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Abstract

Neuroinflammation is a common feature in neurodegenerative diseases, modulated by the 

Alzheimer’s disease risk factor, apolipoprotein E (APOE). In the brain, apoE protein is 

synthesized by astrocytes and microglia. We examined primary cultures of astrocytes and 

microglia from human APOE (E2, E3 and E4) targeted-replacement mice. Astrocytes secreted two 

species of apoE, whereas cellular apoE consisted of only one. Both forms of secreted astrocytic 

apoE were bound during glycoprotein isolation, and enzymatic removal of glycans produced a 

convergence of the two forms of apoE to a single form; thus, the two species of astrocyte-secreted 

apoE are differentially glycosylated. Microglia released only a single species of apoE, while 

cellular apoE consisted of two forms; the secreted apoE and one of the two forms of cellular apoE 

were glycosylated. We treated the primary glia with either endogenous (TNFα) or exogenous 

(LPS) pro-inflammatory stimuli. While LPS had no effect on astrocytic apoE, APOE2 and APOE3 
microglia increased release of apoE; APOE4 microglia showed no effect. APOE4 microglia 

showed higher baseline secretion of TNFα compared to APOE2 and APOE3 microglia. TNFα 
treatment reduced the secretion and cellular expression of apoE only in APOE4 astrocytes. The 

patterns of apoE species produced by astrocytes and microglia were not affected by inflammation. 

No changes in APOE mRNA were observed in astrocytes after both treatments. Together, our data 

demonstrate that astrocytes and microglia differentially express and secrete glycosylated forms of 

apoE and that APOE4 astrocytes and microglia are deficient in immunomodulation compared to 

APOE2 and APOE3.
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INTRODUCTION

Neuroinflammation plays a fundamental role in the progression and severity of Alzheimer’s 

disease (AD), by facilitating or exacerbating both amyloid β (Aβ) and neurofibrillary tangles 

formation (Barroeta-Espar et al., 2019; Heppner, Ransohoff, & Becher, 2015; Newcombe et 

al., 2018; B. Zhang et al., 2013). Neuroinflammation is characterized by activated glial cells 

and increased levels of cytokines and chemokines. Chronic inflammatory processes with 

activation of astrocytes and microglia can lead to overproduction of neurotoxic molecules 

and pro-inflammatory cytokines that lead to neuronal damage and death (Fernandez, Hamby, 

McReynolds, & Ray, 2019). Thus, regulating the activation of astrocytes and microglia is a 

target for overcoming inflammation and neurodegeneration in the brain.

An immunomodulatory protein important to AD pathogenesis is apolipoprotein E (apoE). 

ApoE is a 34-kDa protein that is involved in a variety of functions, including lipid transport, 

neurite outgrowth and neuronal plasticity, and regulation of Aβ structure and clearance 

(LaDu et al., 2001; Manelli, Stine, Van Eldik, & LaDu, 2004). ApoE also modulates the 

inflammatory response of microglia and astrocytes (Barger & Harmon, 1997; Laskowitz, 

Goel, Bennett, & Matthew, 1997; Laskowitz, Horsburgh, & Roses, 1998; Laskowitz, 

Matthew, et al., 1998; Laskowitz, Sheng, et al., 1997). Human apoE exists in three major 

isoforms, apoE2, apoE3 and apoE4, encoded by the ε2, ε3 and ε4 alleles, respectively. 

The APOE ε4 allele not only increases an individual's risk for AD (Di Battista, Heinsinger, 

& Rebeck, 2016; Fernandez et al., 2019; Hyman et al., 1996), but also for the outcome 

from neurological injuries with dramatic brain inflammation (e.g., intracranial hemorrhage, 

closed head injury, stroke) (Fernandez et al., 2019; Kockx, Traini, & Kritharides, 2018). 

Conversely, the APOE ε2 allele is protective in these conditions (Fernandez et al., 2019). 

