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Alzheimer’s disease (AD) is characterized by intracellular tau aggregates and extracellular
deposition of amyloid-β (Aβ). The major genetic risk factor to develop AD is the
Apolipoprotein E isoform 4 (ApoE4). ApoE4 may directly affect Aβ pathology, yet the
exact role of ApoE4 in the progression of AD remains unclear. Although astrocytes are
the main source of ApoE in brain tissue, other cell types might contribute to ApoE
isotype-dependent effects. While ApoE expression does not play a relevant role in
homeostatic microglia, we and others could recently show that ApoE expression is
significant upregulated in disease-associated microglia including AD-mouse models and
human AD. ApoE has been supposed to have an anti-inflammatory effect, with ApoE4
being less effective than ApoE3. However, ApoE-isotype specific effects on microglia
function in disease have not been thoroughly investigated to date. In contrast to this,
the role of ApoE2, the third most common major ApoE isoform, in neurodegeneration
has not been characterized in detail, but it has been shown to delay the onset of
disease in familial AD. To elucidate the differential roles of the three-major human ApoE
isoforms on microglia function we each expressed the human ApoE isoforms in murine
N9 microglia cells. We could show that ApoE4 specifically influences actin cytoskeleton
rearrangement and morphology. In migration assays, ApoE4 significantly promotes cell
motility. To quantify phagocytosis by microglia we established an uptake assay based
on imaging flow cytometry. Although expression of ApoE4 led to significantly reduced
uptake of Aβ in contrast to the other isoforms, we could show that ApoE4 specifically
increased phagocytosis of apoptotic neuronal cells. Our findings show that ApoE4
intrinsically affects microglia physiology by upregulating motility and phagocytic behavior
in vitro and may therefore specifically contribute to microglia dysregulation in AD.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disease with an increasing risk in the elderly which
is characterized by the intracellular deposition of tau aggregates and extracellular by Aβ plaque
accumulation (Reiman et al., 2009; Jucker and Walker, 2011). While only a small percentage of all
AD cases are familial with mutations in the amyloid precursor protein or Aβ processing proteins,
most cases of AD are sporadic. However, beside of age, carrying the allele of the human ApoE4 is the
major genetic risk factor to develop late onset or sporadic AD (Corder et al., 1993). Homozygous
carriers of ApoE4 have a 12-fold increased risk for developing AD and a decrease in the age of
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onset (Corder et al., 1993; Roses, 1996; Yu et al., 2014). In
humans, three major isoforms (ApoE2, ApoE3, ApoE4) exist,
that differ in only one or two single amino acids. ApoE3 is
homozygous in more than 60% of the population and therefore
the most common isoform. In contrast to ApoE4 which increases
the risk to develop AD, carriers of the ApoE2 isoform have a
delay in the age of onset in familial AD (Velez et al., 2016). In
the brain, ApoE is mainly produced by astrocytes. However, also
other cell types might contribute to ApoE expression to much
lesser degree (Pitas et al., 1987; Uchihara et al., 1995; Bu, 2009).
How ApoE4 increases the risk to promote AD is actually not
completely clear. ApoE has been shown to co-localize with Aβ

and accelerates Aβ aggregation. ApoE limits accumulation of Aβ

in an isoform dependent manner (Schmechel et al., 1993; Bales
et al., 1997), suggesting it may have an effect on its clearance
and prompting research on isoform-dependent inflammatory
mechanisms. Much of the work that deals with the potential role
of ApoE4 in AD examines its relationship to Aβ. It has already
been observed a positive correlation between ApoE4 allele dose
and Aβ plaques density in post mortem brain tissue of individuals
with AD (Rebeck et al., 1993). Furthermore, it is widely believed
that ApoE4 affects the production, clearance and aggregation of
Aβ (Liu et al., 2013; Huynh et al., 2017). ApoE4 may also play
an important role in tau pathogenesis, since a recent study in
a murine model of tauopathy co-expressing human ApoE4 led
to a significant increase in neurodegeneration compared to that
seen with other ApoE isoforms (Shi et al., 2017). Although both,
tau and Aβ, are central components of AD pathology, immune
cells, especially microglia have been increasingly implicated to
play important roles in disease progression in neurodegenerative
diseases (Heneka et al., 2015).

Microglia are the innate immune cells of the brain. While
ApoE is expressed at very low levels by adult microglia in the
healthy brain (Butovsky et al., 2014), we and others could show
that ApoE is significantly upregulated in dysregulated microglia
in the diseased brain (Chiu et al., 2013; Krasemann et al.,
2017). Resting microglia constantly monitor the environment
with their processes to screen the brain parenchyma for
pathogens or cell debris (Nimmerjahn et al., 2005). Upon
different stimuli such as invading pathogens, cellular debris
and protein aggregates, they quickly change from a resting
to an activated status (Kreutzberg, 1996). Cell morphology
could be changed to an amoeboid form, which improves their
motility (Leu and Maa, 2003; Dibaj et al., 2010; Kettenmann
et al., 2011). These features are important for migration,
pathogen recognition and the modulation of immune response,
including the release of cytokines and phagocytosis of various
debris (Ransohoff and Perry, 2009). While microglia display a
unique homeostatic molecular and functional signature in the
healthy brain (Gautier et al., 2012; Butovsky et al., 2014), this
is lost during activation or in disease progression (Butovsky
et al., 2015; Holtman et al., 2015). Recent studies identified
a common disease-associated microglial signature which is
associated with an increase of mainly pro-inflammatory genes,
while homeostatic genes are downregulated (Chiu et al., 2013;
Hickman et al., 2013; Orre et al., 2014; Keren-Shaul et al.,
2017; Krasemann et al., 2017). Interestingly, ApoE is one

of the top upregulated genes in disease associated microglia.
Therefore, ApoE might be a critical factor in the dysregulation
of microglia cells by inducing a specific transcriptional
program in neurodegenerative diseases (Krasemann et al., 2017).
Interestingly, the ApoE2 haplotype seems to be associated with
a reduced age-related expression signature in human microglia
in aging, pointing to a protective effect specifically in microglia
(Olah et al., 2018). However, it is currently not known, if
human ApoE4 specifically contributes to intrinsic dysregulation
of microglia in disease.

