as the time scale of the linear mixed models represent-
ing general age-related cognitive change. Herein, analyses
were performed separately for each cohort.

All analyses in all samples were adjusted for age at base-
line, as well as gender, education (i.e., dichotomous vari-
able indicating participation in secondary education), and
APOE-¢4 status (supplementary text 6.5, online resource).
In the pooled analysis of MCI patients from memory clinic
cohorts, analyses were additionally adjusted for cohort. Fur-
thermore, center was included as an additional covariate in
the 3C study and the genotyping platform was used as a
covariate in LASA. In the case of significant associations,
analyses were repeated without adjustment to examine the
sensitivity of the results to covariate selection. Missing data
in the cognitive outcomes were handled using maximum-
likelihood estimation [15], so that no participants had to be
excluded due to drop-out.

Analysis of CSF biomarkers

For CSF analysis, continuous harmonized CSF biomarker
data were log-transformed. Robust regression analysis was
used to minimize the influence of outlying observations in
the data by applying a down-weighting algorithm [40].

AD biomarkers were analyzed in a joint regression model
using data from all CSF samples to maximize the number
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of available p.P522R carriers. Also, stratified analyses were
performed in the samples from the three European mem-
ory clinic cohorts (DCN, ADC, and UHB) and the ADNI
cohort. All regression analyses were controlled for age, gen-
der, the origin of the CSF samples, and the presence of at
least one APOE-€4 allele (see supplementary text 6.5, online
resource). We adjusted p values from tests of multiple out-
comes (i.e., three different AD biomarkers) by applying the
Bonferroni—-Holm correction.

To explore whether p.P522R affects the interplay of
AD biomarkers, four AD biomarker categories were con-
structed as described by Jack and colleagues [29] based on
laboratory-specific cut-offs. These categories were derived:
AD (Abeta,_4, positive and pTau,g; positive, irrespective of
tTau), AD pathologic change (Abeta, 4, positive and pTau g,
negative, irrespective of tTau), non-AD pathologic change
(Abeta, 4, negative and pTau,g; positive and/or tTau posi-
tive), and no pathologic change (all three biomarkers nega-
tive). These categories were used as the outcome in a multi-
nomial regression model with AD as the reference category
and Bonferroni-Holm correction for multiple testing (i.e.,
comparison of four biomarker categories).

In addition, a varying coefficient generalized additive
model [82] (supplementary text 6.3, online resource) was
used to test whether the effect of p.P522R on continuous
pTau,g; and tTau levels differs across different A, _4, levels.
Thin plate regression splines [81] were used to allow for
non-linear, potentially sigmoid relationships between AD
biomarkers as proposed by Jack and colleagues [30]. Poste-
rior simulation with simultaneous confidence intervals was
used to identify those levels of CSF Ap,_4, at which p.P522R
show its strongest effects.

All analyses in CSF samples were adjusted for age, gen-
der, CSF samples, and APOE-€4 status (supplementary text
6.5, online resource). In a sensitivity analysis, all analyses
were repeated without adjustment for covariates.

Mediation analysis using structural equation
models

To evaluate whether or not the associations of p.P522R with
CSF biomarkers underlie the association of p.P522R with
cognitive decline, a mediation analysis was conducted using
structural equation modeling in Mplus version 7.31 [50].
Herein, 1052 MCI patients from the DCN, ADC, and ADNI
cohorts were included only if they had CSF AD biomark-
ers as well as longitudinal MMSE assessments available.
To assess mediation, an indirect effect of p.P522R on the
cognitive change in the MMSE over 4 years via AB; 4, and
tTau were estimated, as well as interaction effects between
p.P522R, and AP, 4, or pTau,g,. Analyses were repeated
using pTau,g, instead of tTau in the models. Additional

details are provided in supplementary text 6.4, online
resource.

