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SUMMARY

Themicroglial receptors CD33 and TREM2have been
associated with risk for Alzheimer’s disease (AD).
Here, we investigated crosstalk between CD33 and
TREM2. We showed that knockout of CD33 attenu-
ated amyloid beta (Ab) pathology and improved
cognition in 5xFAD mice, both of which were abro-
gated by additional TREM2 knockout. Knocking out
TREM2 in 5xFAD mice exacerbated Ab pathology
and neurodegeneration but reduced Iba1+ cell
numbers, all of which could not be rescued by addi-
tional CD33 knockout. RNA-seq profiling of microglia
revealed that genes related to phagocytosis and
signaling (IL-6, IL-8, acute phase response) are upre-
gulated in 5xFAD;CD33�/� and downregulated in
5xFAD;TREM2�/� mice. Differential gene expression
in 5xFAD;CD33�/� microglia depended on the pres-
ence of TREM2, suggesting TREM2 acts downstream
of CD33. Crosstalk between CD33 and TREM2 in-
cludes regulation of the IL-1b/IL-1RN axis and a
gene set in the ‘‘receptor activity chemokine’’ cluster.
Our results should facilitate AD therapeutics target-
ing these receptors.

INTRODUCTION

Alzheimer’s disease (AD) is the most common neurodegenera-

tive disorder and the leading cause of dementia among the

elderly (Tanzi, 2012). Genome-wide association studies have

identified >30 genetic loci for AD, many related to immune

response and microglia (Efthymiou and Goate, 2017). Among

these are CD33 (Bertram et al., 2008; Hollingworth et al., 2011;

Naj et al., 2011) and TREM2 (Guerreiro et al., 2013; Jonsson

et al., 2013). While microglia can clear amyloid beta (Ab), they

can also release pro-inflammatory cytokines leading to neuroin-
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flammation (Hansen et al., 2018; Hickman et al., 2008). A better

understanding of the mechanisms that control microglial activa-

tion could advance therapies for AD.

CD33 encodes a sialic-acid binding immunoglobulin-like lectin

(Siglec-3) expressed on the surface of myeloid progenitor cells,

monocytes, and macrophages. CD33 has been implicated in

cell adhesion processes, endocytosis, inhibition of cytokine

release, immune cell growth (Crocker et al., 2007), and regulation

of Tlr4 signaling (Ishida et al., 2014). We previously showed that

CD33 exhibits increased expression inmicroglial cells in AD brain

and that the protective allele of CD33 SNP rs3865444 was asso-

ciated with reductions in CD33 expression and insoluble Ab42

levels in AD brain (Griciuc et al., 2013). We also showed CD33 in-

hibited microglial uptake and clearance of Ab42 and that plaque

burden was reduced in APP/PS1;CD33�/� mice.

In contrast, the risk allele of rs3865444 was associated with

decreased Ab42 uptake and increased expression of CD33

and TREM2 in monocytes (Bradshaw et al., 2013; Chan et al.,

2015). The protective allele of CD33 SNP rs12459419 was asso-

ciated with skipping of CD33 exon 2 (Malik et al., 2013). Exon 2

encodes the sialic acid-binding domain, required for CD33-

mediated inhibition of Ab uptake in microglia (Griciuc et al.,

2013). Higher CD33 expression levels in the brain were associ-

ated with greater cognitive decline (Karch et al., 2012) and

increased AD pathology (Walker et al., 2015). Collectively, these

findings support CD33 as a therapeutic target in AD (Griciuc

et al., 2013).

The AD risk factor TREM2 is an immunoreceptor expressed on

myeloid cells, primarily microglia, where it regulates inflamma-

tory response (Tanzi, 2015; Yeh et al., 2017). TREM2 signals

through the adaptor protein DAP12 (TYROBP) to suppress pro-

inflammatory cytokine production (Turnbull et al., 2006) and pro-

mote phagocytosis (Takahashi et al., 2005) and biosynthetic

metabolism (Ulland et al., 2017). Reported TREM2 ligands

include anionic lipids (Wang et al., 2015), lipidated ApoE (Atagi

et al., 2015; Bailey et al., 2015; Yeh et al., 2016), and Ab oligo-

mers (Zhao et al., 2018; Zhong et al., 2018). AD-associated

TREM2 loss-of-function mutations reduced ligand-dependent

activation of TREM2 signaling (Lessard et al., 2018; Song
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et al., 2017). Soluble TREM2 is elevated in AD cerebrospinal fluid

(Suárez-Calvet et al., 2016).

TREM2 knockout impaired microglial activation and clustering

around Ab plaques and increased Ab plaque load at late stages

of disease (Jay et al., 2015; Ulrich et al., 2014; Wang et al., 2015).

Moreover, TREM2 knockout disrupted the microglial barrier

(Wang et al., 2016; Yuan et al., 2016). Conversely, TREM2 over-

expression in AD mouse models reduced plaque load and upre-

gulated phagocytosis genes (Lee et al., 2018). The AD-linked

R47H variant of TREM2 impaired microgliosis in the 5xFAD

mouse model (Song et al., 2018).

Here, we investigated the crosstalk between CD33 and

TREM2 in AD pathogenesis by generating single and double

CD33/TREM2 knockout mice on wild-type (WT) and 5xFAD

backgrounds. CD33 knockout decreased Ab pathology and

improved cognition in 5xFAD mice, both of which were abro-

gated by additional TREM2 knockout. TREM2 knockout reduced

clustering of Iba1+ myeloid cells around plaques, which could

not be rescued by CD33 knockout. CD33 and/or TREM2

knockout reprogrammed microglial gene expression signatures

in 5xFAD mice in an age-dependent manner. Differential gene

expression in 5xFAD;CD33�/� microglia depended on the pres-

ence of TREM2. These data suggest that TREM2 acts down-

stream of CD33 and that loss of microglial clearance capacity

might be reversed by therapeutic inhibition of CD33 or activation

of TREM2.

RESULTS

CD33 Knockout Restores Cognitive Function in 5xFAD

Mice, which Is Abrogated by Additional Knockout
of TREM2

To test whether CD33 and TREM2 impact cognitive function in AD

mice, we inactivated CD33 and/or TREM2 function in the 5xFAD

mouse (Oakley et al., 2006). WT, CD33�/�, TREM2�/�, CD33�/�;
TREM2�/�, 5xFAD, 5xFAD;CD33�/�, 5xFAD;TREM2�/�, and

5xFAD;CD33�/�;TREM2�/� mice were tested at 7 months of

age for locomotor activity, anxiety levels, and exploratory

behavior in the open-field arena. We found no significant differ-

ences between the mouse groups for total distance traveled dur-

ing exploration of the arena (Figure 1A) and total time spent in the

center of the arena (Figure 1B).

To assess spatial learning and memory in 7-month-old mice,

we employed the Morris water maze test (Vorhees and Williams,

2006) on the same mouse cohort. For training trials, a two-way

repeated-measures ANOVA revealed significant effects for

days (F(6,360) = 71.24, p < 0.0001) and for groups (F(7,60) =

5.781, p < 0.0001), but not for interaction (F(42,360) = 1.407, p =

0.0539, Figure 1C). 5xFAD;CD33�/� mice displayed improved

spatial learning versus 5xFAD;CD33�/�;TREM2�/� mice on

days 6 and 7 (Figure 1C, p < 0.01 and p < 0.05, respectively,

two-way ANOVA, Tukey’s test). Training and test phases of plat-

form locations are shown in Figure S1A.

On day 8, memory recall evaluation was conducted using the

probe test (removed platform). We found no significant differ-

ences in latency to the target quadrant (Figure S1B) or time spent

in the target quadrant (Figure S1C). However, based on time

spent in the area surrounding the missing platform (platform
plus), we found significant differences (Figure 1D, Kruskal-Wallis

ANOVA, p < 0.0001). 5xFAD mice showed impaired retention

memory compared to WT (Figure 1D, p < 0.01). Retention

memory improved in 5xFAD;CD33�/� mice compared to

5xFAD (p < 0.05), 5xFAD;TREM2�/� (p < 0.05) and

5xFAD;CD33�/�;TREM2�/� (p < 0.01) mice (Figure 1D, Krus-

kal-Wallis ANOVA, Dunn’s test).

Similarly, based on the number of platform plus crossovers,

we found significant differences among the mouse groups

(Figure 1E, one-way ANOVA, F(7,60) = 9.134, p < 0.0001).

5xFAD mice exhibited impaired retention memory compared to

WT (Figure 1E, p < 0.01). Retention memory improved in

5xFAD;CD33�/� mice compared to 5xFAD (p < 0.01),

5xFAD;TREM2�/� (p < 0.01) and 5xFAD;CD33�/�;TREM2�/�

(p < 0.01) mice (Figure 1E, one-way ANOVA, Tukey’s test). For

all groups, no differences were observed in swim speed (Fig-

ure 1F) or latencies to the visible platform (Figure 1G). In sum-

mary, CD33 knockout significantly improved retention memory

defects in 5xFAD mice. These effects were abrogated by addi-

tional knockout of TREM2, suggesting TREM2 functions down-

stream of CD33.

CD33 and TREM2 Have Opposite Effects on Amyloid
Beta in 5xFAD Mice; Knockout of TREM2 Abrogates
the Effects of CD33 Knockout on Amyloid Beta
Pathology
Next,weexploredAb in Tris-buffered saline (TBS)-soluble and for-

mic-acid (FA)-soluble fractionsofcortex from8-month-old5xFAD,

5xFAD;CD33�/�, 5xFAD;TREM2�/�, and 5xFAD;CD33�/�;
TREM2�/� mice, by Ab ELISA. Levels of TBS-soluble Ab40

and Ab42 were similar in all groups (Figures 2A and 2B),

whereas levels of FA-soluble Ab40 and Ab42 were markedly

increased in 5xFAD;TREM2�/� mice versus 5xFAD (Figures 2C

and 2D). In contrast, levels of FA-soluble Ab42 were

decreased in 5xFAD;CD33�/� versus 5xFAD, 5xFAD;TREM2�/�

and 5xFAD;CD33�/�;TREM2�/� mice (Figure 2D). Knockout of

TREM2 abrogated the reduction in Ab in 5xFAD;CD33�/� mice.

Knockout of TREM2 did not impact levels of Ab in 5xFAD mice

at 6 months of age (Figures S2A–S2D).

We next investigated whether CD33 and TREM2 knockout

impacts Ab deposition. Coronal sections from 8-month-old

mice were analyzed for amyloid plaque burden in cortex and

hippocampus using the 3D6 antibody (Griciuc et al., 2013).

3D6 did not label control brains (Figure S2E). In comparison

to 5xFAD, Ab plaque burden was robustly decreased in

the cortex and hippocampus of 5xFAD;CD33�/� and mark-

edly increased in 5xFAD;TREM2�/� mice (Figures 2E–2G).

5xFAD;CD33�/� mice displayed dramatically reduced Ab pla-

que burden in cortex and hippocampus compared to both

5xFAD;TREM2�/� and 5xFAD;CD33�/�;TREM2�/� mice (Fig-

ures 2E–2G). 5xFAD;CD33�/�;TREM2�/� mice exhibited signif-

icantly increased cortical Ab plaque load relative to 5xFAD

(Figure 2F), similar to that observed in 5xFAD;TREM2�/�

mice. TREM2 knockout did not modulate Ab plaque burden in

younger (6-month-old) 5xFAD mice (Figures S2F–S2H), indi-

cating that TREM2 knockout increases amyloid plaque load

at later stages of disease progression (e.g., 8 months of age).

In summary, knockout of TREM2 abrogated the reduction in
Neuron 103, 820–835, September 4, 2019 821



Figure 1. CD33 Knockout Restores Reten-

tion Memory in 5xFAD Mice, which Is Abro-

gated by Additional Knockout of TREM2

7-month-old WT (n = 5M/4F), CD33�/� (n = 4M/4F),

TREM2�/� (n = 4M/4F), CD33�/�;TREM2�/� (n =

4M/4F), 5xFAD (n = 5M/4F), 5xFAD;CD33�/� (n =

4M/4F), 5xFAD;TREM2�/� (n = 4M/4F), and

5xFAD;CD33�/�;TREM2�/� (n = 5M/5F) mice were

evaluated in the open-field (A and B) and Morris

water maze (C–G) tests.

(A and B) All mouse genotypes were characterized

by similar total distance moved (A, Kruskal-Wallis

ANOVA, Dunn’s test) and time spent in the center

area (B, one-way ANOVA, Tukey’s test).

(C) Time needed to reach the hidden platform

was plotted across training days. A two-way

repeated-measures ANOVA revealed significant

effects for days (F(6,360) = 71.24, p < 0.0001) and

for groups (F(7,60) = 5.781, p < 0.0001), but not for

interaction (F(42,360) = 1.407, p = 0.0539). Two-

way ANOVA, Tukey’s test revealed a difference in

5xFAD;CD33�/� mice versus 5xFAD;CD33�/�;
TREM2�/� on days 6 (p < 0.01) and 7 (p < 0.05).

(D and E) Time spent by the mice in the area sur-

rounding the platform location (platform plus, D)

and the number of platform plus crossovers (E)

were recorded during the probe test (day 8). For (D),

*p < 0.05, **p < 0.01, Kruskal-Wallis ANOVA (p <

0.0001), Dunn’s test. For (E), **p < 0.01, one-way

ANOVA (F(7,60) = 9.134, p < 0.0001), Tukey’s test.

(F) All mouse groups showed similar swim speed

during the test (one-way ANOVA, Tukey’s test).

(G) On days 9 and 10, no differences in latencies to

the visible platform were found among mouse

groups (one-way ANOVA, Tukey’s test).

Data are represented as mean ± SEM.

See also Figure S1.
Ab pathology observed in 5xFAD;CD33�/� mice, suggesting

TREM2 functions downstream of CD33.