To determine the potential differential effects of the three
major human ApoE isoforms on microglia phenotypes and
functions, we generated the three different human ApoE
expressing cell lines based on the microglia cell line N9.
We could show that specifically ApoE4 increases direct
and indirect migration. Moreover, we demonstrated that the
isoform ApoE4 influences the microglial actin cytoskeleton.
Since Lin et al. (2018) showed that microglia derived from
induced pluripotent stem cells expressing ApoE4 showed
decreased phagocytosis of Aβ than those expressing ApoE3,
we also investigated this function in our model: we could
confirm the decreased Aβ phagocytosis caused by ApoE4
expression in N9 cells. Interestingly, ApoE2 did not increase
phagocytosis of Aβ. To assess the ability of ApoE isoforms to
influence microglial phagocytosis of apoptotic cells, we quantified
these phagocytic microglia using imaging flow cytometry. In
contrast to the findings regarding phagocytosis of Aβ, here,
ApoE4 expressing microglia displayed significantly increased
phagocytosis toward apoptotic neuronal cells. Our results
indicate that ApoE4 expression might intrinsically predispose
microglial toward a dysregulated phenotype. ApoE4 might
therefore also facilitate the switch from healthy to disease-
associated microglia in AD.

RESULTS

ApoE4-Expressing N9 Cells Display a
Dysregulated Phenotype
To investigate the differential role of human ApoE isoforms on
microglial physiology we each expressed one of the three
major human ApoE isoforms in murine N9 microglia
cells (designated as N9.ApoE2, N9.ApoE3, N9.ApoE4).
Expression levels of murine ApoE is generally low in N9
cells and remained unchanged after transfection of the
human isoforms when assessed by qPCR and western blot
analysis (Figures 1A,B and Supplementary Figure 1A).
RNA levels of the different human ApoE isoforms were
comparable, although N9.ApoE4 showed a slightly reduced
expression level in western blot analysis (not significant),
which might be due to the fact that ApoE4 could be
degraded faster than the other isoforms (Tamboli et al.,
2014). Additionally, as a control, we generated a full ApoE
knockout cell line (N9.ApoEKO) applying the CRISPR/Cas9-
system (Figure 1A and Supplementary Figure 1A) which show
no ApoE expression anymore. These cell lines were taken for
further investigation.
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FIGURE 1 | Microglia morphology is changed upon ApoE4 expression. (A) Western Blot analysis of the expression of the three human ApoE isoforms in the
microglial cell line N9. PDI displays protein loading. N9.ApoEKO shows no expression of ApoE (n = 3). (B) qPCR analysis of human ApoE RNA-expression
normalized against murine GapDH levels. Expression of human ApoE is only abundant in cells with human ApoE transduction and levels are comparable (n = 3). (C)
Representative pictures of immunofluorescent imaging show changes in morphology of N9.ApoE4 and N9.ApoEKO. N9.ApoE4 demonstrates a significant increase
in cell area (D), and nucleus size (E), whereby N9.ApoEKO displays a decrease in both. Additionally, many of N9.ApoE4 cells are much larger in comparison to the
cells of the other cell lines (n = 7). Statistical significance was set up at ∗∗p < 0.01 and ∗∗∗p < 0.001.

To determine, if the major genetic risk factor to develop
AD, ApoE4, leads to a more dysregulated/pro-inflammatory
phenotype after inflammatory stimulation in N9 microglia
cells, we perform gene expression analysis using NanoString
technology. For this, we treated N9.ApoE3 and N9.ApoE4
cells with lipopolysaccharide (LPS), a potent toll-like receptor
4 (TLR-4) agonist. This treatment had been shown to induce
isoform specific effects on cytokine production (TNFα, IL-
6, IL12p40) in primary microglia derived from newborn
humanized ApoE3 versus ApoE4 knock–in mice (Vitek et al.,
2009). After 24 h of LPS treatment we analyzed changes in

gene expression by directly measuring RNA counts using the
NanoString mouse neuroinflammation panel. Expression of
pro-inflammatory cytokines including TNFα was significantly
increased after LPS treatment in N9.ApoE3 cells (Supplementary
Figures 2A,B and Supplementary Table 1). However, ApoE3
versus 4 isoform specific changes after LPS treatment were
confined only to a subset of the detected genes (Supplementary
Figures 2C,D and Supplementary Tables 2, 3). These did
not include TNFα or IL-6, but several other genes involved in
pro-inflammatory signaling and cell stress. Moreover, expression
of the disease marker Spp1 was affected by ApoE-isoform and
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FIGURE 2 | 3D-reconstruction of z-stack images display discoidal morphology of N9.ApoE4 cells. (A) Two representative z-stack images from N9.Wt, N9.ApoE4,
and N9.ApoEKO were reconstructed with IMARIS ×64 software. N9.ApoE4 show a more discoidal cell form in comparison to N9.Wt and N9.ApoEKO. In addition,
N9.ApoE4 have distinct actin stress fibers (n = 5). (B) Quantification of cell volume demonstrate no significant differences in N9.ApoE4 and N9.ApoEKO in
comparison to N9.Wt (n = 5).

more upregulated in treated N9.ApoE4 cells (Supplementary
Figure 2D). Of note, a transcription factor from the Mef-family,
Mef2c, that we identified as key regulators affected by the
ApoE pathway in dysregulated microglia in vivo, was also
significantly affected by ApoE4 (Supplementary Figures 2C,D;
Krasemann et al., 2017).

ApoE4 Specifically Modifies Cell
Morphology and Actin Cytoskeleton
The cell morphology is important for the regulation of many
physiologically processes. Recently, Lin et al. (2018) showed
altered morphologies of ApoE3 versus ApoE4 expressing

iPSC-derived microglia-like cells. Therefore, we wanted to
investigate if ApoE isoforms differentially influence the actin
cytoskeleton of our microglia cell lines. Moreover, we wanted
to assess, if ApoE2 specifically could counteract potential
effects. We first examined cell morphology using confocal
microscopy and observed a shift in cell shape in N9.ApoE4
and N9.ApoEKO cells compared to all others. The majority
of N9.ApoE4 cells showed a significant increase in cell and
nucleus area and displayed more discoidal shaped cells
when compared to N9 wildtype (N9.Wt), N9.ApoE2 and
N9.ApoE3 (Figures 1C–E). Of note, ApoE2 expression did
not change the morphology of N9 cells. In contrast, only
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FIGURE 3 | ApoE4 leads to an increase in nucleus volume and cell diameter. (A) Cell diameter of 5000 cells of each ApoE-isoform was measured at a magnification
of 40×. N9.ApoE4 demonstrate an increase whereas N9.ApoEKO show a decrease in cell diameter in comparison to the other cell lines. (B) Quantification of cell
diameter of five independent experiments (n = 5) was done with AMARIS software. (C) Representative images of the pictures taken with imaging flow cytometry.
5000 cells were measured at a magnification of 40×. Ch01: bright-field; Ch07: DAPI. (D) Quantification of nucleus volume with AMARIS software showed an
increase in N9.ApoE4, whereby N9.ApoEKO display a decrease in comparison to N9.ApoE3 and N9.ApoE4 (n = 6). Statistical significance was set up at ∗p < 0.05
and ∗∗∗p < 0.001.

in N9.ApoE4 cells we observed distinct actin stress fibers
together with an increase in expression of Actin, which
we confirmed via immune fluorescence microscopy and
qPCR (Supplementary Figures 1B,C). Actin stress fibers,
cytoskeletal structures composed of contractile actin and
myosin bundles, are another crucial aspect in regulating
cell motility (Tojkander et al., 2012). If the structure of
actin stress fibers is disturbed this might lead to an altered
migration behavior of microglia cells (Pantaloni et al., 2001;
Wehrle-Haller and Imhof, 2003).