Co-regulatory network analysis

The GeneFriends tool was used to generate an unsupervised
co-expression gene map based on 4164 Human Microarray
data sets containing 26,113 experimental conditions and
19,080 genes. We decided to use the microarrays data avail-
able in GeneFriends tool, because the number of experi-
mental conditions available was larger and better annotated
compared to the RNA-sequencing data available in the same
tool. Further description of the microarray methods is pro-
vided elsewhere [77]. Of note, loci around the target genes
might co-express due to the existence of common regional
co-regulation motifs. Cis-co-regulated genes were deleted
from the respective list by removing all transcripts located
200 kb around PLCG2, APOE, and TREM?2 loci. Hence,
only highly trans-co-regulated and positively co-expressed
genes that are collectively upregulated were selected for fur-
ther analysis (co-expression value >0.5). Next, the WebGe-
stalt tool [45] was used to identify potential enrichments in
identified co-regulated gene lists using overrepresentation
enrichment analyses of Gene Ontology non-redundant bio-
logical process in humans. Furthermore, genes co-expressed
with PLCG2 were tested for enrichment of shared co-expres-
sion with APOE and TREM?2 using Fisher’s exact test (sup-
plementary text 6.6, online resource). Genes co-expressed
in all three candidate genes were selected for additional
enrichment analyses using STRING [75] and WebGestalt.
Finally, this shared gene set was tested for enrichment of
genes differentially expressed in cell-type-specific biomate-
rials derived from brain, i.e., microglia of AD patients [49]
as well as microglia derived from the SXFAD AD mouse
model [39] and the hMAPT-P301S model for tauopathies
[19] (supplementary text 6.6, online resource).

Results

The p.P522R variant is associated with slower
cognitive decline in MCl patients

Due to the low frequency of the rare variant, it is unlikely
to detect statistically significant effects in the individ-
ual cohorts. We, therefore, pooled data from all cohorts
(Table 1) in a joint analysis in a first step. Here, carriers
of the p.P522R variant (n=61) showed a slower cognitive
decline than non-carriers ()(2(2) =7.83, p=0.020, Fig. 2a;
supplementary Table 2, online resource). Importantly, analy-
ses stratified for cohort demonstrated a highly consistent pro-
tective effect of p.P522R in each of the samples (Fig. 2b—e,
supplementary Fig. 2, and supplementary Table 3, online
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Fig.2 Effect of p.P522R on the cognitive decline in 3,595 MCI
patients. a Predicted trajectories of cognitive decline for p.P522R
carrier and non-carrier in the pooled sample of all MCI patients. b
Predicted trajectories of cognitive decline for p.P522R carrier and
non-carrier in the Fundacio ACE (FACE) cohort. ¢ Predicted tra-
jectories of cognitive decline for p.P522R carrier and non-carrier
in the German study on aging, cognition, and dementia (AgeCoDe)
cohort. d Predicted trajectories of cognitive decline for p.P522R car-
rier and non-carrier in the Dementia competence network (DCN)
cohort. e Predicted trajectories of cognitive decline for p.P522R car-
rier and non-carrier in the ADNI cohort. Predicted trajectories for
the Amsterdam dementia cohort (ADC) are displayed in supplemen-
tary figure 1, online resource due to the unreasonably low number
of p.P522R carriers with sufficient follow-up. f Effect of p.P522R
and APOE-¢4 on the cognitive change from baseline in the MMSE
derived from a linear mixed model with a latent process including an
interaction term between APOE-e4 and p.P522R. Differences on the
latent process scale between APOE-¢4 carrier and non-carrier who do

resource). This consistency was further confirmed by a
non-significant interaction between p.P522R and cohorts
concerning the effect on the cognitive decline (¥*(8) =3.55,
p =0.895). Sensitivity analyses showed no change in the
association without adjustment for covariates ((2)=8.95,
p=0.011) or using a restricted follow-up interval of 6 years
(* (2)=6.58, p=0.037, supplementary Table 2, online
resource).

0 2 4 6 8 10 12
Time (in years from baseline)

not carry the pP522R variant were derived to assess the effect size
of APOE-e4 (red arrow in Fig. 2f and red dots in Fig. 2g, h). The
difference between p.P522R carrier and non-carrier in the absence
(magenta arrows in Fig. 2f and magenta dots in Fig. 2g) and the pres-
ence of APOE-¢4 (green arrows in fig. 2f and green dots in Fig. 2h)
were calculated, as well. g The effect size of the association of not
carrying any APOE-¢4 allele (red dots) and p.P522R in the presence
of APOE-¢e4 (green dots) with the cognitive change at different time
points. Effect sizes are displayed on the scale of the latent process of
the mixed model standardized by the expected variance of the latent
process at the last time point considered (see supplementary text
6.2, online resource). h The effect size of the association of not car-
rying any APOE-¢4 allele (red dots) and p.P522R in the absence of
APOE-g4 (magenta dots) with the cognitive change at different time
points. Effect sizes are displayed on the scale of the latent process of
the mixed model standardized by the expected variance of the latent
process at the last time point considered (see supplementary text 6.2,
online resource)