Increasing evidence suggests that apoE reduces central nervous system (CNS) inflammation 

in an isoform-specific manner, with apoE4 displaying the least anti-inflammatory activity 

(Brown et al., 2002; Vitek, Brown, & Colton, 2009). Moreover, application of apoE or 

apoE-mimetic peptides modulates the inflammatory response in vitro and in vivo (Cheng 

et al., 2018; Laskowitz et al., 2017; J. Liu et al., 2018; Tu et al., 2017; Wei et al., 2013). 

For example, an apoE-mimetic peptide COG1410 reduced levels of TNFα, IL-1β, IL-6 and 

IL-12 in both APOE3 and APOE4 mice experiencing sepsis (H. Wang, Christensen, Vitek, 

Sullivan, & Laskowitz, 2009). Furthermore, mice that lack the APOE gene exhibit increased 

pro-inflammatory cytokines in the CNS, suggesting that the presence of apoE regulates 

immune function (Laskowitz, Lee, Schmechel, & Staats, 2000; Laskowitz et al., 2001; Y. 

Liu et al., 2015). Thus, there is a direct link between the effects of apoE on glial activation 

and the production of cytokines.

The apoE protein undergoes post-translational modifications. ApoE is modified by O-

glycosylation at different sites and to a greater extent in cerebrospinal fluid (CSF) than 

in plasma (Flowers, Grant, Woods, & Rebeck, 2019; Hu, Meuret, Go, Yassine, & Nedelkov, 
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2020; Lee et al., 2010; Rebeck et al., 1998). In addition, C-terminal cleavage of CNS 

apoE occurs in an isoform- and cell-type dependent manner (Bien-Ly et al., 2011; Brecht 

et al., 2004), and might exacerbate the effects of inflammation and behavioral deficits in 

mice (Harris et al., 2003). ApoE modifications are associated with biochemical differences 

in the brain such that larger forms of apoE are solubilized in saline, whereas the smaller 

form is solubilized only in the presence of detergent (DiBattista, Dumanis, Newman, 

& Rebeck, 2016). Given this complexity, understanding CNS apoE functions requires a 

better discernment of the different forms of apoE, particularly during their response to 

inflammatory insult. Here we assessed the effects of inflammation on the various types of 

apoE in primary microglia and astrocytes of different APOE genotypes.

MATERIAL AND METHODS

Animals.

We used C57BL/6J male and female mice pups (P1-P2) expressing human APOE2, APOE3 
or APOE4 under the control of the endogenous murine APOE promoter, that have been 

previously validated (Sullivan et al., 1997; P. T. Xu et al., 1996). All studies were carried 

out following the Guide for the Care and Use of Laboratory Animals as adopted by the U.S. 

National Institutes of Health and approved by Georgetown University Animal Care and Use 

Committee.

Tissue collection.

Mice were deeply anesthetized, blood was drawn from the tail, and then the mice were 

intracardially perfused with 0.1 M phosphate-buffered saline solution (PBS, pH 7.4). Brain 

cortex, heart, liver, adipose tissue, and lymph nodes were dissected. TBS and TBSX brain 

cortex fractions were obtained as previously described (DiBattista et al., 2016). Briefly, 

tissue was homogenized using a dounce homogenizer in Tris-buffered saline solution 

(TBS, pH 7.4) supplemented with protease and phosphatase inhibitors (Thermo Scientific™ 

Pierce™, Waltham, MA) at 4 °C. Homogenates were centrifuged at 47,000 rpm at 4 °C 

for 45 min, and the supernatants were collected (TBS fraction). The insoluble pellets were 

sonicated in TBSX buffer (TBS, 1% Triton X-100, pH 7.4) supplemented with protease and 

phosphatase inhibitors, and centrifuged at 47,000 rpm at 4 °C for 45 min. The supernatant 

solutions were collected (TBSX fraction). High speed centrifugation was performed in an 