TREM2Knockout Leads to Neurodegeneration in 5xFAD

Mice, which Is Not Rescued by Additional Knockout
of CD33

Next, we investigated the impact of CD33 and TREM2 knockout

on neuronal counts in 8-month-old 5xFAD hippocampal CA1.

WT, CD33�/�, TREM2�/�, and CD33�/�;TREM2�/� mice dis-

played no differences in the number of NeuN+ (mature) neurons

in CA1 (Figures 3A and 3B). There was also no significant differ-

ence in neuronal cell numbers among WT, 5xFAD, and

5xFAD;CD33�/� mice. The numbers of NeuN+ cells were signif-
822 Neuron 103, 820–835, September 4, 2019
icantly reduced in both 5xFAD;TREM2�/�

and 5xFAD;CD33�/�;TREM2�/� mice

compared to 5xFAD (Figures 3A and

3B). These three lines showed no differ-

ences in spatial learning and retention

memory (Morris water maze; Figures

1C–1E). This may be due to fast kinetics

of Ab deposition in 5xFAD mice leading

to a ceiling effect on cognitive deficits by

7 months of age. 5xFAD;CD33�/� mice
exhibited increased number of NeuN+ cells compared to

5xFAD;TREM2�/� and 5xFAD;CD33�/�;TREM2�/� mice (Fig-

ure 3B). These results were confirmed using H&E staining (Fig-

ures S3A and S3B). Collectively, our results show that knockout

of TREM2 reduced CA1 pyramidal cell density in 5xFAD mice

and could not be rescued by additional knockout of CD33.

8-month-old mice WT, CD33�/�, TREM2�/�, and CD33�/�;
TREM2�/� mice exhibited no differences in the number of

NeuN+ neurons in cortical layer 5 (Figures S3C and S3D).

Numbers of cortical layer 5 NeuN+ cells were significantly

reduced in 5xFAD compared to WT mice. However, there were

no significant differences among 5xFAD, 5xFAD;TREM2�/�,
and 5xFAD;CD33�/�;TREM2�/� mice. Numbers of cortical layer
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Figure 2. CD33 Knockout Leads to

Decreased Levels of Formic-Acid-Soluble

Ab42 and Ab Plaque Burden, Abolished by

Additional Knockout of TREM2

(A–D) ELISA analysis of Ab40 (A and C) and Ab42

(B and D) in TBS-soluble (A and B) and formic-acid

(FA)-soluble (C and D) fractions isolated from the

cortex of 8-month-old mice.

(E) Images of cortical and hippocampal fields from

mice of indicated genotypes, labeled with the anti-

Ab antibody 3D6. Scale bar represents 100 mm.

(F and G) Quantification of amyloid plaque burden

in cortex (F) and hippocampus (G) of 8-month-old

mice.

For (A)–(G), *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001, one-way ANOVA, Tukey’s test, 5xFAD

(n = 7M/7F), 5xFAD;CD33�/� (n = 7M/7F), 5xFAD;

TREM2�/� (n = 4M/4F), and 5xFAD;CD33�/�;
TREM2�/� (n = 5M/6F) mice. Data are represented

as mean ± SEM.

See also Figure S2.
5 NeuN+ cells were significantly increased in 5xFAD;CD33�/�

mice compared to 5xFAD, 5xFAD;TREM2�/� and 5xFAD;

CD33�/�;TREM2�/� mice (Figures S3C and S3D). Thus, CD33

knockout increased pyramidal cell density in cortical layer 5 in

5xFAD mice, and this was abrogated by additional knockout

of TREM2.

To investigate the effects of CD33 and TREM2 knockout on

neurodegeneration in 8-month-old 5xFADmice, we stained brain

sections with an antibody specific for activated caspase-3 and

assessed cell loss. WT, CD33�/�, TREM2�/�, and CD33�/�;
TREM2�/� mice showed very few caspase-3+ cells in cortex

and hippocampus (Figures 3D and 3E). Conversely, 5xFAD

mice exhibited increased numbers of caspase-3+ cells compared

toWT. The numbers of caspase-3+ cells were increased in cortex

and hippocampus of both 5xFAD;TREM2�/� and 5xFAD;CD33�/

�;TREM2�/� mice versus 5xFAD (Figures 3C–3E). In contrast,
Neu
5xFAD;CD33�/� mice showed reduced

numbers of caspase-3+ cells in cortex

and hippocampus versus 5xFAD,

5xFAD;TREM2�/� and 5xFAD;CD33�/�;
TREM2�/� mice (Figures 3C–3E). Thus,

CD33 and TREM2 have opposite effects

on neurodegeneration in 5xFAD mice. In

conclusion, the attenuation in neurode-

generation observed in 5xFAD;CD33�/�

versus 5xFAD mice was abrogated by

additional knockout of TREM2.

Reduced Iba1+ Cell Numbers and
Clustering of Iba1+ Cells around Ab
Plaques in 5xFAD;TREM2–/– Mice
Are Not Rescued by Additional
Knockout of CD33

Next, we investigated whether CD33

and/or TREM2 knockout impact the

response of Iba1+ myeloid cells to Ab

deposition in 8-month-old 5xFAD mice.
Iba1+ cells were evident around plaques (Figure 4A). Numbers

of Iba1+ cells were increased in 5xFADmice versusWT and com-

parable in cortex and hippocampus ofWT,CD33�/�, TREM2�/�,
and CD33�/�;TREM2�/� mice (Figures 4B, 4C, and S4A).

5xFAD;TREM2�/� and 5xFAD;TREM2�/�;CD33�/� mice dis-

played reduced numbers of Iba1+ cells in cortex and hippocam-

pus versus 5xFAD (Figures 4A–4C).

We next quantified the number of Iba1+ cells around plaques of

similar sizes (Figures S4B and S4C). The degree of Iba1+ cell clus-

tering around plaques was significantly decreased in cortex and

hippocampus of both 5xFAD;TREM2�/� and 5xFAD;CD33�/�;
TREM2�/� mice versus 5xFAD (Figures 4D and 4E). Iba1+ cell

clustering around hippocampal plaques was also decreased in

5xFAD;CD33�/�;TREM2�/� mice versus 5xFAD;TREM2�/� (Fig-

ure 4E), suggesting that CD33 and TREM2 might synergize in

controlling the number of Iba1+ cells around Ab deposits. In
ron 103, 820–835, September 4, 2019 823
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Figure 3. TREM2 Knockout Leads to

Neuronal Cell Loss in 5xFAD Mice, which

Is Not Rescued by Additional Knockout of

CD33

(A) Representative pictures from CA1 of 8-month-

old mice of indicated genotypes, labeled with anti-

NeuN antibody. Scale bar represents 50 mm.

(B) Summary of NeuN+ cell numbers in CA1 of

8-month-old mice.

(C) Representative images from the cortex and

hippocampus of 8-month-old mice of indicated

genotypes, labeled with an antibody against acti-

vated caspase-3. Scale bar represents 50 mm.

(D and E) Quantification of caspase-3+ cells in

cortex (D) and hippocampus (E) of 8-month-old

mice.

For (B), (D), and (E), *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001, one-way ANOVA, Tukey’s

test, WT (n = 4M/4F), CD33�/� (n = 4M/4F),

TREM2�/� (n = 4M/4F), CD33�/�;TREM2�/� (n =

4M/4F), 5xFAD (n = 7M/7F), 5xFAD;CD33�/� (n =

7M/7F), 5xFAD;TREM2�/� (n = 4M/4F), and

5xFAD;CD33�/�;TREM2�/� (n = 5M/6F) mice.

Data are represented as mean ± SEM.

See also Figure S3.
5xFAD;CD33�/�mice, numbers of Iba1+ cells (Figures 4B and 4C)

and clustering of Iba1+ cells around plaques (Figures 4D

and 4E) were unchanged versus 5xFAD but increased versus

5xFAD;TREM2�/� and 5xFAD;CD33�/�;TREM2�/� mice (Figures

4A–4E). Thus, additional knockout of CD33 did not rescue the

reduction in numbers of Iba1+ cells or clustering of Iba1+ cells

around plaques in 5xFAD;TREM2�/� mice.

No differences were noted in Iba1+ cell body area among

controls, WT, CD33�/�, TREM2�/�, and CD33�/�;TREM2�/�

(Figures S4D and S4E). Reduced Iba1+ cell body area (Figures

S4F and S4G) and increased distance between Iba1+ cells and

associated plaques (Figures 4F and 4G) were observed in cortex

and hippocampus of 5xFAD;TREM2�/� and 5xFAD;CD33�/�;
TREM2�/� mice versus 5xFAD. 5xFAD;CD33�/� mice exhibited

significantly shorter distance between Iba1+ cells and adjacent

plaques (Figures 4F and 4G) and increased Iba1+ cell body

area (Figures S4F and S4G) in cortex and hippocampus

versus 5xFAD;TREM2�/� and 5xFAD;CD33�/�;TREM2�/� mice
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but not versus 5xFAD. Thus, TREM2

knockout in 5xFAD mice leads to

increased distance between Iba1+ cells

and plaques as well as reduced Iba1+

cell body area; additional knockout of

CD33 did not rescue these effects.

Based on Iba1 labeling of bothmicroglia

and monocytes infiltrating into the brain,

we evaluated the extent of overlap be-

tween Iba1+ and P2ry12+ cells. P2ry12 is

selectively expressed in microglia (Hick-

man et al., 2013). Numbers of P2ry12+

Iba1+ cells were comparable in cortex

(Figures 4H and 4I) and hippocampus (Fig-

ures S4H and 4J) of 8-month-old 5xFAD,
5xFAD;CD33�/�, 5xFAD;TREM2�/�, and 5xFAD;CD33�/�;
TREM2�/� mice. However, numbers of P2ry12+Iba1+ cells

normalized to Iba1+ cells were significantly increased in cortex

and hippocampus of 5xFAD;TREM2�/� mice versus 5xFAD and

5xFAD;CD33�/� mice (Figures 4K and 4L). The percentage of

P2ry12+Iba1+/Iba1+ cells was increased in cortex (Figure 4K) but

not hippocampus (Figure 4L) of 5xFAD;CD33�/�;TREM2�/�

mice versus 5xFAD and 5xFAD;CD33�/� mice. Thus, TREM2

knockout leads to an increase in P2ry12+Iba1+/Iba1+ cells in

5xFAD mice, suggesting they are resident microglia. The reduc-

tion in Iba1+ cells around plaques in 5xFAD mice deficient for

TREM2 may be due to a lower number of macrophages derived

from infiltrating monocytes.

We next examined whether knockout of CD33 affected the

number of TREM2+ cells surrounding Congo red+ plaques in

5xFAD mice. Numbers of TREM2+ cells around Ab plaques

were markedly increased in cortex (Figures S4I and S4J)

but not hippocampus (Figure S4K) of 5xFAD;CD33�/� mice in
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Figure 4. TREM2 Knockout Leads to Reduced Iba1+ Cell Numbers and Clustering of Iba1+ Cells around Ab Plaques in 5xFAD Mice, Both of

which Are Not Rescued by Additional Knockout of CD33

(A) Brain sections were labeled with Iba1 (green) and 3D6 antibody (red) for Ab plaques. Representative images of cortex and hippocampus from 8-month-old

mice of indicated genotypes. Scale bar represents 50 mm.

(B and C) Quantification of Iba1+ cells in cortex (B) and hippocampus (C).

(legend continued on next page)
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comparison to 5xFAD. Thus, CD33 knockout leads to increased

numbers of TREM2+ cells surrounding Ab plaques in the cortex

of 5xFAD mice.

Differential Gene Expression Changes in 5xFAD

Microglia during AD Progression
We next analyzed microglial transcriptomes in forebrains from 4-

and 8-month-old WT and 5xFAD mice using microglia that were

isolated as previously described (Hickman et al., 2013). We

generated microglial RNA samples and performed RNA

sequencing (RNA-seq). Next, we compared the microglial tran-

scriptomes of 5xFAD and WT mice at 4 and 8 months of age.

We used log2FC >1 (upregulated, FC = fold change, 2-fold),

log2FC < �1 (downregulated, 2-fold), and false discovery rate

(FDR) <0.05 as cutoffs for the differential gene expression anal-

ysis for the whole study.

The 40 most differentially expressed (DE) genes showed strik-

ing differences in 5xFAD versus WT microglia at 4 months (Fig-

ure 5A) and 8 months of age (Figure 5C). The overall expression

profile of 5xFAD versus WT microglia revealed 486 DE genes at

4months (Figure 5B) and 1,794 DE genes at 8months (Figure 5D;

Table S1). Most DE genes were upregulated both at 4 and

8 months with 98.97% and 85.73% of genes upregulated,

respectively (Figures 5B and 5D). The top DE genes at 8 months

were also enriched at 4 months, though to a lesser extent (Fig-

ure 5E), suggesting that gene expression changes in 5xFAD

microglia were progressive with aging.We observed a significant

induction of phagocytic and lipid metabolism genes, e.g., Axl,

Cst7, Lpl, and Apoe. Highly upregulated genes included

Baiap2l2 (vesicle formation), Hpse and Lox (extracellular

matrix remodeling), Dcstamp and Gpnmb (phagocytic control),

Tmem163 (lysosomal uptake of Zn2+), Actr3b (actin cytoskel-

eton), Atp6v0d2 (lysosomal proton pump), Mamdc2, and Ctse

(autophagic proteolysis) (Figures 5A, 5C, and 5E; Table S1).

We next examined microglial pro- and anti-inflammatory

activation genes (Hickman et al., 2013) in 5xFAD versus WT

mice. 8-month-old 5xFADmicroglia displayed a significant upre-

gulation of anti-inflammatory genes such as Igf1, Clec7a, Spp1,

Il1rn, and Lgals3 (Figure 5F). Interestingly, pro-inflammatory

genes, Cxcl10, Cxcl9, Bcl2a1a, and Tnf, as well as inflamma-

some-associated genes, Il12b, Il1b, and Ptgs2, were concomi-

tantly upregulated (Figure 5F; Table S1).