In the same cohorts, the APOE-e4 allele was, as
expected, associated with accelerated cognitive decline
(r* (2)=138.33, p=9.27x 107, supplementary Table 2,
online resource), but there was no statistically significant
interaction between APOE-g4 and p.P522R & (2)=2.87,
p=0.238, supplementary table 4, online resource). The
absence of a significant interaction may arise from limited
statistical power due to the small number of carriers for both
the p.P522R and the APOE-¢4 alleles (n=23). However,
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the protective effect of p.P522R and the detrimental effect
of APOE-g4 on the cognitive change from baseline were
similar in magnitude though in opposite directions (Fig. 2f).
To directly compare the protective effect of PLCG2 with
that of APOE, we expressed the APOE effect on cognitive
decline in protective terms, i.e., cognitive changes when
APOE-¢€4 is absent (Fig. 2g, h). This analysis suggested that
the protective effect of p.P522R is as strong as the detrimen-
tal APOE-¢g4 effect during the first 6 years of follow-up, but
this effect decreased at later follow-ups (Fig. 2f, g). This
raises the possibility that p.P522R may initially counteract,
at least in part, the detrimental effect of the APOE-€4 allele
on cognitive function and could delay deterioration in MCI
patients for several years. We also found that the protec-
tive effect on cognitive change associated with p.P522R in
APOE-€4 non-carriers was similar to the reduced cognitive
change observed in the absence of APOE-¢e4 alone, espe-
cially at later stages of the cognitive trajectory (Fig. 2h).

Age-related cognitive decline in population-based
samples is not associated with p.P522R

Given our observation in MCI and the previously reported
effect on longevity [78], we sought to explore whether the
effect of p.P522R on cognitive decline can be also extended
to the general population (Table 2). As expected from previ-
ous case—control studies [68, 78], the frequency of p.P522R
in the population-based samples was significantly higher
than in the sample of MCI patients from memory clinic
cohorts (i.e., FACE, DCN, ADNI, and ADC) who are an
at-risk population for dementia (*(1)=10.02, p=0.002).
Importantly, the statistical difference found for this variant
between the MCI samples and the population-based studies
further support the protective effect of PLCG2. However,

p-P522R did not modulate the cognitive decline in any of the
neuropsychological tests explored in the population-based
samples (supplementary table 5, supplementary Figs. 3-5,
online resource).

p.P522R is associated with reduced levels of CSF
pTau,g, and tTau

To examine the etiology underlying the protective effect of
p.P522R, we analyzed AD-related CSF biomarkers in MCI
patients (Table 3). Carriers of the p.P522R variant (n=18)
showed a reduction of pTau g, (Est(SE)=— 0.12(0.05),
p=0.015, d=-0.58) and tTau levels (Est(SE)=-0.12
(0.05), p=0.017, d=—-10.57) in the pooled sample of all
MCI patients. The association remained statistically sig-
nificant after Bonferroni—-Holm correction for multiple
testing (Fig. 3, supplementary table 6, online resource). In
contrast, there was no association of p.P522R with A, 4,
levels (Est(SE)=—-0.02(0.04), p=0.686, d=—0.10). The
effect of p.P522R was consistent across MCI patients from
both the European MCI cohorts (DCN, ADC, and UHB)
and the ADNI cohort (Fig. 3). This was confirmed by non-
significant interactions between p.P522R and CSF samples
(supplementary table 7, online resource). Sensitivity analy-
ses suggested that unadjusted analysis led to a similar pattern
of results (supplementary table 6, online resource).

Again, the effect sizes of p.P522R and APOE-¢4 on
pTau,g; in the pooled MCI patients were similar, but
in opposite directions (p.P522R: d=—0.58, APOE-¢4:
d=0.56; supplementary table 8, online resource). We did
not observe a statistically significant interaction between
APOE-¢€4 and p.P522R regarding any CSF biomarker (sup-
plementary table 9, online resource). The lack of interac-
tion may, again, follow the same power issue derived from

Table 2 Characteristics of population-based samples included in the analysis of the cognitive decline

AgeCoDe

3 City study

LASA

p-P522R carrier p.P522R non-carrier p.P522R carrier p.P522R non-carrier p.P522R carrier p.P522R non-carrier

Sample size (n (% of 49 (2.5%) 1918 (97.5%) 127 (2.2%) 5760 (97.8%) 56 (2.5%) 2187 (97.5%)
total sample))

Age (m (SD)) 79.71 (3.64) 79.56 (3.51) 73.98 (5.22) 74.22 (5.46) 63.47 (6.39) 64.79 (7.63)

Female gender (n (%)) 32 (65.3%) 1245 (64.9%) 81 (63.8%) 349 (60.6%) 34 (60.7%) 1159 (53.0%)