Optima TLX centrifuge in a TLA 120.2 rotor (Beckman). Heart, liver, adipose tissue, and 

lymph nodes were homogenized using a dounce homogenizer in 1x RIPA buffer (100 mg 

of tissue per mL of buffer) supplemented with protease and phosphatase inhibitors. Samples 

were sonicated and centrifuged at 16,000 x g for 10 min at 4 °C. The supernatant was 

collected and considered the total protein samples. To collect plasma, whole blood was 

collected into commercially EDTA-treated tubes, and centrifuged for 15 min (2,000 x g at 

4 °C). Protein concentrations were measured using the bicinchoninic acid (BCA) Protein 

Assay Kit (Pierce, Rockford, IL, USA).

Primary cultures of glial cells.

Glia were isolated from the cerebral cortex of 1–2 day-old APOE targeted-replacement 

mice according to an established protocol (Daniele, Edwards, & Maguire-Zeiss, 2014) 
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with slight modifications. Briefly, cortices were collected and mechanically dissociated in 

ice-cold serum-free Opti-MEM media (Invitrogen™, Waltham, MA). After centrifugation 

and resuspension in microglia growth media (Opti-MEM supplemented with 2% fetal 

bovine serum (FBS), 3% fetal horse serum (FHS), 1 mM sodium pyruvate, 0.6% glucose, 

1 mM L-glutamine, and antibiotic and antimycotic), cells were expanded for 21 days 

and the flasks were shaken at 200 rpm for 3 hrs. to isolate microglia. The supernatant 

was centrifuged and microglial pellet was resuspended in microglia growth media and 

seeded in 12-well plates (2×105 cells/well). Opti-MEM supplemented with 10% FBS, and 

antibiotic and antimycotic was added to the flask and allowed to shake overnight at 37 °C 

to remove oligodendrocytes and remaining microglia. The next day, the media was discarded 

and the adhered cells were then trypsinized, collected and centrifuged. These astrocytes 

were seeded at density of 1×105 cells/well. Glial cell purity was confirmed to be ~95% 

using immunofluorescence for Iba-1 (microglial marker, Cat. No. 019-19741, FUJIFILM 

Wako Pure Chemical Corp., Richmond, VA), GFAP (astrocytic marker, Cat. No. 3670, Cell 

Signaling Technologies, Beverly, MA) and ProLong™ Diamond Antifade Mountant, with 

DAPI (Invitrogen™, Waltham, MA) for nuclear counterstain. For biochemical experiments, 

primary mouse astrocytes and microglia cells were maintained overnight, and then the 

medium was replaced with serum-free Opti-MEM containing either PBS (control) or 

experimental agents. All reagents were prepared in sterile PBS and used at the following 

range of concentrations: Lipopolysaccharide, E. coli 0111:B4 (LPS, Cat. No. 437627), from 

5 ng/mL to 500 ng/mL, was purchased from Millipore Sigma (St. Louis, MI). The tumor 

necrosis factor-alpha (TNFα, Cat. No. 410-MT), at 3 ng/mL and 30 ng/mL, was purchased 

from R&D Biosystems Inc. (Minneapolis, MN). Interleukin-10 (IL-10, Cat. No. ab222176) 

at 100 ng/mL, the JNK inhibitor SP600125 (Cat. No. ab120065) at 10 μM, the MEK1 

inhibitor PD989059 (Cat. No. ab120234) at 50 μM, the p38 MAPK inhibitor, doramapimod 

(BIRD, Cat. No. ab142166) at 1 μM, the IkappaB kinase inhibitor IKK-16 (Cat. No. 

ab216471) at 2.5 μM were each purchased from Abcam (Cambridge, MA). Experiments 

were performed in serum-free pre-warmed Opti-MEM. Cells were allowed to adjust to the 

media for 1 hr. before applying the reagents and then maintained for 24 hrs. Conditioned 

media and cells were collected for western blot and ELISA experiments.

Western blot.