Wenext assessed themicroglial sensome (Hickmanet al., 2013)

in 8-month-old 5xFAD mice compared to WT. Genes encoding

proteins that sense bacterial and fungal ligands (Clec7a, Cd74,

Tlr2, and Cxcl16) and apoptotic neurons and lipids (Trem2 and

its adaptorTyrobp) were significantly upregulated in5xFADmicro-
(D and E) Quantification of Iba1+ cells associated with plaques of similar sizes in

(F and G) Plaque-associated Iba1+ cells were analyzed for their distance from th

For (B)–(G), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, one-way ANOVA,

(n = 4M/4F), CD33�/�;TREM2�/� (n = 4M/4F), 5xFAD (n = 7M/7F), 5xFAD;CD33�

(n = 5M/6F) mice.

(H) Images from the cortex of 8-month-oldmice of indicated genotypes, stained w

(I and J) Quantification of P2ry12+Iba1+ cells in cortex (I) and hippocampus (J) of

(K and L) Quantification of % P2ry12+Iba1+/Iba1+ cells in cortex (K) and hippoca

For (I)–(L), **p < 0.01, ***p < 0.001, one-way ANOVA, Tukey’s test, 5xFAD (n

5xFAD;CD33�/�;TREM2�/� (n = 4M/4F) mice. Data are represented as mean ± S

See also Figure S4.
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glia (Figure 5G). Genes that were concomitantly downregulated

encoded proteins involved in microglial homeostasis (Cx3cr1,

P2ry13, P2ry12, and Tmem119), and sensing soluble cytokines

(Ifngr1 and Ccr5) and sialic acids (Cd33; Figure 5G; Table S1).

Next, we performed ingenuity pathway analysis (IPA) to iden-

tify pathways changed in microglia. 4-month-old 5xFAD micro-

glia showed upregulation and activation of interferon signaling,

role of pattern recognition receptors in sensing bacteria and

viruses, and other pathways (Table S2). 8-month-old 5xFAD mi-

croglia exhibited upregulated and activated pathways including

nitric oxide (NO), TREM1, interferon, interleukin-8 (IL-8), Ephrin

receptor, transforming growth factor-b (TGF-b), and IL-1

signaling (Tables S1 and S2). Venn diagrams revealed 431

shared transcripts that were upregulated (99.07%) or downregu-

lated (0.93%) at both time points (Figure 5H; Table S1). In sum-

mary, 5xFAD microglia exhibit reduced expression of microglial

homeostatic genes and progressive increases in the expression

of genes related to lipid metabolism, phagocytic, and pro- and

anti-inflammatory pathways.

Differential Gene Expression in 5xFAD;CD33–/–

Microglia Depends on TREM2, whereas Differential
Gene Expression in 5xFAD;TREM2–/– Microglia Does Not
Depend on CD33

We next analyzed the impact of CD33 and/or TREM2 knockout

on the transcriptome ofmicroglia in 4-month-old 5xFADmice us-

ing RNA-seq profiling. First, we compared 5xFAD;CD33�/� and

5xFAD microglial transcriptomes and summarized the 40 stron-

gest DE genes (Figure 6A). CD33 knockout led to significant up-

regulation of Ftl2, Kcnj14, Kcna5, Zfp473, Serpina3n, Hif3a, and

other genes in 5xFAD microglia. Downregulated genes included

Klk8, Klrd1, Unc5a, and Treml1 (Figure 6A). 5xFAD;CD33�/� mi-

croglia yielded 299 enriched genes in comparison to 5xFAD (275

upregulated; 24 downregulated; Figure 6B; Table S3).While IL-6,

p38 MAPK, sphingosine-1-phosphate, nuclear factor kB (NF-

kB), and acute phase response signaling pathwayswere upregu-

lated and activated, the PPAR signaling pathway was inhibited in

5xFAD;CD33�/� microglia (Tables S2 and S3). In sharp contrast,

CD33 knockout resulted in only 10 DE genes when TREM2 was

also knocked out in 5xFADmice (Figures 6A and 6B). 8 DE genes

overlapped between the 5xFAD;CD33-/;TREM2�/� versus

5xFAD;TREM2�/� (10 DE genes in total) and 5xFAD;CD33�/�

versus 5xFAD (299 DE genes in total) datasets (Figure S5A; Table

S3). Thus, differential gene expression in 5xFAD;CD33�/�micro-

glia is contingent upon the presence of TREM2, suggesting

TREM2 acts downstream of CD33 in regulating transcription in

5xFAD microglia.
cortex (D) and hippocampus (E).

e center of adjacent plaque in cortex (F) and hippocampus (G).

Tukey’s test, 8-month-old WT (n = 4M/4F), CD33�/� (n = 4M/4F), TREM2�/�
/� (n = 7M/7F), 5xFAD;TREM2�/� (n = 4M/4F) and 5xFAD;CD33�/�;TREM2�/�

ith P2ry12 (red) and Iba1-specific antibody (green). Scale bar represents 50 mm.

8-month-old mice.

mpus (L) of 8-month-old mice.

= 4M/4F), 5xFAD;CD33�/� (n = 4M/4F), 5xFAD;TREM2�/� (n = 4M/4F), and

EM.



Figure 5. The Microglial Transcriptome Changes in a Progressive, Age-Dependent Manner in 5xFAD Mice

(A) Expression heatmap of top 40 DE genes in 4-month-old 5xFADmicroglia compared toWT by RNA-seq. Genes were ranked by FC; samples were grouped by

genotype (WT: n = 13M/14F, 5xFAD: n = 14M/14F mice).

(B) Corresponding volcano plot of 5xFAD microglia versus WT showed 481 upregulated (log2FC >1, FDR <0.05, red) and 5 downregulated (log2FC < �1,

FDR <0.05, blue) genes.

(C) Expression heatmap of top 40 DE genes in 8-month-old 5xFADmicroglia compared to WT, ranked by FC, and grouped by genotype (WT: n = 8M/8F, 5xFAD:

n = 10M/9F mice).

(legend continued on next page)
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RNA-seq profiling in 4-month-old 5xFAD;TREM2�/� microglia

revealed 134 DE genes versus 5xFAD (125 downregulated; 9

upregulated; Figures 6C and 6D; Table S3). Highly enriched

transcripts revealed downregulation of phagocytic and lipid

metabolism genes, e.g., Axl, Cst7 and Lpl, as well as Dcstamp,

Tmem163, Lox, Actr3b, Atp6v0d2, Itgax, Il12b, Ctse, Fgf2, and

Mamdc2 (Figure 6C). Upregulated genes included Treml4 (posi-

tive regulator of Tlr7 signaling),Unc5cl, andApobec2 (Figure 6C).

Furthermore, TREM2 knockout in 5xFAD microglia resulted in

downregulation of pathways such as liver X receptor (LXR)

and retinoid X receptor (RXR) activation, LPS/IL-1-mediated

inhibition of RXR function, and clathrin-mediated endocytosis

signaling (Tables S2 and S3).

TREM2 knockout led to 268 DE genes when CD33 was also

knocked out in 5xFAD mice (238 downregulated; 30 upregu-

lated; Figures 6C and 6D; Table S3). The strongest 40 DE genes

included Atp6v0d2, Tmem163, Kcnk9, Dcstamp, Cst7, Axl, Lox,

Actr3b, and Itgax (Figure 6C) that were downregulated in

4-month-old 5xFAD;CD33�/�;TREM2�/� microglia versus

5xFAD;CD33�/�. Upregulated genes included Treml4, Treml1,

Unc5cl, and Apobec2 (Figure 6C). Pathways downregulated

and inhibited in 5xFAD;CD33�/�;TREM2�/� microglia versus

5xFAD;CD33�/� included activation of interferon regulatory fac-

tor (IRF) by cytosolic pattern recognition receptors, TREM1 and

IL-6 signaling (Tables S2 and S3). 117 genes overlapped in

5xFAD;TREM2�/� versus 5xFAD (134 DE genes in total) and

5xFAD;CD33�/�;TREM2�/� versus 5xFAD;CD33�/� (268 DE

genes in total) datasets (Figure S5A; Table S3). Therefore,

TREM2 knockout impacts the differential expression of these

117 genes independently of CD33. TREM2 knockout resulted

in 151 genes that were exclusively enriched when CD33 was

also knocked out in 5xFAD microglia (Figure S5A; Table S3).

Thus, differential gene expression owing to TREM2 knockout in

5xFAD microglia was amplified by additional knockout of CD33.

We proceeded to investigate the relationship of DE genes in

the 5xFAD versus WT dataset as a function of the presence or

absence of CD33 and/or TREM2. For this purpose, we took

the top 60 DE genes (p < 0.001 and FDR <0.05) in 5xFAD versus

WT and hierarchically clustered the log2FC values across

the 5xFAD;CD33�/� versus 5xFAD, 5xFAD;CD33�/�;TREM2�/�

versus 5xFAD;TREM2�/�, 5xFAD;TREM2�/� versus 5xFAD,

and 5xFAD;CD33�/�;TREM2�/� versus 5xFAD;CD33�/� data-

sets (Figure 6E).

We identified three major clusters in the heatmap. Most genes

in cluster 1 (Baiap2l2 to Axl, 18 genes) were dependent on

TREM2, but not CD33, and were extremely highly downregu-

lated by TREM2 knockout (Figure 6E). These genes were related

to vesicle formation and phagocytic activity (e.g., Baiap2l2,

Actr3b, Clec7a, and Axl), autophagy (e.g., Ctse), lipid meta-
(D) Corresponding volcano plot of 5xFAD microglia relative to WT.

(E) Heatmap of top 40 DE genes in 8- and 4-month-old 5xFADmicroglia compared

and time point.

(F) Anti-inflammatory, pro-inflammatory, and inflammasome-associated genes w

(G) Genes related to pathogen sensing and host defense (Clec7a/C5ar1, blue a

Genes related to sensing endogenous ligands (Siglech/Clec4a2, red bars) wer

(H) Upregulated (left) or downregulated (right) genes in 5xFAD microglia versus W

See also Tables S1 and S2.
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bolism (e.g., Cst7 and Lpl), growth factors (e.g., Igf1), as well

as others. Most genes in cluster 2 (Apoe to Cdk18, 26 genes)

were dependent on TREM2, but not CD33 (e.g., Lgals3, Lyz2,

Ifit2,Cd72, Il3ra,Cd52, andCcl6), and were moderately downre-

gulated by TREM2 knockout. Most genes in cluster 3 (Ch25h

to Ank, 16 genes), such as Fgr, Xylt1, Atp1a3, and Ldlr, were

dependent on TREM2, but not CD33, andwere highly downregu-

lated by TREM2 knockout.

Although Hpse,Gpnmb, and Lox (cluster 1) and Il1b (cluster 3)

were upregulated in 5xFAD;CD33�/� versus 5xFAD, this

effect was abrogated in the 5xFAD;CD33�/�;TREM2�/� versus

5xFAD;TREM2�/� dataset (Figure 6E), indicating that these

genes were dependent on both CD33 and TREM2. In summary,

most genes in cluster 1 (strongest), cluster 3 (second strongest),

and cluster 2 (relatively weak) were dependent on TREM2, but

not CD33, while a small set of genes was dependent on both

CD33 and TREM2.

Next, we examined Cd33, Trem2 and Tyrobp expression

levels in all the datasets by RNA-seq. We found no significant

changes in expression levels of Trem2 or Tyrobp in CD33�/�

versus WT (Figure S5B) and 5xFAD;CD33�/� versus 5xFAD (Fig-

ure S5C) datasets at 4 and 8 months. Conversely, Cd33 and Ty-

robp expression levels did not change in TREM2�/� versus WT

microglia (Figure S5D). While there was no change in Cd33

expression levels at 4 months, there was a slight increase at

8 months in 5xFAD;TREM2�/� versus 5xFAD microglia (Fig-

ure S5E). Finally, we found amoderate decrease in Tyrobp levels

at 4 and 8 months in 5xFAD;TREM2�/� versus 5xFAD microglia

(Figure S5E). Thus, CD33 and TREM2 knockout did not signifi-

cantly impact each other’s expression levels in 5xFAD mice,

while TREM2 knockout had a small effect on Tyrobp expression.

We next investigated the effects of CD33 and TREM2

knockout on microglial activation and inflammasome genes in

4-month-old 5xFAD mice. For 5xFAD versus WT microglia,

we observed concurrent upregulation of anti-inflammatory

genes including Igf1, Clec7a, and Il1rn, pro-inflammatory genes

Cxcl9, Cxcl10, and Tnf, and inflammasome-associated genes

Il12b, Il1b, and Ptgs2 (Figure S6A; Table S4). Levels of anti-

inflammatory genes, Cxcl1, Il1rn, and Car2, and inflammasome

genes, Il1b, Il33, and Ptgs2, were significantly increased in

5xFAD;CD33�/� microglia compared to 5xFAD (Figure S6B). In

contrast, TREM2 knockout led to concurrent downregulation of

anti-inflammatory (e.g., Clec7a, Igf1, and Gas7), pro-inflamma-

tory (e.g., Cxcl10 and Bcl2a1a), and inflammasome genes (e.g.,

Il12b, Il1b, and Ptgs2) in 5xFAD microglia (Figure S6C).

Expression of anti-inflammatory, pro-inflammatory, and inflam-

masome genes were markedly decreased in 5xFAD;CD33�/�;
TREM2�/� microglia relative to both 5xFAD and 5xFAD;CD33�/�

(Figures S6D and S6E; Table S4). The expression profiles of
to WT, ranked by FC of 8-month-old 5xFAD versus WT, grouped by genotype

ere concurrently upregulated in 8-month-old 5xFAD microglia versus WT.

nd navy bars) were upregulated in 8-month-old 5xFAD mice compared to WT.

e downregulated.

T at each time point, displayed as Venn diagrams.