High education (n (%)) 23 (46.9%) 848 (44.2%) 49 (38.6%) 3030 (52.6%) 45 (80.4%) 1619 (74.0%)

APOE-g4 carrier (n 10 (25.6%) 410 (21.4%) 33 (26.0%) 1188 (20.7%) 18 (29.6%) 638 (28.8%)
(%))

MMSE at baseline (m  26.88 (2.34) 27.41 (1.95) 27.34 (1.96) 27.37 (1.92) 27.64 (2.36) 27.88 (2.01)
(SD))

Mean observation time  6.05 (4.08) 6.21 (4.03) 5.40 (2.28) 5.34 (2.36) 11.72 (7.62) 10.73 (7.05)

(m (SD), in years)

High education was operationalized as participation in secondary education

MMSE mini-mental state examination, n(%) number of individuals and percent within group, m mean, SD standard deviation
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Fig.3 Associations of p.P522R

, 8 . Sample n(p.P522R) n(wt) Cohen's d p-value
with CSF biomarkers of Alzhei- -
mer’s disease (AD). Black dots Abeta1-42 levels in CSF
and arrows represent Cohen’s European MCI patients 11 797 —— -0.33 0273
d estimates and 95% confi- ADNI MClI patients 7 444 — . 010  0.802
dence interval, respectively. - oLl
For AP,._,, negative Cohen’s d pooled sample of MCI patients 18 1241 —— -0.10  0.686
estimates indicate more pathol- pTau181 levels in CSF
ogy. In the case of pTau,g; and -

.. , —— -

{Tau, positive Cohen’s d values European MCI patients 11 793 0.56 0.068
represent more pathology. N(p. ADNIMCl patients - L “a T 051 0184
P522R) number of p.P522R car- Pooled sample of all MCl patients 18 1237 — -058  0.015
rier, n(wt) number of p.P522R -
non-carrier, Af;_,, amyloid-beta Total Tau levels in CSF
1-42, pTau,g; phosphorylated European MCI patients 11 756 —a— -0.48 0.113
tau ADNI MCI patients 7 41— -061  0.110

Pooled sample of all MCI patients

the small-sample size of carriers of both variants (n=10).
Notably, APOE-g4 showed an effect on all CSF biomarkers,
while p.P522R only had an effect on pTaug; and tTau levels
(supplementary table 8, online resource).

p.P522R exerts its strongest effect downstream
of amyloid pathology

To further explore the role of p.P522R in AD, we exam-
ined the interplay of the same CSF biomarkers using the
AD biomarker categories proposed by Jack and colleagues
[29]. A multinomial regression model using the AD cat-
egory (A4, and pTaug, positive, n=>522) as a reference
revealed that p.P522R was associated with the presence of
AD pathologic change (AP, 4, positive, pTau, g, negative,
OR(95% CI) 6.28(3.3, 11.9), p=0.004, n=279) but not with
the presence of non-AD pathologic changes (Af, 4, negative,
pTau,q, and/or tTau positive, OR(95% CI) 0.93(0.39, 2.24),
p=0.938, n=129) or normal CSF biomarkers (all three bio-
markers negative, OR(95% CI) 1.81(0.86, 3.83), p=0.425,
n=323). Noteworthy, the small number of amyloid-nega-
tive individuals might have limited the statistical power to
detect an association of p.P522R with the presence of non-
AD pathological changes. Unadjusted analyses revealed the
same results (supplementary table 10, online resource).

We also applied generalized additive models in the MCI
data set to model the influence of the non-linear relationship
of AP, 4, with pTau,¢; and tTau in the CSF on the effect of
p.P522R. We observed that the effect of p.P522R on pTaug,
and tTau levels is significantly stronger when CSF levels
of AP, 4, are low (i.e., more abnormal, pTau,g;: p=0.013,
tTau: p=0.020, Fig. 4a, b, supplementary table 11, online
resource).