As we only observed morphological differences in N9.ApoE4
and N9.ApoEKO cells, these were examined more closely.
Applying 3D reconstruction we found that N9.ApoEKO
displayed a reduction in cell volume in comparison to N9.Wt
(Figure 2A). In contrast, N9.ApoE4 expressing cells showed
increased cell area (Figure 1D) but no change in cell volume in
comparison to N9.Wt (Figure 2B). Interestingly, cells were more
flattened and discoidal in comparison to N9.ApoEKO, which
showed a more round shape.

To independently quantify total cell diameter of the different
human ApoE isoform expressing cells by an automated method
and higher throughput, we performed imaging flow cytometry.
For this, we detached cells from the culture dish to measure
cell diameter independent on, e.g., process formation. We found

a decrease in the cell diameter in N9.ApoKO cells, whereby
N9.ApoE4 cells showed no changes (Figures 3A,B). The position
and movement of the nucleus inside the cell is a key mechanism
for motility and mostly specifies the direction of cell migration
(Gomes et al., 2005; Gundersen and Worman, 2013; Bone and
Starr, 2016). Cell nuclei are plastic and shaped by intracellular
forces, especially the cytoskeleton (Chang et al., 2013; Doyle
et al., 2013; Calero-Cuenca et al., 2018). Therefore, we measured
likewise the nucleus volume with imaging flow cytometry after
DAPI staining. We found an increase in nucleus volume in
N9.ApoE4 cells, whereby N9.ApoEKO again showed a decrease
(Figures 3C,D).

Taken together, these results displayed a dysregulation in
actin cytoskeleton by expression of the human ApoE isoform
4 stressing the importance of ApoE4 as a potential modulator
of actin cytoskeleton which determined cell morphology. In
contrast, ApoE2 expression cells did not show an effect on cell
morphology in our assays.

ApoE4 Expression Increases Motility of
Microglial N9 Cells in vitro
Rearrangement of actin cytoskeleton is a prerequisite for cell
migration. Therefore we wanted to asses if expression of
N9.ApoE4 likewise changed migration behavior. To determine

Frontiers in Cellular Neuroscience | www.frontiersin.org 5 May 2019 | Volume 13 | Article 181

https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-13-00181 April 30, 2019 Time: 16:53 # 6

Muth et al. ApoE4 Specific Microglia Dysfunction

FIGURE 4 | Migration of microglia cells is ApoE-isoform dependent. (A) Representative images of motility in transwell assays and (B) quantification of migrating cell
number demonstrate a significant increase in cell motility of N9.ApoE4 and a significant decrease of N9.ApoEKO (n = 12; magnification 10×). (C,D) Representative
images of migrating cells toward C5a (20 ng/ml) display a significant increase in cell motility of N9.ApoE4 and a significant reduction of N9.ApoEKO migration (n = 8;
magnification 10×). (E,F) Representative images of scratch assay displayed a significant increase in the migration of N9.ApoE4 in comparison to N9.Wt, N9.ApoE2
and N9.ApoEKO confirming the results from transwell assay (n = 9). Statistical significance was set up at ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.

if ApoE4 specifically influences migration behavior, cell motility
was investigated using transwell assay. We observed a significant
increase of migration of N9.ApoE4 cells and a significant
decrease in N9.ApoEKO in contrast to all other cell lines
(Figures 4A,B). Interestingly, ApoE2 expressing cells did not
show a change in microglia motility. When we determined
migration toward 20 ng/ml of complement factor 5a (C5a)
as a chemoattractant we measured a slight increase of cell
migration in all five investigated cell lines. Interestingly,
the relative differences that we already detected without an
additional stimulation persisted. We observed a significant
increase of migration in N9.ApoE4 cells and a significant
decrease in N9.ApoEKO in contrast to all other cell lines. Again,
ApoE2 did not behave different from N9.WT or N9.ApoE3
(Figures 4C,D). Our results therefore rather point to an
intrinsic dysregulation of microglia properties in the ApoE4-
expressing cells.

In contrast to the directed migration in transwell assay,
we also measured general migration using scratch assay.

Using this independent method, we confirmed the significant
increase in cell motility in N9.ApoE4 in comparison to
N9.Wt (Figures 4E,F). Likewise, N9.ApoEKO showed a
decrease in directional migration in comparison to the
other cell lines. Interestingly, again, we found no influence
of the isoform ApoE2 on the migration of N9 cells. To
get a more detailed insight into the dysregulation of
migration, we assessed expression of rho-associated coiled-
coil-containing protein kinase 1 (ROCK1), which is involved
in cell motility and actin cytoskeleton rearrangement
(Riento and Ridley, 2003). ROCK1 expression is specifically
dysregulated in N9.ApoE4 cells (Supplementary Figure 3)
when measured via qPCR and western blot analysis. The
intrinsic increase in motility in ApoE4 expressing cells,
which could be facilitated by the detected changes in
actin cytoskeleton, underlines the putative influence of
ApoE-isoforms in microglia physiology. We hypothesize
that ApoE4 might lead to an intrinsic dysregulation
of microglia without the need of additional stimuli,
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FIGURE 5 | Microglia phagocytosis of apoptotic N2a-cells is upregulated in N9.ApoE4 cells in vitro. (A) Representative pictures of imaging flow cytometry (Image
Stream Mark II, Merk) of N9-cells (purple) after phagocytosis of labeled UV-treated neurons (green). Ch01: brightfield; Ch02: PKH67 (UV-treated N2a cells,
apoptotic); Ch06: side scatter; Ch12: PE-Cy7-anti-CD11b (N9-cells); Ch02/12: overlay of Ch02 and Ch12. The images demonstrate the significantly upregulated
phagocytosis by N9.ApoE4 in comparison to N9.Wt. Cells with ApoE knockout show a significant decrease in phagocytosing apoptotic cells or debris [a total of
45.000 cells was analyzed in n = 3 (including each three technical replicates of 5000 cells)]. (B) Gating of PKH67+PE-Cy7+N9 cells was done with AMARIS
software. (C) 5.000 N9 cells of each group were quantified with AMARIS and Prism software. (D) Quantification of the amount and size of phagocytosed
fragments/cells was done manually (small: <∼3.5 µm; medium: ∼3.5–7 µm; big: >∼7 µm). N9.ApoE4 phagocytose more and bigger fragments than N9.Wt and
N9.ApoEKO (n = 100 cells). Statistical significance was set up at ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.

thus preceding and accelerating the disease-associated
phenotype of microglia cells in carriers of ApoE4 in
neurodegenerative disease.