Figure 6. Differential Gene Expression in 5xFAD;CD33–/– Microglia Is Contingent upon the Presence of TREM2, but This Is Not the Case for

CD33 in 5xFAD;TREM2–/– Microglia

(A) Expression heatmap of top 40 DE genes in 4-month-old 5xFAD;CD33�/� microglia compared to 5xFAD (left) and 5xFAD;CD33�/�;TREM2�/� relative to

5xFAD;TREM2�/� (right). Genes were ranked by FC; samples were grouped by genotype (5xFAD: n = 14M/14F, 5xFAD;CD33�/�: n = 6M/6F, 5xFAD;TREM2�/�:
n = 11M/11F and 5xFAD;CD33�/�;TREM2�/�: n = 5M/5F mice).

(legend continued on next page)
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inflammation genes were similar between 5xFAD;TREM2�/� and

5xFAD;CD33�/�;TREM2�/� mice but not 5xFAD;CD33�/� (versus

5xFAD). Thus, additional knockout of CD33 did not reverse the

downregulation of microglial activation and inflammasome genes

in 5xFAD;TREM2�/� mice.

Crosstalk between CD33 and TREM2 in 5xFADMicroglia
Includes Regulation of the IL-1b/IL-1RN Axis and a Gene
Set Related to the Receptor Activity Chemokine Cluster
Next, we assessed the effects of aging on CD33 and TREM2-

mediated regulation of gene expression in 5xFAD mice. For

this purpose, we isolated microglia from 8-month-old 5xFAD,

5xFAD;CD33�/�, and 5xFAD;TREM2�/� mice and conducted

RNA-seq. The strongest 40 DE genes (Figure 7A) in 8-month-

old 5xFAD;CD33�/� microglia were also DE genes in 4-month-

old 5xFAD;CD33�/� (versus 5xFAD). Highly enriched genes,

e.g., Ftl2, Kcnj14, Slc6a16, and Zfp473 were upregulated in

5xFAD;CD33�/� mice throughout aging. Other genes, e.g.,

Serpina3n and Cxcl13, were highly upregulated at 8 months

in 5xFAD;CD33�/� microglia but to a lesser degree at

4 months (Figure 7A). The expression profile of 8-month-old

5xFAD;CD33�/� microglia (versus 5xFAD) revealed 282 DE

genes (274 upregulated; 8 downregulated; Figure 7C; Table

S5). CD33 knockout in 5xFAD mice resulted in upregulation

and activation of pathways that included leukocyte extravasa-

tion, acute phase response, phospholipase C, and IL-8 signaling

at 8 months (Tables S2 and S5).

Figure 7B shows the strongest 40 DE genes in 8-month-old

5xFAD;TREM2�/�microglia that were also DE genes at 4months

(versus 5xFAD). Downregulated genes included Dcstamp,

Tmem163, Atp6v0d2, Gpnmb, Mamdc2, Spp1, and Lpl (Fig-

ure 7B). While some genes, e.g., Treml4, Unc5cl, and Cd5l,

were consistently upregulated during aging, others were upregu-

lated later in age, e.g., Ms4a4d and Serpina3g (Figure 7B).

5xFAD;TREM2�/� microglia versus 5xFAD revealed 214 DE

genes at 8 months (186 downregulated; 28 upregulated; Fig-

ure 7D; Table S5). Pathways downregulated and inhibited in

8-month-old 5xFAD;TREM2�/� mice (versus 5xFAD) included

Toll-like receptor signaling, Th1 pathway, TREM1, IL-6, IL-8,

and acute phase response signaling (Tables S2 and S5).

96 DE genes in 5xFAD;CD33�/� microglia (versus 5xFAD)

overlapped in 4- and 8-month-oldmice (92 upregulated; 4 down-

regulated; Figure S7A; Table S6). 183 genes were upregulated in

4-month-old, but not 8-month-old 5xFAD;CD33�/� mice (versus

5xFAD) and were related to IL-6, IL-10 and peroxisome prolifer-

ator-activated receptor (PPAR) signaling, phagosome formation,

and NRF2-mediated oxidative stress response pathways. 182
(B) Volcano plot of 5xFAD;CD33�/� microglia in the presence of TREM2 (left) sh

(log2FC > 1, FDR <0.05, red) genes. Volcano plot of 5xFAD;CD33�/� microglia

lated genes.

(C) Expression heatmap of top 40 DE genes in 4-month-old 5xFAD;TREM2�/�

5xFAD;CD33�/� (right).

(D) Volcano plot of 5xFAD;TREM2�/� microglia in the presence of CD33 (le

5xFAD;TREM2�/� in the absence of CD33 (right) yielded 238 downregulated and

(E) Top 60 DE genes (p < 0.001 and FDR <0.05) in 5xFAD versus WT were selec

distance, average linkage) across the datasets: 5xFAD;CD33�/� versus 5xFAD, 5

5xFAD, and 5xFAD;CD33�/�;TREM2�/� versus 5xFAD;CD33�/�. The heatmap is

See also Figures S5 and S6 and Tables S2 and S3.
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genes were upregulated in 8-month-old but not 4-month-old

5xFAD;CD33�/� mice (versus 5xFAD) and were associated

with pathways including CCR5 signaling, protein kinase A,

IL-8, acute phase response, and P2Y purinergic receptor

signaling (Figure S7A; Table S6).

Conversely, TREM2 knockout resulted mainly in downregula-

tion of gene expression in 5xFAD microglia. 4- and 8-month-old

5xFAD;TREM2�/� mice (versus 5xFAD) shared 96 downregu-

lated and only 6 upregulated transcripts (Figure S7A;

Table S6). The 96 genes belonged to pathways that included cla-

thrin-mediated endocytosis, phagosome maturation and

TREM1, IL-6, and IL-8 signaling. 90 genes were downregulated

in 8-month-old (but not 4-month-old) 5xFAD;TREM2�/� micro-

glia (versus 5xFAD). These genes were related to pathways

including antigen presentation, Th1 pathway, and production

of NO and reactive oxygen species (Figure S7A; Table S6).

Collectively, our data show that DE genes related to IL-6, IL-8,

and acute phase response signaling, as well as phagosome for-

mation and maturation in 5xFAD;CD33�/� and 5xFAD;TREM2�/�

mice were upregulated and downregulated, respectively.

While 299, 134, and 209 DE genes were found in 4-month-

old 5xFAD;CD33�/�, 5xFAD;TREM2�/�, and 5xFAD;CD33�/�;
TREM2�/� microglia relative to 5xFAD, respectively, we found

only 9, 22, and 23 DE genes in CD33�/�, TREM2�/�, and

CD33�/�;TREM2�/� compared toWT, respectively (Figure S7B;

Table S6). Similar DE patterns were observed at 8 months of

age (Figure S7C; Table S6). Thus, knockout of CD33 and/or

TREM2 resulted in greater differential gene expression in the

presence of AD pathology in 5xFAD mice versus WT.

Knockout of CD33 and TREM2 conferred opposite regulatory

effects on six genes Il1b, Il1rn, Gpnmb, Lox, Vegfa, and

Mamdc2, at 4 months, and two genes, Ftl2 and Cxcl13, at

8 months in 5xFADmice (upregulated in 5xFAD;CD33�/� micro-

glia; downregulated in 5xFAD;TREM2�/� microglia (versus

5xFAD); Figures S8A and S8B).

We used STRING protein-protein analyses to identify signifi-

cant networks among upregulated genes from 5xFAD;CD33�/�

and downregulated genes from 5xFAD;TREM2�/� microglia

(versus 5xFAD) at 4 and 8 months. 16 proteins overlapped

across both ages, with IL-1b and IL-1RN at the center of inflam-

mation pathways in 5xFAD;CD33�/� and 5xFAD;TREM2�/� mi-

croglia (Figures S8A and S8B). IL-1RN is structurally similar to

IL-1b but functions as an antagonist that binds to IL-1 receptor

type 1. Knockout of CD33 resulted in concurrent upregulation

of IL-1b, IL-1RN, and other cytokines, which regulate microglial

activation. Conversely, TREM2 knockout led to decreased

expression levels of IL-1b, IL-1RN, and other cytokines.
owed 24 downregulated (log2FC < �1, FDR <0.05, blue) and 275 upregulated

in the absence of TREM2 (right) yielded only 2 downregulated and 8 upregu-

microglia versus 5xFAD (left) and 5xFAD;CD33�/�;TREM2�/� compared to

ft) showed 125 downregulated and 9 upregulated genes. Volcano plot of

30 upregulated genes.

ted and corresponding log2FC values were hierarchically clustered (euclidean

xFAD;CD33�/�;TREM2�/� versus 5xFAD;TREM2�/�, 5xFAD;TREM2�/� versus

presented with row dendrograms and cluster membership (by row color).



Figure 7. Crosstalk between CD33 and TREM2 in 5xFAD Microglia Includes Regulation of Gene Sets Related to the Extracellular Collagen

Matrix and Receptor Activity Chemokine Clusters

(A) Expression heatmap of top 40 DE genes in 8-month-old 5xFAD;CD33�/� microglia that were also DE in 4-month-old 5xFAD;CD33�/� (compared to 5xFAD).

Genes were ranked by FC of 8-month-old 5xFAD;CD33�/� versus 5xFAD; samples were grouped by genotype and time point (5xFAD: n = 14M/14F,

5xFAD;CD33�/�: n = 6M/6F at 4 months; and 5xFAD: n = 12M/12F, 5xFAD;CD33�/�: n = 13M/13F mice at 8 months).

(legend continued on next page)
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Wefurther validatedourRNA-seqdatabyqPCRusingmicroglia

that were isolated from 4-month-old 5xFAD, 5xFAD;CD33�/� and

5xFAD;TREM2�/� mice. We performed qPCR analysis on four

transcripts, including Il1b, Il1rn, Gpnmb, and Vegfa. As seen in

our RNA-seq analysis, these transcripts were upregulated in

5xFAD;CD33�/� and downregulated in 5xFAD;TREM2�/� micro-

glia versus 5xFAD (Figure S8A; Table S3). The qPCR analysis

also showed that Il1b, Il1rn, Gpnmb, and Vegfa were signifi-

cantly upregulated in 5xFAD;CD33�/� and downregulated in

5xFAD;TREM2�/� microglia compared to 5xFAD (Figures S8C–

S8F). The results obtained from qPCR and RNA-seq were highly

comparable, suggesting that our RNA-seq data are supported

by qPCR data.

To explore potential biological mechanisms, we performed a

gene set enrichment analysis on the 5xFAD;CD33�/� and

5xFAD;TREM2�/� (versus 5xFAD) datasets at 8 months, using

a gene set containing all three divisions of gene ontology: biolog-

ical process, molecular function, and cellular component (Merico

et al., 2010). Using p < 0.001 and FDR <0.05, we found 277 gene

sets enriched for 5xFAD;CD33�/� versus 5xFAD and 342 gene

sets for 5xFAD;TREM2�/� versus 5xFAD dataset. The top 30 sig-

nificant gene sets are shown in Figure 7E. The gene set related to

IL-8 and CXCR2-mediated signaling events showed significant

enrichment in the 5xFAD;CD33�/� versus 5xFAD group.

We then generated, clustered, and annotated enrichment

maps for both datasets using Cytoscape software (Figure 7F).

The 5xFAD;CD33�/� versus 5xFAD enrichment map revealed

clusters including morphogenesis branching development,

extracellular collagen matrix, ERK1 tyrosine kinase, and

others. The 5xFAD;TREM2�/� versus 5xFAD enrichment map

showed clusters such as IL-4/12, cytokine production secretion,

receptor activity chemokine, and others. We found four edges

(connections) of varying sizes of gene set overlap between the

extracellular collagen matrix (in the 5xFAD;CD33�/� group) and

chemokine receptor activity cluster (in the 5xFAD;TREM2�/�

group, Figure 7F).

In summary, neuroinflammation in 5xFAD mice is influenced

by the crosstalk between CD33 and TREM2, which includes

regulation of the IL-1b/IL-1RN axis and gene sets related to the

extracellular collagen matrix and receptor activity chemokine

clusters.

DISCUSSION

We carried out comprehensive analysis of the crosstalk between

CD33 and TREM2 in a mouse model of AD. CD33 knockout re-

sulted in improved cognition and decreased Ab pathology in
(B) Heatmap of top 40 DE genes in 8-month-old 5xFAD;TREM2�/� microglia that

were ranked by FC of 8-month-old 5xFAD;TREM2�/� versus 5xFAD; sampleswere

n = 11M/11F at 4 months; and 5xFAD: n = 10M/9F, 5xFAD;TREM2�/�: n = 9M/8

(C) Volcano plot of 5xFAD;CD33�/� microglia versus 5xFAD at 8 months reve

(log2FC >1, FDR <0.05, red) genes.

(D) Volcano plot of 8-month-old 5xFAD;TREM2�/� microglia versus 5xFAD.

(E) Gene set enrichment analysis revealed 277 gene sets enriched for 5xFAD;CD

group (p < 0.001, FDR <0.05) at 8 months. The top 30 significant gene sets are s

(F) Enrichment maps were generated for 8-month-old 5xFAD;CD33�/� versus 5x

were found between the gene sets related to the extracellular collagen matrix an

See also Figures S7 and S8 and Tables S2 and S5.
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5xFAD mice; these effects were abrogated by additional

knockout of TREM2. Conversely, TREM2 knockout reduced

Iba1+ cell numbers, increased Ab pathology, and exacerbated

neurodegeneration in 5xFAD mice. Since these effects could

not be rescued by additional knockout of CD33, TREM2 acts

downstream of CD33 in modulating microglial pathology in AD.

CD33 was also reported to negatively regulate Tlr4 signaling

(Ishida et al., 2014); C1q binding to CD33 led to activation of

CD33/LAIR-1 inhibitory motifs (Son et al., 2017). TREM2 expres-

sion was increased by CD33 AD risk allele rs3865444C and

decreased by CD33 immunosuppression in human monocytes

(Chan et al., 2015). CD33 knockout did not modulate Trem2

expression levels but increased the numbers of TREM2+ cells

surrounding Ab plaques in the cortex of 5xFADmice, suggesting

CD33 might impact the expression pattern of TREM2.