Conditioned media (25 μL) and cell lysates (2.5 or 5.0 μg) were separated by 12% 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred 

to a polyvinylidene difluoride (PDVF) membrane overnight at 4 °C. Membranes were 

blocked in 5% nonfat milk in PBS-0.5% Tween-20 (PBS-T), and were probed with 

polyclonal goat anti-apoE (1:2000, Cat. No. K74190G, Lot. No. 3F17515, Meridian Life 

Science, Inc., Memphis, TN) and α-tubulin (1:5000, Cat. No. ab4074, Abcam, Cambridge, 

MA) antibodies overnight at 4 °C with gentle agitation. α-tubulin was used for western 

blot normalization because its expression did not change with treatment. After three 

washing steps with PBS-T, immune complexes were detected with appropriate horseradish 

peroxidase-conjugated secondary antibodies (1:2000) and chemiluminescence detection 

using SuperSignal™ West Dura Extended Duration Substrate (ThermoFisher Scientific, Inc, 

Waltham, MA) and imaged via Amersham Imager 600 (GE Healthcare).
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Enzyme-linked immunosorbent assay (ELISA).

TNFα levels were determined using the TNFα mouse ELISA kit (Cat. No. ab100747, 

Abcam, Cambridge, MA), according to manufacturer’s instructions. ApoE levels were 

determined using the Human Apolipoprotein E ELISA kit (Cat. No. ab108813, lot No. 

GR3218897-5, Abcam, Cambridge, MA), according to manufacturer’s instructions. 25 μL 

of cell lysate and 50 μL of conditioned media were loaded per well. Absorbance was 

measured at 450 nm using a SpectraMax iD3 microplate reader (Molecular Devices, San 

Jose, CA). The concentration of apoE was determined against a seven-point standard curve. 

The quantity of apoE was expressed as total amount of apoE protein (μg) per number of 

cells seeded. To determine the percentage of secreted and cellular apoE, the amount of apoE 

detected in a well was normalized to the total volume of conditioned media (500 μL for 

astrocytes, 250 μL for microglia) or cell lysate collected (200 μL for astrocytes, 125 μL for 

microglia), respectively, during the experiment. The total amount of apoE was considered to 

be the sum of secreted and cellular apoE measured, per number of cells plated in a well.

Glycoprotein isolation.

Conditioned media was concentrated at least ten-fold with polyethersulfone (PES) 

membrane microcentrifuge filters (Macrosep Advance Centrifugal Devices, Pall Laboratory, 

MWCO 10K) in a refrigerated Sorvell Legend X1R centrifuge at 2500 rpm before 

performing glycoprotein isolation. The Pierce™ Glycoprotein Isolation Kit, WGA (Cat. 

No. 89805, Thermo Scientific™ Pierce™, Waltham, MA) based on Wheat Germ Agglutinin 

binding was used according to manufacturer’s instructions with minor modifications. To 

elute protein from the resin, resin was incubated with elution buffer for 30 min.

Enzymatic deglycosylation reaction of glycoproteins.

The Protein Deglycosylation Mix II kit (Cat. No. P6044S, New England Biolabs Inc., 

Ipswich MA) was used to remove O-linked oligosaccharides from glycoproteins according 

to manufacturer’s instructions with minor modifications. Briefly, the glycoproteins 

(concentrated conditioned media or cell lysates) were denatured by heating the samples at 

75 °C for 10 min. Samples were allowed to cool before initiating enzymatic deglycosylation, 

and incubated at room temperature for 30 min in the presence of the Protein Deglycosylation 

Mix with occasional shaking. Samples were transfer to a water bath at 37 °C, and incubated 

overnight. The enzymatic reaction was stopped with the addition of loading buffer.

Quantitative RT-PCR (qRT-PCR).