Phagocytosis of Apoptotic Cells Is
Increased Whereby Aβ Phagocytosis Is
Diminished in ApoE4 Expressing
Microglia Cells
Removal of pathogens but also of cellular debris, apoptotic cells,
and misfolded proteins from the brain is another key feature of

microglia in health and disease (Fu et al., 2014). While in the
healthy brain, phagocytosis of synapses and neurons especially
during development is mandatory for proper brain function
(Stevens and Schafer, 2018) it could be shown that microglia
may also cause neuronal death by phagocytosis of stressed but
viable neurons (Neher et al., 2011). To investigate the potential
influence of ApoE haplotypes specifically on phagocytosis of
apoptotic neurons, we determined uptake efficiency of apoptotic
cells by our set of N9 microglia expressing the different
human ApoE isoforms using imaging flow cytometry. For
this, neuronal cells were UV-treated to induce apoptosis and

Frontiers in Cellular Neuroscience | www.frontiersin.org 7 May 2019 | Volume 13 | Article 181

https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-13-00181 April 30, 2019 Time: 16:53 # 8

Muth et al. ApoE4 Specific Microglia Dysfunction

FIGURE 6 | Microglia phagocytosis of aged/oligomerized Aβ42 is decreased in N9.ApoE4 cells. (A) Representative pictures of imaging flow cytometry of N9
microglia-cells (purple) after phagocytosis of aged/oligomerized FITC-labeled Aβ42 (green). Ch01: brightfield; Ch02: FITC (aged/oligomerized Aβ42); Ch06:
PE-Cy7-anti-CD11b (N9 microglia-cells); Ch12: side scatter; Ch02/12: overlay of Ch02 and Ch06. The images demonstrate the significantly decreased phagocytosis
by N9.ApoE4 in comparison to the other cell lines [a total of 75.000 cells was analyzed in n = 5 (including each three technical replicates of 5000 cells)]. (B) Gating of
FITC+PE-Cy7+N9 cells was done with AMARIS software. (C) 5.000 N9 cells of each group were quantified with AMARIS and Prism software. Statistical significance
was set up at ∗∗p < 0.01 and ∗∗∗p < 0.001.

were subsequently fluorescently labeled and then fed to the
different N9 microglia cells at a proportion of apoptotic neurons
to N9 microglia cells being 1:3. Phagocytosis efficiency of
microglia where then measured by imaging flow cytometry
and the phagocytosing cells PE-Cy7+PKH67+ were gated from
non-phagocytic PE-Cy7+PKH67− cells. Additionally, single
cell images of phagocytic microglia were taken. Interestingly,
quantification revealed that N9.ApoE4 were significantly more
effective in phagocytosis of apoptotic cells than N9.ApoE2
or N9.ApoE3, while N9.ApoEKO showed the lowest uptake
efficiency (Figures 5A–C). Next, we analyzed the amount and
size of phagocytosed cells and cell fragments in more detail,
assessing the content of 100 randomly chosen cells from
each group (Figure 5D). Here, we found that N9.ApoEKO
phagocytosed preferentially small pieces of labeled material,
probably representing cell fragments. In contrast, N9.ApoE4
cells phagocytosed the highest amount of big, round-shaped

fragments, presumably representing entire apoptotic cells, in
comparison to all other cell lines. Again, ApoE2-expressing
cells did not differ from WT or ApoE3-expressing microglia
cells (Figures 5A–D).

The increase of phagocytosis efficiency of apoptotic neurons
in ApoE4 expressing cells in our model is in striking contrast to
the findings that Aβ clearance is rather decreased by the presence
of ApoE4 expression. Lin et al. (2018) showed that microglia-
like cells differentiate from iPSCs harboring the ApoE4 gene took
up Aβ42 more slowly than microglia-like cells with the ApoE3
variant. However, the putative beneficial effects of ApoE2 were
not assessed in this study. Thus, we wanted to address this feature
in our independent model. For this, we set up a phagocytosis
assay with aged/oligomerized Aβ42 and measured phagocytosing
efficiency again via imaging flow cytometry. After incubation of
N9 cells with oligomerized/aged Aβ42, we observed a significant
decrease in the phagocytosis of FITC-labeled Aβ42 after 30 min in
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N9.ApoE4 in comparison to the other cell lines (Figures 6A–C).
Contrary to putative beneficial effects of ApoE2 on time of disease
onset in familial AD, our N9.ApoE2 cells showed no increase in
phagocytosis of the aged/oligomerized Aβ42.

Whereby the phagocytosis of apoptotic neurons is increased
on the one hand, phagocytosis of aged/oligomerized Aβ42 is
decreased in microglia cells expressing the ApoE4 isoform.
This observations underlines the putative intrinsic dysregulation
of ApoE4-expressing microglia toward different cues that they
are challenged with in the neurodegenerative brain. Of note,
we recently showed in vivo that phagocytosis of apoptotic
cells per se induces a dysregulated, disease like phenotype in
microglia (Krasemann et al., 2017). Therefore, the intrinsic
ability of ApoE4 to more efficiently phagocytosis of apoptotic
cells might start a more severe cycle of dysregulation and
synaptic/neuronal toxicity specifically in carriers of the ApoE4
allele. This is in line with recent investigations in a mouse
model of tauopathy, where specifically in mice carrying the
human ApoE4, widespread neuronal loss could be detected
(Shi et al., 2017). Further studies in vitro and in vivo are
warranted to identify if and how the intrinsic dysregulation of
ApoE4 microglia might impact selective phagocytosis, microglia
dysfunction and neurodegeneration.