Previous studies reported TREM2 knockout decreased (Jay

et al., 2015; Krasemann et al., 2017) or did not impact (Wang

et al., 2016) Ab plaque burden during early disease. However,

TREM2 knockout significantly increased Ab plaque burden at

late disease stages (Jay et al., 2017; Wang et al., 2015). We

showed that TREM2 affects Ab plaque load downstream of

CD33. Moreover, TREM2 knockout reduced pyramidal cell den-

sity in CA1 and exacerbated neurodegeneration in 5xFAD cortex

and hippocampus. While CD33 knockout increased pyramidal

cell density in cortical layer 5 and attenuated neurodegeneration

in cortex and hippocampus of 5xFAD mice, these effects were

abrogated by additional knockout of TREM2. Thus, TREM2 func-

tions downstream of CD33 in regulating neuronal cell loss in

5xFAD mice.

In agreement with previous studies, TREM2 knockout

decreased clustering of Iba1+ cells around plaques (Jay et al.,

2015; Ulrich et al., 2014; Wang et al., 2015). We showed

TREM2 acts downstream of CD33 in regulating Iba1+ cell

response in 5xFAD mice. In a tauopathy mouse model, TREM2

knockout reduced pro-inflammatory microglial activation but

ameliorated neurodegeneration (Leyns et al., 2017).

We showed TREM2 knockout leads to an increase in P2ry12+

Iba1+/Iba1+ cells in 5xFAD mice, suggesting they are resident

microglia. These results demonstrate a reduction in Ab plaque-

associated macrophages but not parenchymal microglia in

TREM2-deficient 5xFAD mice in agreement with (Jay et al.,

2015). TREM2 has been previously reported to bind both Ab olig-

omers and ApoE (Atagi et al., 2015; Yeh et al., 2016, 2017),

known to regulate Ab deposition.

Overexpression of human TREM2 reduced Ab plaque load and

improved memory performance in AD mice (Lee et al., 2018).

Overexpression of human TREM2-R47H in 5xFAD mice lacking
were also DE in 4-month-old 5xFAD;TREM2�/� (compared to 5xFAD). Genes

grouped by genotype and time point (5xFAD: n = 14M/14F, 5xFAD;TREM2�/�:
F mice at 8 months).

aled 8 downregulated (log2FC < �1, FDR <0.05, blue) and 274 upregulated

33�/� versus 5xFAD and 342 gene sets for 5xFAD;TREM2�/� versus 5xFAD

hown for each group.

FAD and 5xFAD;TREM2�/� versus 5xFAD datasets. Four edges (connections)

d chemokine receptor activity cluster.



endogenous TREM2 impaired microgliosis and reduced micro-

glial activation, but neither mutant nor WT TREM2 affected pla-

que burden (Song et al., 2018). This discrepancy may be due

to the presence of both human and mouse TREM2 in Lee et al.

RNA-seq profiling of microglia in 5xFAD versus WT mice re-

vealed downregulation of microglial homeostatic genes as well

as progressive increases in both pro- and anti-inflammatory

pathway genes. CD33 knockout upregulated genes related to

phagocytosis, microglial activation, and cytokine production in

5xFAD mice, whereas TREM2 knockout downregulated these

genes. TREM2 knockout was previously reported to downregu-

late pro-inflammatory cytokines (Jay et al., 2015; Wang et al.,

2015), whereas overexpression of human TREM2 upregulated

microglial phagocytosis genes (Lee et al., 2018).

We also showed that TREM2 acted downstream of CD33

based on expression profiling. Recently, TREM2 has been

shown to sustain microglial metabolism and survival (Ulland

et al., 2017). It is possible that knockout of CD33 cannot activate

microglia if TREM2 is also knocked out, because microglia are

metabolically impaired and fail to survive. While CD33 and

TREM2 are cell-surface receptors binding different ligands,

both functionally interact with DAP12/TYROBP, either directly

(TREM2) or via common intracellular signaling factors (CD33).

Thus, DAP12 and interacting signaling molecules, e.g.,

SHP1/2, Syk, and PI3K, are likely key effectors of crosstalk be-

tween CD33 and TREM2.

Recently, a unique population of AD-associated microglia has

been characterized by TREM2-dependent upregulation of

phagocytic and lipid metabolism genes (Keren-Shaul et al.,

2017). Here, TREM2 knockout dramatically downregulated

phagocytic and lipid metabolism genes in 5xFAD microglia.

However, another study suggested that the TREM2-APOE

pathway mediated a switch from the homeostatic to neurode-

generative microglia phenotype in APP-PS1 mice (Krasemann

et al., 2017). These contradictory findings might be explained

by distinct roles of TREM2 at different stages of AD pathology

(Jay et al., 2017).

Our RNA-seq analyses provided candidates that may underlie

the changes in microglial response in 5xFADmice in whichCD33

and/or TREM2 were knocked out. Il1b,Gpnmb, Cst7, Atp6v0d2,

and Spp1 were downregulated in 5xFAD;TREM2�/� versus

5xFAD mice. Interestingly, Il1b, Gpnmb, Cst7, Atp6v0d2, and

Spp1 were upregulated in 5xFAD mice overexpressing human

TREM2 (Lee et al., 2018; Song et al., 2018). These genes may

represent transcriptional targets of TREM2-dependent signaling

in the context of AD.

In 5xFAD mice, CD33 knockout upregulated, while TREM2

knockout downregulated Il1b, Il1rn, Gpnmb, Lox, Vegfa, and

Mamdc2. The IL-1b/IL-1RNaxiswas central in overlapping inflam-

mation pathways in 5xFAD;CD33�/� and 5xFAD;TREM2�/� mi-

croglia. Thus, knockout of CD33 and TREM2 confer opposite

regulatory effects on the agonist and antagonist of the IL-1 recep-

tor type 1 (IL-1b and IL-1RN, respectively). Pro-inflammatory cyto-

kines, e.g., IL-1b, impair microglial phagocytosis (Hickman et al.,

2008). Interestingly, transplantation of neural precursor cells over-

expressing IL-1RN or IL-1RN injection rescued spatial memory

impairment in AD mice (Ben-Menachem-Zidon et al., 2014).

Gpnmb controls trafficking of cellular debris for degradation in
macrophages (Li et al., 2010). Finally, treatment with VEGFA

improved behavioral deficits and decreased Ab deposits in

APP/PS1mice (Herrán et al., 2013).

VEGF and IL-1b levels were elevated in plasma of amyotrophic

lateral sclerosis (ALS) patients (Hu et al., 2017). IL1B mRNA

levels were also increased in peripheral bloodmonocytes of mul-

tiple sclerosis (MS) patients (Heidary et al., 2014), while IL-1RN

levels were diminished in serum and cerebrospinal fluid of MS

patients (Fernández-Paredes et al., 2017). GPNMB expression

was higher in the serum of ALS patients versus controls (Tanaka

et al., 2012). Finally, GPNMB expression was also increased

around MS lesions (Hendrickx et al., 2017).

In summary, we show for the first time that TREM2 acts down-

stream of CD33 in modulating cognition, amyloid pathology,

neurodegeneration, microgliosis, and microglial gene expres-

sion in 5xFAD mice. Inhibiting CD33 and/or increasing TREM2

activity represent potential therapies for AD, e.g., by gene ther-

apy, small molecules, or immunotherapy. Collectively, these

data should greatly facilitate novel therapeutic approaches for

the prevention and treatment of AD based on modulation of

microglial activation state.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-NeuN (clone A60) Millipore Cat# MAB377; RRID: AB_2298772

Mouse monoclonal anti-Ab (1-5 clone 3D6) Elan Pharmaceuticals N/A, gift

Rabbit monoclonal anti-cleaved Caspase-3 Cell Signaling Technology Cat# 9664; RRID: AB_2070042

Rabbit polyclonal anti-Iba1 Wako Cat# 019-19741; RRID: AB_839504

Goat polyclonal anti-Iba1 Novus Biologicals Cat# NB100-1028; RRID: AB_521594

Rabbit polyclonal anti-P2ry12 AnaSpec Cat# AS-55043A; RRID: AB_2298886

Sheep polyclonal anti-TREM2 R&D Systems Cat# AF1729; RRID: AB_354956

VECTASTAIN Elite ABC HRP Kit Mouse IgG Vector Laboratories Cat# PK-6102; RRID: AB_2336821

VECTASTAIN Elite ABC HRP Kit Rabbit IgG Vector Laboratories Cat# PK-6101; RRID: AB_2336820

VECTASTAIN Elite ABC HRP Kit Sheep IgG Vector Laboratories Cat# PK-6106; RRID: AB_2336825

Donkey anti-rabbit IgG, Alexa Fluor 488 Thermo Fisher Scientific Cat# A21206; RRID: AB_2535792

Donkey anti-rabbit IgG, Alexa Fluor 568 Thermo Fisher Scientific Cat# A10042; RRID: AB_2534017

Donkey anti-mouse IgG, Alexa Fluor 568 Thermo Fisher Scientific Cat# A10037; RRID: AB_2534013

Donkey anti-goat IgG, Alexa Fluor 488 Thermo Fisher Scientific Cat# A11055; RRID: AB_2534102

TruStain fcX (anti-mouse CD16/32, clone 93) BioLegend Cat# 101320; RRID: AB_1574975

Rat monoclonal anti-CD11b-Alexa Fluor 647

(clone M/170)

BioLegend Cat# 101218; RRID: AB_389327

Rat monoclonal anti-CD45-Alexa Fluor 488

(clone 30-F11)

BioLegend Cat# 103122; RRID: AB_493531

Chemicals, Peptides, and Recombinant Proteins

1,10-Phenantroline Sigma Aldrich Cat# 1313777

Halt phosphatase inhibitor cocktail Thermo Fisher Scientific Cat# 1862495

Protease inhibitor cocktail tablets Roche Cat# 11873580001

Formic acid Sigma Aldrich Cat# F0507

Diva Decloaker Biocare Medical Cat# DV2004MX

Triton X-100 Sigma Aldrich Cat# X100

SignalStain Antibody diluent Cell Signaling Cat# 8112

Hematoxylin & Eosin Stain Kit Vector Laboratories Cat# H-3502

Amyloid Stain, Congo Red Kit Sigma Aldrich Cat# HT60-1KT

SigmaFast 3,30-Diaminobenzidine tablets Sigma Aldrich Cat# D4418

Richard-Allan Scientific Cytoseal XYL Thermo Fisher Scientific Cat# 8312-4

ProLong Gold Antifade Mountant with DAPI Invitrogen Cat# P36935

Percoll pH 8.5-9.5 Sigma Aldrich Cat# P1644

Red blood cell lysing buffer Sigma Aldrich Cat# R7757

Critical Commercial Assays

Human/rat beta amyloid (40) ELISA Kit Wako Cat# 294-62501

Human/rat beta amyloid (42) ELISA Kit Wako Cat# 290-62601

QIAshredder QIAGEN Cat# 79656

RNAeasy Plus Micro Kit QIAGEN Cat# 74034

Qubit RNA HS Assay Kit Invitrogen Cat# Q32855

TruSeq Stranded mRNA LT Prep Kit Illumina Cat# RS-122-2101

Agencourt AMPure XP Beckman Coulter Cat# A63881

SuperScript III First Strand Synthesis System Invitrogen Cat# 18080051

Agilent RNA 6000 Pico Chip Agilent Technologies Cat# 5067-1513

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Agilent DNA 1000 Kit Agilent Technologies Cat# 5067-1504

Il1b TaqMan Assay Thermo Fisher Scientific Cat# Mm00434228_m1

Il1rn TaqMan Assay Thermo Fisher Scientific Cat# Mm00446186_m1

Gpnmb TaqMan Assay Thermo Fisher Scientific Cat# Mm01328587_m1

Vegfa TaqMan Assay Thermo Fisher Scientific Cat# Mm00437306_m1

Gapdh TaqMan Assay Thermo Fisher Scientific Cat# Mm99999915_g1

TaqMan Universal Master Mix II Applied Biosystems Cat# 4440038

Deposited Data

Raw data files for RNA-seq This paper NCBI-GEO: GSE132508

Experimental Models: Organisms/Strains

Mouse: C57BL/6J The Jackson Laboratory RRID: IMSR_JAX:000664

Mouse: 5xFAD The Jackson Laboratory RRID: MMRRC_034840-JAX

Mouse: CD33�/� The Jackson Laboratory RRID: IMSR_JAX:006942

Mouse: TREM2�/� Turnbull et al., 2006 N/A

Software and Algorithms

EthoVision XT (version 9.0) Noldus Information Technology https://www.noldus.com/animal-behavior-research/

products/ethovision-xt; RRID:SCR_000441

GraphPad Prism 7 GraphPad Software https://www.graphpad.com; RRID:SCR_002798

NIS-Elements Advanced Research software Nikon https://www.microscope.healthcare.nikon.com

ImageJ NIH https://imagej.nih.gov/ij/index.html; RRID:SCR_003070

Adobe Photoshop CC17 Adobe https://www.adobe.com/; RRID:SCR_014199

FACSDiva Software (version 6.1.3) BD Biosciences http://www.bdbiosciences.com/en-us; RRID:SCR_001456

STAR N/A https://github.com/alexdobin/STAR; RRID:SCR_015899

HTSeq N/A https://htseq.readthedocs.io/en/release_0.10.0/;

RRID:SCR_005514

R package edgeR N/A https://bioconductor.org/packages/release/bioc/html/

edgeR.html; RRID:SCR_012802

R software (version 3.4.0) R Foundation for Statistical

Computing

https://www.r-project.org/

Ingenuity Pathway Analysis QIAGEN https://www.qiagenbioinformatics.com/; RRID:SCR_008653

Bokeh (version 0.12.6) N/A https://bokeh.pydata.org/

Python (version 3.6.2) Python Software Foundation https://www.python.org/; RRID:SCR_008394

Python Data Analysis Library (Pandas) N/A https://bokeh.pydata.org/en/latest/

STRING (version 10.5) STRING Consortium https://string-db.org/; RRID:SCR_005223

Other

RPMI 1640 medium GIBCO Cat# 11835-030

Collagenase Type 3 Worthington Biochemical

Corporation

Cat# LS004182

Neutral protease (dispase) Worthington Biochemical

Corporation

Cat# LS02104

DNase I grade II Roche Cat# 10104159001

RNase-free DNase set QIAGEN Cat# 79254
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and request for reagents should be directed to and will be fulfilled by the Lead Contact Rudolph E. Tanzi (tanzi@

helix.mgh.harvard.edu).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal breeding and husbandry
5xFADmice (Oakley et al., 2006) were purchased from the Jackson Laboratory (MMRRC) and backcrossed onto the C57BL/6J back-

ground for seven generations before breeding with other mouse strains. Constitutive CD33 knock-out mice were obtained from

the Jackson Laboratory. Constitutive TREM2 knock-out mice were generated at Washington University School of Medicine and

were previously described (Turnbull et al., 2006). BothCD33 and TREM2 knock-out mouse strains are on the C57BL/6J background.