We then sought to conduct a mediation analysis in 1052
MCIT patients with both CSF biomarkers and longitudinal

@ Springer

follow-up data using structural equation modeling (Fig. 4c,
supplementary table 12, online resource). This analysis will
allow establishing a link between the findings derived from
the cognitive decline in MCI and those obtained from the
CSF. This strategy revealed that the effect of p.P522R on the
change in cognition from baseline over 4 years was mediated
by pTau, g, (Est=1.91,95% CI10.12, 4.11) but not by Af, 4,
(Est=0.84, 95% CI —0.54, 2.63, supplementary table 13,
online resource). Noteworthy, we found a significant interac-
tion of p.P522R and A, 4, levels on the cognitive decline
(r*(2)=8.86, p=0.012), indicating that the protective
p.-P522R variant is associated with a less pronounced cog-
nitive decline at more abnormal levels of Af, 4, (supplemen-
tary table 14, supplementary Fig. 6, online resource). This
observation is in line with the findings obtained from the
generalized additive model. There was no interaction effect
between p.P522R and pTau,g, levels (4*(2)=0.68, p=0.712)
on the cognitive decline. The pattern of results was similar
when tTau instead of pTau,g,was used as a mediator. How-
ever, the effect of p.P522R on tTau (Est(SE)=—-0.22(0.12),
p=0.051) and the corresponding mediation effect on the
cognitive change over 4 years (Est=1.94, 95% CI=-0.13,
4.07) showed only a trend-level association (supplementary
tables 12—14, online resource).

Conversely, we observed that the effect of APOE-€4 on
cognition change from baseline over 4 years is mediated
by both, AP, 4, (Est=—4.14,95% CI —5.67, —2.57) and
pTau,g, (Est=—1.24, 95% CI —2.15, — 0.56). However,
there were no interaction effects between APOE-g4 and the
CSF levels of A, 4, (#*(2)=1.29, p=0.526) and pTaug,
(FA(2)=2.531, p=0.282) regarding the cognitive decline.
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Fig.4 Role of p.P522R in the interrelationship between amyloid
pathology, neurodegeneration, and cognitive decline. a Predicted
relationship between A, 4, levels in CSF and pTau,g, levels in CSF
for p.P522R carrier and non-carrier. Red shaded areas indicate sig-
nificant differences between p.P522R carrier and non-carrier. Sig-
nificance is based on the estimation of simultaneous confidence
intervals that consider the statistical testing at multiple CSF levels.
b Predicted relationship between Af; 4, levels in CSF total tau lev-
els in CSF for p.P522R carrier and non-carrier. Red shaded areas

APOE shares a common co-regulatory network
with PLCG2 and TREM2

To explore the biological underpinnings of the interplay of
APOE with PLCG2 and the membrane receptor TREM?2, we
searched for co-regulated genes and pathways. An unsuper-
vised search identified 2748 genes co-expressed with PLCG2
showing enrichment of immune-related pathways (supplemen-
tary table 15, online resource). In our analysis, gene-specific
networks of APOE and TREM?2 were also highly enriched
for immunological function (supplementary tables 16—17,
online resource). Genes co-expressed with PLCG2 were sig-
nificantly enriched among those co-expressed with APOE
(p=7.49%10"*) or TREM2 (p=1.37x107>%). Furthermore,
PLCG2-related genes were disproportionally more likely to be

4 years

indicate significant differences between p.P522R carrier and non-
carrier. Significance is based on the estimation of simultaneous con-
fidence intervals that consider the statistical testing at multiple CSF
levels. ¢ Results from a structural equation model assessing whether
the effect of p.P522R on the cognitive change in the normalized
MMSE (range 0-100) is mediated Abeta, 4, levels or pTau,g; levels
in CSF. The model showed a good fit to the data (Model fit indices:
RMSEA =0.017, CFI=0.996, SRMR =0.060, see supplementary text
6.4, online resource)

co-expressed with both APOE and TREM2 (p=3.76x 1071).
Noteworthy, the shared gene set of 21 loci simultaneously
co-regulated with APOE, TREM?2, and PLCG2 (Fig. 5) is
highly enriched for biological processes related to immune
system processes including the complement cascade activation
but also tissue remodeling (supplementary table 18, online
resource). Furthermore, we also detected a correspondence
between the identified network and microglial gene expres-
sion in the brain. Herein, we found enrichment for genes
differential expressed in microglia from human AD patients
(p=3.57x 10712, [49]) as well as in microglia from mouse
models of AD (p=9.47x 1078, 5XFAD model [39]) or tauopa-
thies (p=2.18x 10"°, A(MAPT-P301S model [19], supplemen-
tary table 19, online resource).
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Fig.5 Co-regulatory network shared between APOE, TREM2, and
PLCG2. a Venn diagram showing the number and the overlap of
genes highly co-expressed APOE, TREM2, and PLCG2. b Depiction
of potential relationships between genes included in the shared co-
expression network of APOE, TREM2, and PLCG2. The red circle
marks members of the complement cascade. The green circle marks

Discussion

In this study, we provide the first evidence linking the pro-
tective effect of the p.P522R variant in PLCG2 with a slower
cognitive decline in patients with MCI and reduced pTau,g;
and tTau levels. Interestingly, this effect seems to be down-
stream of AP, 4, pathology. Furthermore, we showed that
PLCG?2 shares a biological co-regulation network with the
APOE and TREM? that is enriched for complement cas-
cade processes and markers of disease-associated micro-
glia. Taken together, our findings strongly support a role of
p-P522R in the physiological response to abnormally folded
proteins, such as amyloid, and help to characterize the spe-
cific function of PLCG2 within the amyloid cascade.