DISCUSSION

ApoE4 is the major genetic risk factor to develop sporadic AD,
even if only abundant with one allele (Noguchi et al., 1993;
Strittmatter et al., 1993). A variety of models for an ApoE4
specific disease mechanism have been proposed, e.g., several
studies have shown a correlation between ApoE4 expression and
the increase of Aβ aggregation (Bales et al., 1997). Moreover, it
was proposed that the isoform ApoE4 is less anti-inflammatory
than the isoform ApoE3 (Barger and Harmon, 1997; Zhu et al.,
2012). Interestingly, ApoE4 aggravates neurodegeneration in a
mouse model of tauopathy independently of Aβ and renders
neurons more vulnerable to degeneration, whereas the deficiency
of ApoE is neuroprotective (Shi et al., 2017). In contrast to
ApoE4, the isoform ApoE2 was found to act beneficial in familial
AD, since it is delaying the age of disease onset (Velez et al., 2016).
We could recently show that upregulation of ApoE expression
plays a key role in microglia dysregulation in disease (Krasemann
et al., 2017). To elucidate, if ApoE isoforms, especially ApoE2
or ApoE4, play a specific role in microglia function in disease,
we used the microglial cell line N9 with expression of the
different human ApoE isoforms as well as an ApoE knockout.
We investigated potential changes in characteristic hallmarks of
microglia in vitro, since it is difficult to dissect key functions of
microglia in vivo. We used the microglial cell line N9, which
might be superior over BV2 cells or even primary microglia from
newborn mice: While N9 show some overlapping expression
characteristics with adult microglia, primary microglia isolated
from brains of newborn mice display an expression signature that
is very different from microglia in the adult brain (Hickman et al.,
2008; Butovsky et al., 2014). We overexpressed the three major
human ApoE isoforms in N9 cells, which is resembling disease

situation and where we likewise detected significant upregulation
of ApoE expression in mouse models of neurodegenerative
diseases and human AD (Krasemann et al., 2017).

In contrast to Vitek et al. (2009), which showed upregulation
of TNFα and IL-6 in microglia derived from newborn APOE4/4
in comparison to APOE3/3 targeted replacement mice, we did
not detect ApoE isoform dependent changes of the classical
cytokine profile after treatment with LPS. On the other hand,
we could detect significant ApoE4 isoform specific influence on
the pro-inflammatory and cell-stress associated expression profile
after LPS treatment that clearly point to a more disease associated
phenotype of the N9.ApoE4 cells. This discrepancy might be due
to differences in the model system: While we overexpressed the
ApoE isoforms, Vitek et al. (2009) used microglia cells derived
from newborn mice which usually show very high expression of
ApoE (Butovsky et al., 2014), but that regulate ApoE expression
under the endogenous promotor. The latter is targeted by LPS
treatment and leads to downregulation of ApoE expression
(Supplementary Figure 2C), as we could recently show in vivo
(Krasemann et al., 2017). Therefore, our stable overexpression
may have masked some of the effects that were measured by Vitek
et al. (2009), while in our study, the effects that are independent of
the ApoE downregulation, but dependent on the ApoE isoform,
might have become evident.

In our investigations, we observed changes in cell morphology
in an ApoE isoform dependent manner. Vitek et al. (2009)
additionally showed via bright field microscopy that microglia
derived from APOE4/4 in comparison to APOE3/3 targeted
replacement mice demonstrate an altered cell morphology. We
likewise detected an altered morphology of ApoE4 expressing
cells via confocal microscopy, 3D reconstruction and imaging
flow cytometry. In addition to the known data, we demonstrated
that N9 cells expressing ApoE4 showed an increase in cell area,
cell diameter and nucleus volume, characteristic actin stress fibers
as well as an increase in actin expression. Both the formation
of actin stress fibers and the nucleus size have been shown
to influence actin cytoskeleton as well as cell motility (Byers
et al., 1992; Gomes et al., 2005). However, changes in actin
dynamics have been shown to be associated with neurological
disorders (Pollard and Cooper, 2009). Several studies addressed
potential intracellular functions/dysfunctions of ApoE, although
the exact mechanisms of these unusual properties were not
elucidated to date. Huang and Mahley (2014) reviewed the
putative intracellular functions of ApoE including adverse effects
on cytoskeletal assembly and stability, mitochondrial integrity
and function, and dendritic morphology and function in neurons.
They could show that neuronal ApoE, especially ApoE4, is
undergoing proteolytic processing which result in C-terminal
truncated fragments that cause cytoskeletal changes (Huang and
Mahley, 2014). Moreover, it could be shown that intracellular
ApoE fragmentation is especially linked to amyloid pathology
as in brains of AD mouse models and patients with AD
(Huang et al., 2001; Saul and Wirths, 2017). Alternatively,
Theendakara et al. (2016) demonstrated that ApoE might also
function as a transcription factor in neurons. Interestingly, they
reported that ApoE3 and ApoE4 seem to target and influence
expression of different genes, with ApoE4 effecting specifically
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genes associated with microtubule disassembly and synaptic
functions (Theendakara et al., 2016). These alternative ApoE
functions might also account for the distinct phenotypes that
we and others detected in ApoE3- versus ApoE4-expressing
microglia. Of note, in our former study, we could show that
ApoE is inducing a specific transcriptional pattern in microglia
after phagocytosis of apoptotic neurons (Krasemann et al., 2017).
However, we did not assess the putative differences of the three
human ApoE haplotypes on this regulatory network.

However, ApoE4 may support a more aggressive phenotype
in disease situation and might be a factor leading to increased
cell motility, as we shown in the results published here. ApoE-
dependent migration was also shown by Cudaback et al. (2011)
using primary microglia derived from human ApoE targeted
replacement mice. While in our model ApoE4 specifically leads
to an intrinsically increased migration and ApoE2 has no
effect on microglial motility regardless of a stimulus, Cudaback
et al. (2011) measured an ApoE isoform-specific modulation
of microglial motility only in response to distinct chemotactic
stimuli generally associated with neurodegenerative disorders.
A putative explanation for the described discrepancy might
be the use of different filters for the transwell assays. While
we used 8 µm filters as has been utilized by Mazaheri et al.
(2017), the Cudaback-study used 10 µm filters. This might
have well facilitated mobility toward C5a and led to differences
in migration of microglia toward stimuli. Interestingly, using
microglia derived from ApoE-KO mice, Cudaback et al. (2011)
showed that knockout of ApoE is decreasing migration. A finding
that we likewise detected.