5xFADmice were crossed to CD33�/� and TREM2�/� mice in the C57BL/6J background. CD33�/� and TREM2�/� mice breed nor-

mally (Griciuc et al., 2013; Turnbull et al., 2006). The 5xFADmice lackingCD33 and/or TREM2 exhibited no gross anatomical defects.

Matched numbers of mice of both sex (males and females) were used in the study. The age, number and sex of mice used for indi-

vidual experiments are indicated in the figure legends. All mice were housed under standard conditions with free access to food and

water. All animal experiments were performed in strict accordance with National Institutes of Health and approved by the Institutional

Animal Care and Use Committee at Massachusetts General Hospital.

METHOD DETAILS

Behavioral tests
All the behavioral tests were conducted in the Animal Behavior Facility at Massachusetts General Hospital. For the open field explo-

ration test, mice were placed in the center of the dimly lit chamber of the open field arena. Mouse movements were recorded and

tracked by the automatic video tracking system EthoVision XT (Noldus) for 15 minutes. The area of the arena was virtually divided

into a center zone (Pasquarella et al., 2012) and four corner squares. Total distance traveled, the time spent in each area, and

horizontal and vertical activity were monitored.

The Morris water maze test was performed with minor adjustment as previously described (Vorhees and Williams, 2006). Spatial

memory testingwas conducted in a circular tank (diameter 1.22m) filledwith opacifiedwater at 23�C. Thewater tankwas dimly lit and

surrounded by a white curtain. The maze was virtually divided into four quadrants, with one containing a hidden platform (diameter

10 cm) that was submerged 0.5 cm below the water level. Four prominent cues were placed outside the maze as spatial references.

Mice were placed in the water facing the tank wall at different start positions across trials in a quasi-random fashion to prevent strat-

egy learning.Micewere allowed to search for the platform for 1minute; if themice did not find the platform, theywere guided toward it

where they remained for 20 s. Eachmouse went through four trials (one from each start position) per day for seven consecutive days.

After each trial, themousewas dried and placed back into its cage until the start of the next trial. All mousemovements were recorded

by the computerized tracking systemEthoVision XT (Noldus) that calculated distancesmoved and time required to reach the platform

(escape latency), along with swim speed. The spatial probe trial was conducted 24 hours after the last training session (on day 8).

For the probe trial, the platform was removed and mice were allowed to swim for 1 minute. The time spent by the mice in the

area surrounding the location where the platform used to be (platform plus) was recorded. The platform plus surrounding the target

is larger than the target itself, but smaller than the target quadrant. Data was calculated as time in the platform plus/60 s*100% and is

given in percentage. The number of times themice crossed the platform plus is also shown. On days 9 and 10, the visual cued testing

was conducted, where the platform was flagged and placed above the water surface. Mice were allowed to swim to the visible plat-

form for 1 minute and each mouse performed two trials per day. Time required to reach the visible platform is shown.

Tissue collection and sample preparation
Mice were deeply anesthetized with CO2 and transcardially perfused with 0.9% sodium chloride. The brains were quickly removed

from the skull. The right brain hemisphere was submerged in ice-cold 0.9% sodium chloride. Cortex and hippocampus were

dissected and snap frozen in dry ice. Samples were stored at �80�C until further processing. The left hemisphere was fixed in

4% paraformaldehyde for 72 hours at 4�C. Subsequently, the left hemisphere was dehydrated with ethanol and embedded in

paraffin. Paraffin-embedded tissuewas cut into 6 mm-thick coronal sections using a paraffinmicrotome, transferred ontomicroscope

slides and stored at room temperature.

Ab ELISA
Mouse cortices were homogenized in 5 volumes of tissue homogenization buffer [25 mM Tris-HCl at pH 7.4, 130 mM NaCl, 2.7 mM

KCl, 5 mM EDTA, phosphatase inhibitor (Thermo Fisher Scientific), EDTA-free protease inhibitor cocktail (Roche) and 2 mM

1,10-phenantroline (Sigma Aldrich)], using a Polytron benchtop lab homogenizer (Wheaton) at 4�C. The homogenates were centri-

fuged at 100,000 g for 1 hour at 4�C using an Optima TL ultracentrifuge and a TLA 120.2 rotor (Beckman Coulter). Supernatants

were collected and used to measure TBS-soluble Ab. The pellet was extracted in 70% formic acid (equal volume of TBS) with a

hand homogenizer (Wheaton) on ice. Samples were centrifuged at 100,000 g for 1 hour at 4�C and supernatants were collected. For-

mic acid supernatants were neutralized with 1M Tris-base, pH 11 (1:17 v:v) and samples were used to measure formic acid-soluble

Ab. TBS-soluble and formic acid-soluble Ab were measured by sandwich ELISA using commercially available kits (Wako). The cap-

ture antibody was mouse monoclonal anti-human Ab antibody (clone BNT77). HRP-conjugated monoclonal anti-human Ab40 (clone

BA27) and monoclonal anti-human Ab42 (clone BC05) antibodies were used for detection of Ab40 and Ab42, respectively.
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Immunohistochemistry and image analysis
Coronal sections were deparaffinized and incubated with 3% H2O2 to quench endogenous peroxidases for DAB staining. Antigen

retrieval was performed using Diva Decloaker (Biocare Medical) or citrate buffer (0.01M, pH 6.0, 0.05% Tween-20) in a microwave

oven (95�C, 20minutes). For immunostainingwith the anti-Ab antibody (clone3D6directedagainst Ab residues1–5), sectionswere incu-

bated in 90% formic acid (SigmaAldrich) for 5minutes, after antigen retrieval. Sectionswere subsequently blockedusing 2%BSA, 0.1%

Triton X-100 inPBS, or alternativelywithAntibodydiluent (Cell Signaling). The following primary antibodieswere added overnight at 4�C:
anti-Ab (mouse monoclonal, clone 3D6, 1:2500, Elan Pharmaceuticals), anti-cleaved Caspase-3 (rabbit monoclonal, 1:500, Cell

Signaling), anti-Iba1 (rabbit polyclonal, 1:500, Wako), anti-Iba1 (goat polyclonal, 1:1000, Novus Biologicals), anti-P2ry12 (rabbit poly-

clonal, 1:2000, AnaSpec), and anti-TREM2 (sheep polyclonal, 1:50, R&DSystems). The primary antibody targeting NeuN (mousemono-

clonal, 1:300, Millipore Sigma) was added for 1 hour at room temperature. Primary antibodies were detected using appropriate

biotinylated secondary antibodies (1:300) and VECTASTAIN Elite ABC HRP kits (Vector Laboratories) and developed with DAB (Sigma

Aldrich) according to the provider’s instructions. To visualize dense coreAbplaques, TREM2-labeled sectionswere counterstainedwith

Congo red (Sigma Aldrich). To quantify the number of cells, sections were stained with hematoxylin and eosin (Vector Laboratories)

followingmanufacturer’s directions. Sectionswere dehydratedwith increasing concentrations of ethanol, cleared with xylene, and cov-

erslippedwithxylene-basedmountingmedium (Cytoseal XYL, ThermoFisherScientific). Sectionswere imagedwith theNikonEclipseCi

microscope that was equipped with a DS-Ri2 camera and NIS-Elements Advanced Research imaging software (Nikon, Tokyo, Japan).

For immunofluorescence experiments, primary antibodies were detected with species-specific Alexa Fluor 488/568-coupled sec-

ondary antibodies (1:500, Thermo Fisher Scientific). Sections were mounted with aqueous mounting medium containing DAPI and

anti-fading reagent (ProLong Gold Antifade Mountant, Invitrogen). Stained sections were analyzed by fluorescence confocal

microscopy on a Nikon C2si laser scanning microscope that was equipped with NIS-Elements Advanced Research software (Nikon,

Tokyo, Japan).

For the assessment of Ab plaque burden, four coronal sections spanning the cortex and hippocampus (at different depths on the

rostro-caudal axis) were imaged for each animal. The amyloid plaque burden (area occupied by all plaques divided by the total area)

was estimated in the cortex and hippocampus for each section using the Analyze Particles plugin of ImageJ software (NIH). Values

from each section were averaged to generate a mean plaque burden for each animal.

For quantification of neuronal cell density, the cortical layer 5 and the CA1 area in the hippocampus were imaged at x10 and x20

magnifications, respectively. Two coronal sections spanning the cortex and hippocampus at different depths on the rostro-caudal

axis were analyzed for each animal. Three imageswere acquired onmatching areas of each the cortex and hippocampus per section.

The number of neuronal cells (using NeuN labeling) was determined using the Cell Counter plugin of ImageJ and was divided by the

area occupied by the cells. Values from each section were averaged to obtain a mean neuronal cell density for each animal.

For quantification of Caspase-3+ cell density, the cortex and hippocampus were imaged at x20 magnification. Two coronal sec-

tions spanning the cortex and hippocampus at different depths on the rostro-caudal axis were analyzed for each animal. Five to six

images were acquired on matching areas of each the cortex and hippocampus per section. The number of Caspase-3+ cells was

determined using the Cell Counter plugin of ImageJ and was divided by the area occupied by the cells. Values from each section

were averaged to obtain a mean Caspase-3+ cell density for each animal.

To analyze the Iba1+ cell response to Ab plaques, coronal sections were stained with Iba1 and 3D6 for visualization of plaques, as

described above. Three coronal sections spanning the cortex and hippocampus at different depths were analyzed for each animal.

Images were acquired in random regions of the cortices and hippocampi at x20 magnification with the Nikon C2 confocal micro-

scope. The number of Iba1+ cells was determined using the Analyze Particles plugin of ImageJ and was divided by the area occupied

by the cells. Values from each image were averaged to obtain a mean Iba1+ cell density for each animal. For individual Ab plaque

analysis, images were acquired at x40 magnification and approximately 25 plaques were randomly selected and analyzed for

each animal. The number of Iba1+ cells was quantified within a 20 mm distance from the plaque by using the Cell Counter plugin

of ImageJ. The distance between Iba1+ cells and the center of their associated plaques was calculated using the Measure function

of ImageJ. Surface are of the Iba1+ cell body was measured using the Surface function of Imaris software (Bitplane). Area of the

plaque was measured in the 3D6 channel using the Analyze Particles function of ImageJ. The number of TREM2+ cells associated

with Congo red-stained plaques was quantified using the Cell Counter plugin of ImageJ.

To analyze the colocalization between P2ry12+ and Iba1+ cells, coronal sections were stained with the anti-P2ry12 (red) and anti-

Iba1 (green) antibodies, as described above. Two coronal sections spanning the cortex and hippocampus at different depths were

analyzed for each animal. Five to six images were acquired on matching areas of each the cortex and hippocampus per section at

x20 magnification with the Nikon C2 confocal microscope. The number of P2ry12+Iba1+ cells was determined using the Analyze Par-

ticles function of ImageJ and was divided by the area occupied by the cells. Values from each image were averaged to obtain a mean

P2ry12+Iba1+ cell density for each animal. To determine the % P2ry12+Iba1+/Iba1+ cells, the number of P2ry12+Iba1+ cells was

divided by the total number of Iba1+ cells andmultiplied by 100%. The investigator was blind to the genotype for all the quantifications.

Mouse microglia isolation and FACS sorting
Micewere deeply anesthetizedwith CO2 and transcardially perfusedwith 50mLPBS/1mMEDTA, and brains were removed from the

skull. Brains (without the cerebellum) were rinsed in PBS and placed into a GentleMacs C-tube (Miltenyi Biotech) with pre-warmed

RPMI 1640 medium (with L-glutamine, GIBCO) containing Dispase (2 U/ml) and Collagenase Type 3 (200 U/ml, Worthington
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Biochemical Corporation) according to our previous protocol (Hickman et al., 2013). Brains (without cerebellum) from twomice of the

same age, sex and genotype were pooled for each sorting experiment. Brains were dissociated using the GentleMACS Dissociator

(Miltenyi Biotech) using the brain program settings and followingmanufacturer’s instruction. Brains were subjected to three rounds of

dissociation, each followed by a period of incubation at 37�C. After the second round of dissociation, DNase I grade II (Roche) was

added to a final concentration of 40 U/ml and incubated at 37�C. After the third round of dissociation, the enzymes were inactivated

by adding PBS containing 2 mM EDTA and 5% fetal bovine serum. The brain tissue was triturated, passed through a 100-mm filter

(Thermo Fisher Scientific) and centrifuged. Cell pellets were resuspended in 10.5 mL RPMI 1640 medium (GIBCO), mixed gently with

4.5 mL physiologic Percoll (Sigma Aldrich), and centrifuged at 850 g for 40 minutes. Subsequently, cells were rinsed with PBS/1 mM

EDTA and centrifuged at 500 g for 8 minutes. Contaminating red blood cells were lysed with Red blood cell lysing buffer (Sigma

Aldrich) following manufacturer’s directions. Cells were rinsed with PBS/1 mM EDTA and centrifuged at 500 g for 8 minutes. Cell pel-

lets were resuspended in blocking buffer (PBS/1 mM EDTA/2% donkey serum) containing Fc block (1 mg/ml, anti-mouse CD16/32,

clone 93, Biolegend) and incubated in ice for 10minutes. Then, cells were labeled with Alexa647-anti-CD11b (5 mg/ml, cloneM1/170,

Biolegend) and Alexa488-anti-CD45 (5 mg/ml, clone 30-F11, Biolegend) antibodies for 30 minutes on ice. Cells were rinsed with

PBS/1.0 mM EDTA/2% donkey serum and centrifuged at 400 g for 8 minutes. Cells were gently resuspended in PBS/1.0 mM

EDTA and filtered into 5 mL polysterene filter top tubes (BD Falcon) for FACS. Cells were sorted based on CD11b/CD45 expression

using FACS ARIA (BD Biosciences), as previously described (Hickman et al., 2013). FACS-sorted cells were centrifuged at 600 g for

10 minutes and cell pellets were used for RNA extraction.