To date, except for CLU and APOE, few of the identi-
fied genetic risk variants in case—control GWAS for AD
have shown a consistent effect on disease progression in
MCI patients [42]. Our study now adds to this list PLCG2
as a strong protector of cognitive function at the MCI
stage. This effect is mediated by reduced pTau g, pathol-
ogy but not by AP, 4, pathology. Thus, the p.P522R vari-
ant ameliorates cognitive decline by acting downstream
of amyloid accumulation, making this accumulation less
detrimental. This hypothesis receives additional supports
from the observation that p.P522R displays its strong-
est effect on tau pathology and cognitive decline when
amyloid pathology is present. Recent research has further
shown that tau pathology depends on Af, 4,-evoked neu-
roinflammation [28]. Likewise, the neuronal protection
conferred by p.P522R in AD may also operate in neuro-
degenerative diseases caused by the accumulation of other

@ Springer
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CHI3L1

genes involved in tissue remodeling. Green lines between proteins
indicate evidence for interaction based on text mining, black lines
represent co-expression, blue lines indicate evidence from curated
databases, and magenta lines indicate experimentally conformed
interactions

protein aggregates which trigger downstream damaging
effects via neuroinflammation. Supporting this hypothesis,
p.P522R in PLCG2 might also have a protective effect
on DLB and FTD [78]. For all three diseases (i.e., AD,
FTD, and DLB), a genetic overlap has been reported sug-
gesting shared pathogenic pathways which may include
pathways related to PLCG2 [16, 24, 36, 64]. Furthermore,
patients with DLB frequently show amyloid pathology
[53] that contributes to fast disease progression and cog-
nitive impairment [1] suggesting that microglial reaction
to amyloid pathology could mediate the protective role
of p.P522R on both AD and DLB. In contrast, amyloid
pathology is rarely observed in FTD indicating a slightly
different mechanism. However, mutations in TREM2 have
been consistently reported in FTD patients involving,
thus, the TREM?2 signal cascade in the pathological events
occurring in FTD [20, 61]. Besides, functional studies in
genes involved in FTD have shown that several of these
genes can modulate microglia function either by increas-
ing production of neurotoxic factors and neuroinflamma-
tion, or by altering microglial phagocytosis and related
degradation pathways [22]. For example, research has
shown that levels of soluble TREM2 (sTREM2) in CSF are
increased in familial FTD cases carrying mutations in the
progranulin gene (GRN) compared to controls [83]. Like-
wise, a C9orf72-deficient mouse showed increased expres-
sion of Trem2, Clqga, and Tyrobp linking decreased expres-
sion of C9orf72 with microglia activity and age-related
neuroinflammation [43]. As with GRN and C90rf72, other
FTD genes, including TANK-binding kinase 1 (TBK1),
Optineurin (OPTN), sequestosome (SQSTM 1), and Valosin
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Containing Protein (VCP), have been linked to neuroin-
flammation and microglial function, because these genes
can regulate one of the crucial regulators of glial acti-
vation and neuroinflammation, the nuclear factor-kappa
beta (NF-kp) [22]. Importantly, NF-kf has been shown
to be a downstream effector of PLCG2 activation [65]. It
is, therefore, tempting to speculate that downstream neu-
roinflammatory processes activated by protein aggrega-
tion in FTD will lead to activation of a signaling cascade
involving PLCG2 wherein the p.P522R-carrying PLCG2
may show its protective effect. In addition, all these find-
ings together may have uncovered a more general effect of
PLCG?2 in the response to misfolded protein aggregation
found in neurodegenerative disorders. At this point, it is
important to note that the reported effect of p.P522R on
susceptibility to FTD and DLB still requires validation in
independent samples [78].