Besides migration, phagocytosis is another key function of
microglia. Microglia can eliminate pathogens, apoptotic cells,
misfolded proteins as well as synapses and processes of living
neurons from the brain, which could be beneficial or might be
disadvantageous in the context of neurodegenerative diseases
(Floden and Combs, 2011; Fu et al., 2014; Hong et al.,
2016). Recent studies demonstrate that microglia can cause
neuronal death by phagocytosis of stressed but still viable
neurons (Brown and Neher, 2014). Of note, Neher et al. (2011)
showed that blocking phagocytosis by microglia without affecting
inflammation is sufficient for the neurons to survive. Our
results showed an upregulation of phagocytosis of apoptotic cells
specifically in ApoE4 expressing cells. This might implicate that
the isoform ApoE4 starts an unfavorable cycle of phagocytosis
and dysregulation. Of note, we have recently shown that
phagocytosis of apoptotic neurons induces a specific expression
signature in microglia, which is very similar to that seen in
disease, including upregulation of ApoE expression (Krasemann
et al., 2017). This might be further aggravated by our finding
that phagocytosed cells and cell debris was bigger in ApoE4
expressing microglia than that of the other ApoE haplotypes. This
is in striking contrast to the uptake of aged/oligomerized Aβ42
in our microglia model: Here, we observed a significant decrease
in the phagocytosis of aged/oligomerized Aβ42 in N9.ApoE4
in comparison to the other cell lines. Our results are in line
with data from Lin et al. (2018) showing that ApoE4 expressing
microglia-like iPSCs derived cells exhibited a reduced clearance
of Aβ compared to those expressing ApoE3. Hu et al. (2015)

showed similar effects, but also investigated ApoE2 dependent
effects, which resulted in increased Aβ degradation. However,
ApoE2 expressing cells displayed no change in phagocytosis of
apoptotic cells or Aβ in our model. Li et al. (2012) studied
effects of Aβ endocytic trafficking and lysosomal degradation in
neurons and could demonstrate a similar ApoE-isoform specific
difference with ApoE4+-cells being least efficient. In contrast,
Pankiewicz et al. (2017) could show that the absolute reduction
of Aβ load was greatest in transgenic mice carrying ApoE4 after
antibody immunotherapy in aged APP transgenic mice with
targeted replacement of murine ApoE with the human ApoE
isoforms. This was associated with enhanced co-localization of
microglia with Aβ plaques. However, relative reduction levels
were not influenced by ApoE genotype. We could recently show
that neuronal degeneration in the plaque region in brains of AD
model mice is associated with increased expression of ApoE in
microglia and onset of microglia dysfunction (Krasemann et al.,
2017). It would be interesting to determine if immunotherapies
might alternatively stimulate microglia and in this pathway
target and decrease ApoE expression levels, thereby partially
restoring microglia function, leading to the effects measured
in the study by Pankiewicz et al. (2017). However, it has
been shown that microglia might well ingest neurons alive
under certain conditions (Neher et al., 2011). Such events
might be highly important in the context of Aβ pathology,
since it has been shown that Aβ seems to render live neurons
especially vulnerable to this type of phagocytosis (Neniskyte et al.,
2011). Considering our data, it appears that ApoE4 expression
specifically predispose microglia toward this detrimental path by
upregulating phagocytosis of apoptotic cells and reducing those
of Aβ. However, it remains to be clarified whether the current
data are transferable to microglia cells in vivo.

Our findings implies an intrinsic dysregulation by ApoE4
in different aspects of microglial physiology. The increase in
motility and apoptotic-cell phagocytic behavior of N9.ApoE4
microglia cells coupled with decreased phagocytosis of Aβ might
lead to an intrinsically higher aggressiveness toward distressed
neurons in neurodegeneration. Interestingly, we did not find any
influence on microglia cells by the beneficial isoform ApoE2 in
our model. However, it is possible that ApoE2 influence other
functions of microglia that might not be abundant in the in vitro
model. Therefore, novel tools for assessing microglia function
in vivo such as single cell expression analysis should be applied to
complement functional studies in vitro. Dissecting ApoE isoform
dependent microglia functions might help to get novel insights
into the details of AD pathology.

EXPERIMENTAL PROCEDURE

Cell Culture
N9 microglial cells were cultured in RPMI 1640 (Thermo
Fisher Scientific, Waltham, MA, United States) and Neuro2a
cells in Dulbecco’s modified Eagle’s medium (DMEM, Thermo
Fisher Scientific, Waltham, MA, United States). Both media
were supplemented with 10% fetal bovine serum (FBS, GE-
Healthcare, Piscataway, NJ, United States). The RPMI media
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of stable transfected ApoE overexpressing cells (N9.ApoE2,
N9.ApoE3, N9.ApoE4) contain Puromycin (2 µg/ml) for
selection. Whenever mentioned, the cells were treated for
transwell assay with 20 ng/ml of recombinant mouse complement
factor C5a (#2150-C5-025, R&D Systems, MN, United States)
for 2 h. Additionally, N9 microglia were immune activated to
perform subsequent gene expression analysis by stimulation with
LPS (Merck, Germany). For this, N9.ApoE3 and N9.ApoE4 cells
were treated with 100 ng/ml LPS in serum-free RPMI media for
24 h. Subsequently, RNA was extracted for further analyses.

Human ApoE Overexpression
Human ApoE3 (pBabe-PURO containing human
ApoE3) was purchased from addgene and recloned into
pcDNA3.1 (addgene, MA, United States). QuickChange
Lightning Site-Directed Mutagenesis Kit (Agilent, CA,
United States) was used for mutagenesis to human
ApoE2 (Fwd: 5′-ggtacactgccaggcacttctgcaggtcatc-3′; Rev: 5′-
gatgacctgcagaagtgcctggcagtgtacc-3′) and human ApoE4 (Fwd
5′-caggcggccgcgcacgtcctcca-3′; Rev 5′-tggaggacgtgcgcggccgcctg-
3′). These constructs were sequenced and all three confirmed
ApoE isoforms were re–cloned and used for lentiviral
transduction, which was performed in the “UKE Vector
Core Facility.”

Generation of N9 ApoE Knockout
For ApoE knockout in N9 cells we used the Guide-itTM

sgRNA In Vitro Transcription Kit (Takara Bio, United States)
according to the manufacturer’s protocol with the guide
RNA 5′-ccggcagcaatgtgaccaacagca-3′. 2.5 × 105 of N9 cells
were transfected using the VIROMER Yellow transfection kit
(lipocalyx, Halle, Germany) according to the manufacturer’s
protocol. Protein and mRNA expression was determined after
48 h. Transfected GFP-positive cells were selected by FACS
sorting and plated on a single cell level into wells. 15
Individual clones were further characterized by qPCR and
Western Blot analysis.