RNA purification and mRNA sequencing
Microglial cell pellets were lysed in RLT-Plus buffer (QIAGEN) containing 1% b-mercaptoethanol for RNA extraction. Cell lysates were

transferred to QIAshredder (QIAGEN) for homogenization and centrifuged at 18,000 g for 2 minutes. RNA was isolated from resulting

cell lysates using the RNeasy PlusMicro Kit (QIAGEN), followingmanufacturer’s directions. During the RNA extraction protocol, sam-

ples were treated with RNase-free DNase I (QIAGEN) directly on the RNeasy spin columns at room temperature for 15 minutes and

washed with buffer RW1 (QIAGEN). Each RNA sample was eluted in RNase-free water (15 ml, QIAGEN) and RNA integrity was as-

sessed with the Agilent RNA 6000 Pico Chip on the 2100 Bioanalyzer (Agilent). Purified RNA was quantified using the Qubit RNA

High Sensitivity Assay Kit (Invitrogen) on the Qubit Fluorometer 3.0 (Thermo Fisher Scientific). Microglial RNA samples originating

frommice of the same genotype, sex and age were pooled as needed to generate samples containing 100 ng of RNA. cDNA libraries

were prepared using the TruSeq Stranded mRNA LT Prep Kit (Illumina) and following manufacturer’s instruction. The protocol

consisted ofmRNA purification with poly-T oligo-attachedmagnetic beads, mRNA fragmentation, first and second strand cDNA syn-

thesis, 30end adenylation, adaptor ligation, and PCR amplification (11 cycles). Libraries were enriched using the Agencourt AMPure

XP beads (Beckman Coulter). cDNA libraries were validated using the Agilent DNA 1000 kit on the 2100 Bioanalyzer (Agilent) and

quantified by qPCR before sequencing. Libraries were sequenced on a HiSeq 2500 instrument (Illumina) at theMGHNext Generation

Sequencing Core Facility, using single-end 50 bp sequencing.

RNA-seq analysis
RNA sequencing resulted in 48.7million reads per sample on average for thewhole study. The splice-aware alignment programSTAR

was used to map sequencing reads (fastqs) to the mouse (mm10) reference genome. Gene expression counts were calculated

using the program HTSeq based on the latest Ensembl annotation for mm10/GRCm38. The R package edgeR was used to make

differential gene expression calls from these counts at a two-fold cut-off and false discovery rate (FDR) < 0.05 threshold. Gene

expression was considered upregulated if log2FC > 1 or downregulated if log2FC < �1 [FC = fold-change of reads per kilobase

per million (RPKMs)] at FDR < 0.05.

Ingenuity Pathway Analysis
Data were analyzedwith Ingenuity Pathway Analysis software (IPA, QIAGEN). Differentially expressed genes (with corresponding fold

changes and FDR values) were analyzed by IPA for canonical pathways. Briefly, datasets for analysis were filtered using the following

cut-off definitions: two-fold change and FDR < 0.05. Downregulated and upregulated gene datasets were uploaded separately and

analyzed by IPA for canonical pathways. The Ingenuity Knowledge Base was used as the reference set in assembling pathways and

relationship information derived from both human and mouse studies with experimentally observed confidence. IPA software also

generated activation Z-scores: Z-score < �2 indicated that the pathway was inhibited, Z-score > 2 indicated that the pathway

was activated, at p value < 0.05.

Heatmaps
Visualization of single genotypes stemmed from a matrix of selected genes across individual samples using counts per million (CPM)

expression values. A log2 transformation was applied to the matrix before being visualized using the heatmap.2 function from the

gplots package in the R software for statistical computing. Negative and positive expression values were represented as z-scores

ranging from �2 (blue) to 2 (red), respectively, and values were scaled per row to highlight differential expression across samples

rather than the genes. Visualizations of multiple genotypeswere generated in a similar fashionwhere one genotype dictated the genes

of interest and individual RPKM expression values were organized into a matrix, transformed, and input into the previous function.
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Heatmap visualization of CD33 and/or TREM2 dependency for the 5xFAD versus WT dataset were computed using the log2FC

values from experimental groups (no row rescaling) for the top 60 differentially expressed genes in the 5xFAD versus WT dataset

(p < 0.001 and FDR < 0.05). Dendrograms were computed by row using Euclidean distance and average linkage. Row color labels

were applied for 8 groups.

Volcano plots
Dot plots visualizing the Log2FC and –Log10FDR of each gene were generated using the Bokeh plotting library written in Python. The

horizontal dashed line shows where FDR = 0.05 (–Log10FDRz1.30) on the y axis, while the two vertical dashed lines show where

Log2FC = �1 (left) and Log2FC = 1 (right) on the x axis. Genes with Log2FC > 1 and FDR < 0.05 were filtered and represented in

red, while genes with Log2FC < �1 and FDR < 0.05 were filtered and represented in blue.

Venn diagrams
Differentially expressed genes (Log2FC <�1, Log2FC > 1 and FDR < 0.05) were used to generate key overlapping genes by iterating

over Ensembl gene IDs with Python and exploring the intersection among different genotypes. Sets of overlapping genes were visu-

alized using Venn diagrams that were generated in Adobe Photoshop.

Gene selection
To extract expression data for genes of interest, we used the Python Data Analysis Library (Pandas), a powerful tool for indexing and

parsing large data frames.

STRING analysis
Known and potential protein-protein interactions of genes associated with inflammation-related pathways (identified by IPA) were

mapped by using the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) software and database (version 10.5)

with a medium confidence cut-off of 0.4. In the resulting protein association networks, proteins are shown as nodes, which are con-

nected by lines whose thickness represents the confidence level. Thin lines connecting nodes represent ‘‘medium’’ confidence level

in protein interaction, while thicker lines represent ‘‘high’’ and ‘‘highest’’ confidence level.

Gene Set Enrichment Analysis
Data were analyzed using the GSEA desktop application (v3.0) from the Broad Institute (Mootha et al., 2003; Subramanian et al.,

2005). Gene set enrichment analysis (GSEA) was run for each experimental group separately: 5xFAD;CD33�/� versus 5xFAD and

5xFAD;TREM2�/� versus 5xFAD. The input data for the GSEAwere the following: (1) a complete table of normalized gene expression

values from each experimental group, (2) a mapping file for identifying probesets in ENSEMBL to Gene Symbols (ENSEMBL_mou-

se_gene.chip; GSEA desktop application v3.0), and (3) a database of gene sets from all 3 divisions of GO (biological process,

molecular function, cellular component), annotations that have evidence code IEA (inferred from electronic annotation), and RCA (in-

ferred from reviewed computational analysis; December 01, 2018 release; http://baderlab.org/GeneSets). A total of 7244 curated

gene sets were included in the analysis. Inclusion gene set size was set between 15 and 500, and the gene set was permutated

1,000 times.

Enrichment maps were created using the EnrichmentMap plugin in Cytoscape (v3.7.0) for both experimental groups with a

threshold p value cutoff (p < 0.001) and FDR q-value cutoff (q < 0.05). 277 significant gene sets were enriched in the

5xFAD;CD33�/� versus 5xFAD group and 342 in the 5xFAD;TREM2�/� versus 5xFAD group. The enrichment maps were subse-

quently clustered and annotated using the AutoAnnotate plugin (Cytoscape v3.7.0).

Quantitative real-time PCR
Total RNA from FACS-sorted microglia was isolated using the RNeasy Plus Micro Kit (QIAGEN) according to the manufacturer’s in-

structions. During the RNA extraction protocol, samples were treated with RNase-free DNase I (QIAGEN). Purified RNA was quan-

tified using theQubit RNAHigh Sensitivity Assay Kit (Invitrogen) on theQubit Fluorometer 3.0 (Thermo Fisher Scientific). The RNAwas

reverse-transcribed using the SuperScript III First Strand Synthesis System (Invitrogen). Gene expression was assessed by perform-

ing TaqMan real-time PCR assays. The probes targeting the Il1b, Il1rn, Gpnmb, and Vegfa genes were labeled with FAM

(Thermo Fisher Scientific). The housekeeping gene Gapdh was used as control and the probe targeting Gapdh was labeled with

VIC (Thermo Fisher Scientific). 1:10 diluted cDNAs were mixed with the probes and Taqman Universal Master Mix II (Applied Bio-

systems) and amplified using the C1000 Touch Thermal Cycler (Bio-Rad). Results were analyzed by the comparative CT method.

Average CT values for each sample were normalized to the average CT values of the housekeeping gene.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics for transcriptomic analyses were described as above. For other quantitative results, statistical analysis was performed us-

ing the GraphPad Prism 7 (GraphPad Software). The normality of datasets was tested with the D’Agostino-Pearson omnibus test.

Data from behavioral studies were analyzed by two-way ANOVA followed by Tukey’s post hoc test. Multiple group analyses were
Neuron 103, 820–835.e1–e7, September 4, 2019 e6
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performed by one-way ANOVA followed by Tukey’s post hoc test for normally distributed datasets and by Kruskal-Wallis ANOVA

followed by Dunn’s post hoc test otherwise. Unpaired t test with Welch’s correction was performed for normally distributed datasets

and Mann-Whitney U test otherwise. All n and p values and statistical tests are indicated in figure legends.

DATA AND CODE AVAILABILITY

The raw reads of the sequencing data are submitted to NCBI-GEO (GEO: GSE132508, ‘‘TREM2 Acts Downstream of CD33 in

Modulating Microglial Pathology in Alzheimer’s Disease’’).
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Figure S1. Morris water maze analysis, Related to Figure 1. (A) Start positions using distal 

locations for which the target (platform) was located in the North-West (NW) quadrant. (B and 

C) 7-month-old WT (n=5M/4F), CD33-/- (n=4M/4F),  TREM2-/- (n=4M/4F), CD33-/-;TREM2-/- 

(n=4M/4F),  5xFAD (n=5M/4F), 5xFAD;CD33-/- (n=4M/4F), 5xFAD;TREM2-/- (n=4M/4F) and 

5xFAD;CD33-/-;TREM2-/- (n=5M/5F) mice were evaluated in the Morris water maze test. 

Latency to reach the target quadrant where the platform is supposed to be (B) and time spent by 

the mice in the target quadrant (C) were recorded during the probe test (day 8). No significant 

differences were found among the mouse groups in the latency to the target quadrant (Kruskal-

Wallis ANOVA, Dunn’s test) or time spent in the target quadrant (one-way ANOVA, Tukey’s 

test). Data are represented as mean ± SEM. 
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Figure S2. TREM2 knock-out does not impact Aβ pathology in 5xFAD mice at 6 months of 

age, Related to Figure 2. (A–D) ELISA analysis of Aβ40 (A and C) and Aβ42 (B and D) in 

TBS-soluble (A and B) and formic acid (FA)-soluble (C and D) fractions isolated from the 

cortex of 6-month-old 5xFAD (n=6M/6F), 5xFAD;TREM2+/- (n=6M/6F) and 5xFAD;TREM2-/- 

(n=4M/4F) mice. No differences in TBS- and FA-soluble Aβ40 and Aβ42 levels were found in 

5xFAD;TREM2+/- and 5xFAD;TREM2-/- mice in comparison to 5xFAD (one-way ANOVA, 

Tukey’s test). (E) Brain sections were labeled with the 3D6 antibody directed against Aβ. 

Representative images of cortex and hippocampus from of 8-month-old control: WT, CD33-/-, 

TREM2-/- and CD33-/-;TREM2-/- mice. The 3D6 antibody did not label control brains. Scale bar 

represents 100 µm. (F) Photomicrographs of cortical and hippocampal fields from brains stained 

with the 3D6 antibody to detect compact and diffuse Aβ plaques in 6-month-old 5xFAD, 

5xFAD;TREM2+/- and 5xFAD;TREM2-/- mice. Scale bar represents 100 µm. (G and H) 

Quantification of Aβ plaque burden in the cortex (G) and hippocampus (H) of 6-month-old 

5xFAD (n=6M/6F), 5xFAD;TREM2+/- (n=6M/6F) and 5xFAD;TREM2-/- (n=4M/4F) mice. There 

was no significant difference in Aβ plaque load in 5xFAD;TREM2+/- and 5xFAD;TREM2-/- mice 

compared to 5xFAD (one-way ANOVA, Tukey’s test). Data are represented as mean ± SEM. 
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Figure S3. TREM2 knock-out leads to reduced neuronal cell density in 5xFAD mice, which 

is not rescued by additional knock-out of CD33, Related to Figure 3. (A) Representative 

pictures of the CA1 region from brains of 8-month-old mice of indicated genotypes, stained with 

hematoxylin and eosin. Scale bar represents 50 µm. (B) Quantification of CA1 neuron numbers 

in 8-month-old WT (n=6M/6F), CD33-/- (n=4M/4F), TREM2-/- (n=4M/4F), CD33-/-;TREM2-/- 

(n=4M/4F), 5xFAD (n=5M/6F), 5xFAD;CD33-/- (n=4M/4F), 5xFAD;TREM2-/- (n=4M/4F) and 

5xFAD;CD33-/-;TREM2-/- (n=5M/6F) mice. 5xFAD;TREM2-/- and 5xFAD;CD33-/-;TREM2-/- mice 

showed reduced CA1 neuronal cell density in comparison to 5xFAD and 5xFAD;CD33-/- mice 

(***p<0.001, ****p<0.0001, one-way ANOVA, Tukey’s test). (C) Representative images from 

the cortex of 8-month-old mice of indicated genotypes, labeled with a NeuN-specific antibody. 