Besides the effect downstream of AP, 4, pathology,
p-P522R might also contribute to the initial formation
and amplification of pathological protein aggregates itself
instead of modulating their downstream effects. Herein,
research has shown that microglia contribute to an accel-
erated formation of amyloid plaques and tau aggregation
[4, 5,70, 72, 85] which is probably dependent on the acti-
vation of the inflammasome [28, 73, 79]. The protective
effect of p.P522R in PLCG2 could modulate the micro-
glial pathways leading to this accelerated pathology. Our
results, however, do not support this hypothesis, because
we could not find evidence for an association of p.P522R
with Abeta, 4, pathology or pTau,g; and tTau in amyloid-
negative individuals. Albeit a negative finding, this result
should be interpreted with caution, because our AD-
focused study design and the limited number of amyloid-
negative MCI patients in our sample might have rendered
our sample underpowered to detect significant effects of
p.P522R on neurodegenerative markers in the absence of
amyloidosis. Consequently, additional studies in samples
enriched for non-AD dementias are now needed to test our
observation.

Interestingly, the stronger effect of p.P552R on tau
pathology and cognitive decline in the presence of amyloid
pathology offers, in turn, a possible explanation for the lack
of association between p.P522R and cognitive decline in
population-based studies. The cognitive decline observed
in older individuals from the general population is thought
to derive from an increased vulnerability of the brain to
the initiation of neurodegenerative and non-pathological
processes [6, 18, 25, 31]. However, in populations of MCI
patients, the prevalence of amyloid and other neuropatholo-
gies is increased and exerts a stronger effect on the cognitive
decline as compared to cognitively unimpaired participants
[26, 32] who form the majority of participants in population-
based studies [62]. In fact, MCI cases show a 20-30% higher

prevalence of amyloid positivity compared to cognitively
normal individuals, independently of age range analyzed
[32, 63], as well as a higher prevalence of tau and Lewy
body pathology [2]. Our line of arguments receives further
support from the observation that the prevalence of amyloid
and tau pathology increases with age [7] as well as the prob-
ability of being carrier of the p.P522R variant [78]. Thus,
it is tempting to speculate that slower cognitive decline in
MCI patients and prolonged survival of p.P522R carriers in
older ages is due to a modulation of the neuroinflammatory
response to progressive pathological protein aggregation,
such as amyloid, which leads, in turn, to increased neuronal
survival and, finally, improved cognition contributing to
longevity [23].

We also examined the potential biological mechanisms
underlying the observed effects of p.P522R. Given the
compelling evidence supporting the link between TREM?2
and APOE at the molecular level, we search for potential
shared pathways between TREM2, APOE, and PLCG2. In
supporting this hypothesis, the three genes are involved in
microglial response within various neurodegenerative con-
ditions. Importantly, APOE and TREM2 might be linked
to PLCG2 at the molecular level, as APOE is a ligand of
TREM2 [84] and TREM2 is a surface receptor upstream
of PLCG2-signaling cascade [54]. Further supporting their
functional connection, all three genes modulate similar AD
endophenotypes. This includes the effect described here for
the APOE-¢g4 allele and p.P522R in PLCG2 on the cognitive
decline. In addition, in 2019, a rare protective coding variant
in APOE, different from the APOE-¢€2 allele, was found to
mitigate downstream effects of amyloid-beta formation [3],
as observed for p.P522R in our study. Furthermore, similar
to p.P522R, CSF levels of sSTREM2 and the p.R47H variant
in TREM?2 are both strongly associated with tau pathology
[46, 60]. In the case of sSTREM?2, its CSF levels also show
specific alterations in amyloid positive individuals without
tau pathology [74]. In line with these molecular and phe-
notypic links, our unsupervised trans-coregulatory network
analysis based on microarray data from multiple tissues and
experimental conditions suggested that APOE, PLCG2, and
TREM? share a common, general co-expression network.
This network contains the AD hub-gene TYROBP [88] and
it is highly enriched for the complement cascade and genes
differentially expressed in microglia from AD patients [49]
or mouse models of AD (FXFAD model; [39]) or tauopa-
thies ((WMAPT -P301S model; [19]). Thus, several biological
processes that have been identified as crucial for the patho-
genesis of AD but also other neurodegenerative dementias
[14, 21] may not only involve APOE and TREM?2, as previ-
ously described [67] but also PLCG2. Consequently, taking
our present and previous research, it is tempting to specu-
late that this shared mechanism could include the adaption
of microglia to a neurodegenerative environment that may
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contribute to the protective effect across different neurode-
generative dementias, as hypothesized before. Among the
pleiotropy of potential underlying pathways, our co-expres-
sion network analysis highlights several mechanisms. Those
could involve altered downstream TREM?2 signaling includ-
ing the co-expression network members SPP1 and GPNMB
[44, 69]. Alternatively, those mechanisms could include the
differential regulation of the signaling of CD14 and Toll-like
receptors [86, 87] or complement receptors [9, 48]. Impor-
tantly, complement cascade activation is observed in several
neurodegenerative diseases, including AD, DLB, and FTD
[21, 80] and is strongly involved in synapse loss [27] which
is strongly related to cognitive impairments [76]. These can-
didate pathways require further experimental investigation
to establish a role in the mediation of the effect of p.P522R
on AD, as well as in other neurodegenerative dementias. In
fact, several efforts are currently ongoing to gain insight on
the molecular mechanisms of PLCG2 variant in the immune
pathway connecting it with other AD risk genes.