Western Blotting
Cells were lysed in Radioimmunoprecipitation assay Buffer
(50 mM Tris pH 7.2, 150 mM NaCl, 0.1% sodium dodecyl
sulfate (SDS), 0.5% sodium deoxycholate, 1% Triton X100, 1%
EDTA (0.5 M), 1% NP40) containing protease inhibitor cocktail
(Roche). Protein concentration of lysates were determined
by Bradford assay (Bio-Rad Laboratories, Hercules, CA,
United States). Lysate was mixed with sample buffer (0.5 M Tris–
HCL, pH 6.8, 15% SDS, 50% glycerol, 25% Aβ-mercaptoethanol,
0.01% bromophenol blue), incubated at 95◦C for 5 min and
loaded onto a 12 or 8% Bis/Tris SDS gel. Proteins were detected
with different primary antibodies in a Li-COR Odyssey CLx
system and signal strength were quantified with Image Studio
Version 5.2 (LI-COR, Nebraska, United States).

Sources of the antibodies were as follows: anti-ApoE (Merck,
AB947), anti-PDI (StressMarq, SPC-114). Fluorescence-
conjugated secondary antibodies were purchased from
Invitrogen, Thermo Scientific as followed: donkey-anti-mouse
(Alexa 790, A11371), goat-anti-mouse (Alexa 680, A28183),

goat-anti-rabbit (Alexa 680, A21109), goat-anti-rabbit (Alexa
790, A27041), rabbit-anti-goat (Alexa 680, A27020).

Imaging Flow Cytometry (Image Stream
X Mark II, Merck)
For investigation of the nucleus size, 5 × 106 N9 cells were
detached from the plate, fixated in 4% PFA for 20 min and
filtrated (30 µm). N9 cells were stained for 5 min with DAPI
(1 µg/ml) and diluted into Imaging Buffer. Per experiment, we
measured 5.000 N9 cells (magnification: 40×, fluidics: high).
Quantification was done by gating for DAPI-positive nuclei.
Afterward volume of the nucleus was calculated using a specific
mask from IDEAS 6.2 software.

For phagocytosis assay 5 × 105 N9 cells were seeded a day
before the experiment. In parallel, 2 × 105 N2a neuronal cells
were seeded and apoptosis was induced after 24 h in N2a cells
by treatment with UV-light for 30 min and subsequent 2 h
of incubation at 37◦C and 5% CO2. Afterward, neuronal N2a
cells were stained with PKH67 (1:250) (Merck, Germany) for
5 min, blocked with FBS (1:10) and washed thoroughly with PBS.
3× 105 stained, apoptotic N2a were fed to the plated N9 cells and
incubated overnight. Next day, N9 cells were washed to remove
remaining N2a cells, detached from the plate, fixated with 4%
PFA for 20 min and filtrated (30 µm). N9 cells were stained
for 20 min with PE-Cy7-CD11b antibody (1:50, anti-CD11b
monoclonal antibody (M1/70), PE-Cyanine 7, eBioscience, #25-
0112-82, Thermo Fisher Scientific, CA, United States) and diluted
into Imaging Buffer (PBS, 1% EDTA, 2% FBS). Per experiment
and ApoE-isotype, we measured 5.000 PE-Cy7-positive N9 cells
(magnification: 40×, fluidics: high). Quantification was done by
gating for PE-Cy7- and PKH67-positive cells (phagocytic cells)
and comparison to total measured cells.

For investigation of microglial phagocytosis of FITC-labeled
Aβ42 we first prepared the aged/oligomerized Aβ42. 1 mg/ml
stock solution of Aβ42 (GenicBio, Shanghai, China) was prepared
by dissolving the lyophilized powder in 1 ml 1× PBS containing
0.1% NaOH. The solution was sonicated for 15 min at room
temperature in a water bath, then incubated on a shaker at 37◦C
under heavy agitation for 1 h and incubated at room temperature
for at least 24 h. N9 cells were incubated with aged/oligomerized
Aβ42 (1 µg/ml) for 30 min. After incubation, the N9 cells were
intensively washed to remove excess Aβ and prepared for imaging
flow cytometry as described before.

Transwell Migration Assay
Directed migration through a membrane toward media or
20 ng/ml of recombinant mouse complement component
C5a (#2150-C5-025, R&D Systems, MN, United States) was
investigated in transwell assays (COSTAR 24 well plate with
inserts, 8 µm pore, Corning, NY, United States). 5 × 105

N9 cells were seeded in 100 µl media (RPMI complemented
with GlutaMAXTM, Thermo Fisher Scientific, Waltham, MA,
United States) in the top well while media alone or C5a
containing media (600 µl) was added to the bottom well. Cells
were incubated for 2 h at 37◦C and 5% CO2. After incubation
time the stationary cells were removed from the top. Cells which
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migrated through the filter were fixed with 4% PFA, followed
by permeabilization with 0.2% TritonX for 10 min (Roche,
Germany). After cell staining with DAPI (1 µg/ml), 6 images
of representative regions of each transwell were taken with an
ApoTOME (Zeiss) and migrated cells were quantified using Fiji
software with “cell counter” plugin.

Scratch Assay
Overall migration of N9 was assayed with 2 well migration
inserts (Culture-Insert 2 Well in µm dish 35 mm, ibidi, #81176,
Germany). 5 × 104 N9 cells were seeded into each insert-
chambers in 70 µl media (RPMI, Thermo Fisher Scientific,
Waltham, MA, United States). After 24 h, inserts were removed
and 1 ml of media was added to the dish (Thermo Fisher
Scientific; Waltham, MA, United States). Documentation was
performed every day by taking six representative pictures with an
ApoTOME (Zeiss) until the migrating cells covered the scratch.
Quantification was done with Fiji plugin “MRI wound healing
tool” with the first and the last day of assay documentation.

RNA Expression Analyses
Total RNA was isolated using the NucleoSpin RNA purification
kit (#740955.250, Macherey-Nagel, Germany) according to
the manufacturer’s protocol and cDNA was generated from
500 ng isolated RNA with TaqMan reverse transcription
polymerase chain reaction (TaqManTM Reverse Transcription
Reagents, #N8080234, Thermo Fisher Scientific, Waltham,
MA, United States). mRNA expression levels were determined
using EXPRESS qPCR Supermix (#1178501K, Thermo Fisher
Scientific, Waltham, MA, United States) and TaqMan gene
expression assays (Cat.No #4331182; Assay ID: Mm01307193_g1;
Hs00171168; Mm99999915) in a QuantStudio 5 (Thermo Fisher
Scientific, Waltham, MA, United States) with the following
standard program: 95◦C for 10 min, 40 cycles: 95◦C for 15 s, 60◦C
for 1 min. qPCRs were performed in triplicates for each sample
(n = 1 correspond to 3 replicates). Data sets were normalized
relative to Gapdh and are presented as relative expression in
comparison to Gapdh as mean+/− s.e.m.