Scale bar represents 100 µm. (D) Quantification of NeuN+ cells in the cortical layer 5 of 8-

month-old WT (n=4M/4F), CD33-/- (n=4M/4F), TREM2-/- (n=4M/4F), CD33-/-;TREM2-/- 

(n=4M/4F), 5xFAD (n=7M/7F), 5xFAD;CD33-/- (n=7M/7F), 5xFAD;TREM2-/- (n=4M/4F) and 

5xFAD;CD33-/-;TREM2-/- (n=5M/6F) mice. Numbers of cortical layer 5 NeuN+ cells were 

significantly increased in 5xFAD;CD33-/- mice compared to 5xFAD, 5xFAD;TREM2-/-  and 

5xFAD;CD33-/-;TREM2-/- mice (*p<0.05, ***p<0.001, ****p<0.0001, one-way ANOVA, 

Tukey’s test). Data are represented as mean ± SEM. 
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Figure S4. CD33 and/or TREM2 knock-out do not impact Iba1+ cell body area in WT mice, 

Related to Figure 4. (A) Representative images from the cortex and hippocampus of 8-month-

old WT, CD33-/-, TREM2-/- and CD33-/-;TREM2-/- mice, labeled with an Iba1-specific antibody. 

Scale bar represents 50 µm. (B and C) Quantification of 3D6+ area of Aβ plaques in the cortex 

(B) and hippocampus (C) of 5xFAD (n=7M/7F), 5xFAD;CD33-/- (n=7M/7F), 5xFAD;TREM2-/- 

(n=4M/4F) and 5xFAD;CD33-/-;TREM2-/- (n=5M/6F) mice at 8 months of age. Amyloid plaques 

that were selected for the analysis of clustering of Iba1+ cells around plaques were of similar size 

across mouse genotypes (one-way ANOVA, Tukey’s test). (D and E) Quantification of Iba1+ cell 

body area in the cortex (D) and hippocampus (E) of 8-month-old WT (n=4M/4F), CD33-/- 

(n=4M/4F), TREM2-/- (n=4M/4F) and CD33-/-;TREM2-/- (n=4M/4F) mice is summarized. All 

controls exhibited comparable Iba1+ cell body area in cortex and hippocampus (one-way 

ANOVA, Tukey’s test). (F and G) Plaque-associated Iba1+ cells were analyzed for cell body area 

in the cortex (F) and hippocampus (G) of 8-month-old 5xFAD (n=7M/7F), 5xFAD;CD33-/- 

(n=7M/7F), 5xFAD;TREM2-/- (n=4M/4F) and 5xFAD;CD33-/-;TREM2-/- (n=5M/6F) mice. 

5xFAD;TREM2-/- and 5xFAD;CD33-/-;TREM2-/- mice exhibited reduced Iba1+ cell body area 

compared to 5xFAD and 5xFAD;CD33-/- (*p<0.05, **p<0.01, one-way ANOVA, Tukey’s test). 

(H) Representative images from the hippocampus of 8-month-old 5xFAD, 5xFAD;CD33-/-, 

5xFAD;TREM2-/- and 5xFAD;CD33-/-;TREM2-/- mice, stained with P2ry12 (red) and Iba1-

specific antibody (green). Scale bar represents 50 µm. (I) Representative images of cortical fields 

from brains of 5xFAD and 5xFAD;CD33-/- mice, stained with an anti-TREM2 antibody and 

Congo red. Scale bar represents 50 µm. (J and K) The number of TREM2+ cells around plaques 

was increased in the cortex (J) but not hippocampus (K) of 8-month-old 5xFAD;CD33-/- 

(n=7M/7F) versus 5xFAD (n=7M/7F) mice (*p<0.05, unpaired t-test with Welch’s correction). 

Data are represented as mean ± SEM.  
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Figure S5. CD33 and TREM2 knock-out do not significantly impact each other’s expression 

levels in 5xFAD mice, while TREM2 knock-out has a small effect on Tyrobp levels, Related 

to Figure 6. (A) Upregulated and downregulated genes (2-fold, FDR<0.05) in 4-month-old 

5xFAD;CD33-/- versus 5xFAD and 5xFAD;CD33-/-;TREM2-/- relative to 5xFAD;TREM2-/- (left), 

as well as in 5xFAD;TREM2-/- compared to 5xFAD and 5xFAD;CD33-/-;TREM2-/- versus 

5xFAD;CD33-/- microglia (right), displayed as Venn diagrams. 5xFAD (n=14M/14F), 
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5xFAD;CD33-/- (n=6M/6F), 5xFAD;TREM2-/- (n=11M/11F) and 5xFAD;CD33-/-;TREM2-/- 

(n=5M/5F) mice. (B-E) Expression levels of Trem2, Cd33, and Tyrobp were summarized as 

log2FC of RNA-seq carried out with microglia that were isolated from 4 and 8-month-old mice. 

FDR values are shown on the figure. (B and C) There was no significant change in Trem2 or 

Tyrobp expression levels in CD33-/- versus WT (B) and 5xFAD;CD33-/- versus 5xFAD (C) 

datasets at 4 and 8 months. (D) Cd33 and Tyrobp expression levels did not change in TREM2-/- 

versus WT microglia. (E) While there was no change in Cd33 expression levels at 4 months, 

there was a slight increase (Log2FC=0.35) at 8 months in the 5xFAD;TREM2-/- versus 5xFAD 

dataset. Tyrobp levels were moderately decreased at 4 months (Log2FC=-0.47) and 8 months 

(Log2FC=-0.73) in 5xFAD;TREM2-/- versus 5xFAD microglia. See also Table S3. 
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Figure S6. Downregulation of anti-inflammatory, pro-inflammatory and inflammasome-

associated genes in 5xFAD;TREM2-/- microglia is not reversed by additional knock-out of 

CD33, Related to Figure 6. (A-E) Expression levels of inflammation-related genes were 

summarized as log2FC of RNA-seq carried out with microglia from 4-month-old WT 

(n=13M/14F), 5xFAD (n=14M/14F), 5xFAD;CD33-/- (n=6M/6F), 5xFAD;TREM2-/- 

(n=11M/11F) and 5xFAD;CD33-/-;TREM2-/- (n=5M/5F) mice. FDR values are shown on the 

figure. (A) Anti-inflammatory, pro-inflammatory and inflammasome-related genes were 

concomitantly upregulated in 5xFAD microglia compared to WT. While pink bars in (A) overlap 

with (C-E), purple bars and borders overlap with (B) and (E). (B) Anti-inflammatory and 

inflammasome-associated genes were significantly increased in 5xFAD;CD33-/- microglia versus 

5xFAD. Purple bars in (B) overlap with (A) and (E). (C) 5xFAD;TREM2-/- microglia exhibited 

reduced expression levels of anti-inflammatory, pro-inflammatory and inflammasome-associated 

genes relative to 5xFAD. Pink bars in (C) overlap with (A), (D) and (E). (D) Inflammation-

related transcripts were significantly decreased in 5xFAD;CD33-/-;TREM2-/- microglia compared 

to 5xFAD. Pink columns in (D) overlap with (A), (C) and (E). (E) Anti-inflammatory, pro-

inflammatory and inflammasome-related genes were downregulated in 5xFAD;CD33-/-;TREM2-/- 

microglia versus 5xFAD;CD33-/-. While pink columns in (E) overlap with (A), (C) and (D), 

purple bars overlap with (A) and (B). See also Table S4. 
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Figure S7. CD33 and/or TREM2 knock-out lead to greater differential gene expression in 

5xFAD mice versus WT, Related to Figure 7. (A) Upregulated (top) and downregulated 

(bottom, 2-fold, FDR<0.05) genes in 5xFAD;CD33-/- microglia compared to 5xFAD (left) and 

5xFAD;TREM2-/- relative to 5xFAD (right) at each time point, displayed as Venn diagrams. 

5xFAD: n=14M/14F, 5xFAD;CD33-/-: n=6M/6F at 4 months; and 5xFAD: n=12M/12F, 

5xFAD;CD33-/-: n=13M/13F mice at 8 months. 5xFAD: n=14M/14F, 5xFAD;TREM2-/-: 

n=11M/11F at 4 months; and 5xFAD: n=10M/9F, 5xFAD;TREM2-/-: n=9M/8F mice at 8 months. 

(B) Analysis of RNA-seq data revealed 9, 22 and 23 DE genes (2-fold, FDR<0.05) in CD33-/-, 

TREM2-/- and CD33-/-;TREM2-/- microglia compared to WT, respectively, at 4 months. 299, 134 

and 209 genes were enriched in 5xFAD;CD33-/-, 5xFAD;TREM2-/- and 5xFAD;CD33-/-;TREM2-/- 

microglia relative to 5xFAD, respectively. Venn diagrams showed that 5 upregulated (top) and 2 

downregulated (bottom) genes overlapped between CD33-/- microglia versus WT and 

5xFAD;CD33-/- versus 5xFAD (left). 7 upregulated and 8 downregulated genes overlapped 

between TREM2-/- microglia versus WT and 5xFAD;TREM2-/- compared to 5xFAD (center). 10 

upregulated and 6 downregulated genes overlapped between CD33-/-;TREM2-/- microglia versus 

WT and 5xFAD;CD33-/-;TREM2-/- versus 5xFAD (right). (C) At 8 months of age, 22 and 9 genes 

were enriched in CD33-/- and TREM2-/- microglia relative to WT, respectively, and 282 and 214 

DE genes in 5xFAD;CD33-/- and 5xFAD;TREM2-/- microglia compared to 5xFAD, respectively. 

Venn diagrams showed that 6 upregulated (top) and 2 downregulated (bottom) genes overlapped 

between CD33-/- microglia versus WT and 5xFAD;CD33-/- relative to 5xFAD (left). 2 

upregulated and 5 downregulated genes overlapped between TREM2-/- microglia versus WT and 

5xFAD;TREM2-/- versus 5xFAD (right). See also Table S6. 
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Figure S8. IL-1β and IL-1RN are central in overlapping inflammation pathways in 

5xFAD;CD33-/- and 5xFAD;TREM2-/- microglia, Related to Figure 7. (A and B) Venn 

diagram of pie charts showing the overlap of 6 genes (A) and 2 genes (B) that were upregulated 

in 5xFAD;CD33-/- microglia and downregulated in 5xFAD;TREM2-/- (versus 5xFAD) at 4 months 

(A) and 8 months (B). STRING networks showed protein-protein interactions of DE genes 

associated with inflammation pathways that overlapped between 5xFAD;CD33-/- and 

5xFAD;TREM2-/- microglia (compared to 5xFAD) at 4 months (A) and 8 months (B). Proteins 

are presented as nodes, which are connected by lines whose thickness represents the confidence 

level in protein interaction. While red arrows represent proteins upregulated in 5xFAD;CD33-/-, 

blue arrows mark proteins downregulated in 5xFAD;TREM2-/- microglia. Stars highlight 16 

nodes/proteins that are enriched in either genotype and overlap at 4 and 8 months, with IL-1β 

and IL-1RN at the center of inflammation pathways in 5xFAD;CD33-/- and 5xFAD;TREM2-/- 

microglia. (C-F) Validation by qPCR of top DE genes obtained with RNAseq. The qPCR 

analysis was performed by using microglia that were isolated from 4-month-old 5xFAD, 

5xFAD;CD33-/- and 5xFAD;TREM2-/- mice. The qPCR analysis of transcripts including Il1b (C), 

Il1rn (D), Gpnmb (E) and Vegfa (F) showed that mRNA levels of these transcripts were 

increased in 5xFAD;CD33-/- and decreased in 5xFAD;TREM2-/- microglia versus 5xFAD 

(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, one-way ANOVA, Tukey’s test). Il1b, Il1rn, 

Gpnmb and Vegfa mRNA levels were normalized to Gapdh mRNA levels. Data are represented 

as mean ± SEM.  
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Table S2. Effects of aging and knock-out of CD33 and/or TREM2 on biological pathways in 

5xFAD microglia, Related to Figures 5, 6 and 7. Early (4 months of age) and late (8 months of 

age) downregulated and upregulated gene data sets (2-fold difference, FDR<0.05) were analyzed 

by Ingenuity Pathway Analysis (IPA). IPA revealed upregulation and activation of most 

pathways in 4-month-old 5xFAD microglia compared to WT and in 5xFAD;CD33-/- versus 

5xFAD. Most pathways were downregulated and inhibited in 5xFAD;TREM2-/- microglia relative 

to 5xFAD, 5xFAD;CD33-/-;TREM2-/- compared to 5xFAD and 5xFAD;CD33-/-;TREM2-/- versus 

5xFAD;CD33-/- at 4 months of age. IPA analysis also showed that most pathways were 

upregulated and activated in 8-month-old 5xFAD microglia relative to WT. While CD33 knock-

out led to upregulation and activation of pathways, TREM2 knock-out resulted in downregulation 

and inhibition of pathways in 5xFAD microglia at 8 months of age. Activation Z-scores were 

generated by IPA; Z-score<-2, pathway inhibited; Z-score>2, pathway activated; p-value<0.05. 

N/A: not applicable. See also Tables S1, S3 and S5. 
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