From a therapeutic point of view, PLCG2-directed thera-
peutic approaches might, therefore, offer a novel opportunity
to complement drugs directed at amyloid clearance or pro-
duction by modulating the downstream effects of amyloid
pathology mediated by microglia [12, 28, 51, 71]. Particular
interest, herein, deserves the observation that the protective
effect of p.P522R can apparently counteract the deleterious
effect of APOE-g4 on cognitive decline for several years and
on tau pathology in MCI. Both effects probably derive from
the similar effect sizes of the two genetic variants. Of note,
APOE-¢e4 showed its strongest effect on amyloid pathology
and only a smaller but independent effect on tau pathology,
suggesting that APOE-e4 influences AD pathogenesis more
upstream in the amyloid cascade than p.P522R. Thus, thera-
peutic approaches targeting PLCG?2 function might comple-
ment those aiming at APOE function. However, our data
also suggest that the buffering properties of p.P522R against
APOE-g4-induced deficits seem to decrease as the disease
progresses. This reduction in effect may be produced by
chronical exposure of microglia to deleterious insult under-
mining the protective function of microglia including the
protective effect given by p.P522R in PLCG?2. Understand-
ing the pathways underlying the protective effect of PLCG2
and its buffering properties may help to develop therapeutic
targets which can counteract this progressive collapse of the
protection delaying or even preventing the beginning of the
dementia stage.

Strength and limitations
A considerable strength of our study is the recruitment and
analysis of one of the largest samples of MCI patients with

longitudinal follow-up and CSF biomarkers. This data set
offers the unique opportunity to study the effect of p.P522R
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at this disease stage and to define the link between its effects
on clinical data and the underlying pathophysiological pro-
cess. Besides, we used an agnostic co-expression network
analysis that does not rely on specific cell or tissue expres-
sion profile experiments that are usually based in very low
numbers and, therefore, prone to measurement error. Impor-
tantly, using a general approach relying on a wide range
of experiments led us to replicate the previous findings on
expression network [10, 68, 88] and also led us to the dis-
covery of a novel links between APOE and TREM2-PLCG?2
signaling. Furthermore, the integrative analysis of bio-
marker, cognitive, and gene-expression data provides the
most comprehensive description of the role of PLCG2 in
AD pathogenesis to date.

However, our study has also limitations. Our results are
based on a limited number of carriers due to the low fre-
quency of the p.P522R variant. Especially when examin-
ing the interaction of p.P522R with APOE-e4 or A, _4,, the
limited number of carriers might have rendered our study
underpowered for quantifying the exact effect size of the
interaction. Thus, investigations of independent samples are
now necessary to confirm these observations. Nevertheless,
the consistency of the effect of p.P522R across cohorts and
phenotypes supports the robustness of our findings. Addi-
tionally, amyloid and tau burden from cognitively healthy
individuals were not available. Since the trajectory of amy-
loid pathology is expected to reach a plateau in late disease
stages [30], the lack of cognitively normal patients with CSF
samples might have limited our ability to detect the effects
of p.P522R on CSF-A,_4, levels. We were, however, able to
detect an effect for the APOE-€4 allele. Finally, confirmation
of findings from the co-regulatory network analysis is still
required using microglia expression data.

In conclusion, our data link the protective effect of
p.P522R in PLCG?2 to lower CSF concentrations of pTau,g;
and tTau and slower cognitive decline in MCI patients, par-
ticularly in amyloid positive individuals and with an effect
size similar to that of APOE. We present converging evi-
dence, suggesting that the rare variant p.P522R in PLCG2
might reduce the effect of amyloidosis upon tau pathology
and cognitive decline. Therapies targeting the druggable
enzyme PLCG?2 [17, 68] might, thus, provide a novel thera-
peutic approach with the potential for disease modification in
AD might as well buffer the deleterious effect of APOE-¢4.
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