Alternatively, multiplexed target profiling was performed
using the “Mouse Neuroinflammation expression panel” with
the NanoString nCounter technology1. 50 ng of total RNA per
sample were used in the nCounter panel to directly measure
RNA-counts according to the manufacturer’s suggested protocol.
NanoString data were normalized and analyzed using nSolver
4.0 software. RNA counts were normalized using the geometric
mean of the housekeeping genes included in the panel, after
validation against positive and negative controls. Background
thresholding was fixed at less than 20 counts. Fold changes were
calculated using the average of each group and were normalized.
Fold changes were calculated comparing treated and untreated
cells or comparing between ApoE3 and Apo4 haplotypes. T-tests
were calculated for pair-wise analyses followed by false discovery
rate adjusted p-value calculation using the Benjamini–Yekutieli
method. Heatmaps and clustering were generated in R (version

1http://www.nanostring.com/

3.3.2) using heatmap.2 from the gplots package. Volcano plots
were generated by nSolver advance analysis 2.0 package.

Immunofluorescent Microscopy and
Quantification
N9 were seeded in channel slides (µ-slide VI 0.5 glass
bottom, ibidi, Germany) at a density of 4 × 103 cells
per channel. Cells were fixed after 24 h with 4% PFA,
followed by permeabilization with 0.2% of TritonX (Roche,
Germany) and blocked with Blocking Buffer (Pierce Protein-
Free T20 (TBS) Blocking Buffer, Thermo Fisher Scientific,
United States). Primary antibody (Goat anti-Apolipoprotein E,
1:500, #AB947, Merck, Germany) was incubated overnight at
4◦C. After washing, secondary antibody (Rabbit anti-goat IgG
Superclonal, Alexa Fluor 680, 1:50, Thermo Fisher Scientific)
was incubated for 90 min. After repeated washing, actin was
stained with Rhodamine-Phalloidin (Thermo Fisher Scientific)
for 20 min at RT. Finally, cells were mounted with 4.6-
diamidino-2-phenylindole (DAPI) Fluoromount-G (Southern
Biotech, Birmingham, AL, United States) and images were
taken with a TCS SP8 (Leica Microsystems, Wetzlar, Germany)
confocal microscope. Analysis was done with Fiji and IMARIS
×64 software.

Statistically Analysis of Data
Statistically analyses were performed using GraphPad Prism
5 (LaJolla, CA, United States). Experimental groups were
compared using students-t-test and one-way-ANOVA (followed
by Tukey’s post hoc test). Statistical significance was set up at
p-values < 0.05 (∗), < 0.01 (∗∗), < 0.001 (∗∗∗), < 0.0001 (∗∗∗∗).
Data were plotted using GraphPad Prism 5 showing standard
error of the mean.
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FIGURE S1 | Actin expression is increased in N9.ApoE4 cells. (A) qPCR analysis
of murine ApoE RNA-expression in transfected cells normalized against murine
GapDH levels. All cell lines except N9.ApoEKO express murine ApoE at a very
low, endogenous level. (B) Actin expression of N9.ApoE4 was significant increase
in microglia cells when investigated using confocal microscopy in comparison to
N9.Wt (n = 5). (C) The significant increase in actin expression of N9.ApoE4 cells
could be confirmed by qPCR (normalized against Gapdh, n = 5).

FIGURE S2 | Proinflammatory signaling is altered in N9.ApoE4 after LPS
treatment. The NanoString nCounter Mouse Neuroinflammation Panel was used
to evaluate gene expression analysis of inflammation-relevant genes, in N9.ApoE3
and N9.ApoE4 after 24 h of treatment with 100 ng/ml LPS. (A) Heatmap depicting
cluster analysis for gene expression levels of 389 out of the 770 genes included in
the panel that presented differential expression (upregulated red, downregulated
blue) between N9.ApoE3 cells as controls (n = 3, black bar) and LPS treated
ApoE3 (n = 3 blue bar) and ApoE4 (n = 3, red bar) N9 cells. (B) Volcano plot for
t-test pairwise analysis between LPS treated and control N9.ApoE3 cells. 152
genes showed to be differentially regulated between treated N9.ApoE3 cells and
controls after adjusting for false discovery rate (FDR) using the Benjamini–Yekutieli
procedure (see Supplementary Table 1). (C) Boxplots displaying significantly
different expression in LPS treated and untreated ApoE3/4 N9 cells after Two-way
ANOVA analysis. Expression levels of Bruton tyrosine kinase (Btk), Myocyte
Enhancer Factor 2C (MEF2c) and Triggering receptor expressed on myeloid cells 2

(Trem2) are significantly decreased in LPS treated cells, particularly in N9.ApoE4
treated cells. Conversely, expression levels of Interleukin-1 receptor antagonist
(Il1rn), Sequestosome-1 (Sqstm1) and TNF receptor-associated factor 2 (Traf2),
showed to be significantly upregulated after LPS treatment, with higher expression
levels in N9.ApoE4 treated cells. This trend was not observed in Transcription
factor MafF (Maff) expression levels, in which, although significantly upregulated in
ApoE transfected N9 cells after LPS treatment, N9.ApoE4 cells expressed
significantly lower levels than N9.ApoE3 cells. ApoE expression levels of the
endogenous mouse ApoE are depicted as controls, with LPS treated cells
showing significantly lower levels, (n = 3, see also Supplementary Table 2). (D)
Volcano plot for t-test pairwise analysis between LPS treated N9.ApoE3 versus
N9.ApoE4 cells. Nine genes showed to be differentially regulated between treated
cells after adjusting for FDR using the Benjamini–Yekutieli procedure (see
Supplementary Table 3).

FIGURE S3 | ROCK1 expression is dysregulated in N9.ApoE4. (A) Western Blot
analysis of ROCK1. PDI displays protein loading. (B) Quantification shows a
significant downregulation of ROCK1 in N9.ApoE4 in comparison to N9.Wt (n = 9).
(C) Quantification of RNA-expression level of Rock1 shows a significant decrease
in N9.ApoE4 in comparison to N9.Wt (n = 7). Murine GapDH were used as
endogenous control.

TABLE S1 | Pairwise analysis of gene expression levels between untreated
N9.ApoE3, and LPS treated N9.ApoE3 cells.

TABLE S2 | Two-way ANOVA analysis of gene expression levels between
untreated N9.ApoE3, LPS treated N9.ApoE3, and LPS treated N9.ApoE4 cells.

TABLE S3 | Pairwise analysis of gene expression levels between LPS treated
N9.ApoE3, and N9.ApoE4 cells.
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