Total RNA was isolated from cultures using TRIzol™ Plus RNA Purification 

Kit (Cat. No. 12183555, Invitrogen™, Waltham, MA). cDNA was synthesized 

using High-Capacity cDNA Reverse Transcription Kit (Cat. No. 4368814, Applied 

Biosystems, Foster City, CA). cDNA (1:2 dilution, 4 μl) was amplified by 

real-time PCR using Power SYBR™ Green PCR Master Mix (Cat. No. 

K9021, Applied Biosystems, Foster City, CA). Samples were standardized to 

GAPDH. Synthetic oligonucleotides were used for human apoE (forward: 5’-

TTCCTGGCAGGATGCCAGGC-3’ and reverse: 5’-GGTCAGTTGTTCCTCCAGTTC-3’), 

mouse Lcn2 (forward: 5’-AATGACTCTCACGGGGATTG-3’ and reverse: 
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5’-AGTGGTGGGGATGACTTCAG-3’), mouse Serpina3n (forward: 5’-

CCCTGAGGAAGTGGAAGAAT-3’ and reverse: 5’-CCTGATGCCCAGCTTTGAAA-3’), 

mouse TNFα (forward: 5’-GGTGCCTATGTCTCAGCCTCTT-3’ and reverse: 5’-

GCCATAGAACTGATGAGAGGGAG-3’), and mouse GAPDH (forward: 5’-GTGTTTCC-

TCGTCCCGTAGA-3’ and reverse: 5’-AATCCGTTCACACCGACCTT-3’). Each individual 

sample was analyzed in triplicate and RNA levels were reported as fold difference compared 

to control (vehicle or APOE3 genotype). Analysis of the qRT-PCR data was done on SDS 

2.3 (Applied Biosystems, Foster City, CA) and relative expression was calculated using RQ 

Manager software (Applied Biosystems, Foster City, CA). The resulting data was analyzed 

using the double delta Ct method.

Hoechst 33342/propidium iodine (Hoechst/PI) staining.

Cell survival was measured using Hoechst/propidium iodide (PI) staining 24 hrs. after 

LPS treatment (5-5000 ng/mL) or 2 min after 10% methanol application (as a positive 

control for cell death). APOE4 astrocytes were washed with pre-warmed serum-free 

media and incubated simultaneously with Hoechst 33342 (staining healthy cells, Cat. No. 

62249, ThermoFisher Scientific) and propidium iodide (staining apoptotic and necrotic 

cells, Cat. No. 40017, Biotium), 0.5uL each in serum-free media, for 5 min at 37 °C. 

Media was removed and cells were washed three times with pre-warmed serum-free 

media. Astrocytes were visualized with the inverted fluorescent microscope Olympus 

IX71. Hoechst/PI-positive cells were then counted using ImageJ and cell viability was 

calculated by subtracting Hoechst/PI-positive cells from the total number of astrocytes 

(Hoechst-positive cells) and expressed as a percentage of the total number of astrocytes.

Statistical analysis.

Western blot results were quantified using Image J software (National Institutes of Health, 

Bethesda, MA, USA). The density signal of secreted apoE was normalized to the total 

amount of protein found in a cell lysate by BCA protein assay (Thermo Scientific™ 

Pierce™). After this normalization step, the values were expressed as relative percent of 

the average of vehicle treatment (0 ng/mL drug treatment), which was set as 100%. The 

total amount of cellular apoE was normalized to α-tubulin when it was compared between 

different treatments. To calculate the percentage of the highest molecular weight band or 

“upper band”, densitometry of the lower band was subtracted from the densitometry of total 

apoE detection and expressed as percentage of total apoE. Data were expressed as mean ± 

standard error of the mean (SEM) from at least three independent experiments with each 

treatment in duplicate. For Figures 1 through 6, a Two-tailed Student T-test, a one-way 

ANOVA or a two-way ANOVA were used when appropriate. When statistical differences 

were achieved, a Tukey’s multiple comparison test was used. GraphPad Prism (GraphPad 

Software, San Diego, CA) was used for statistical analysis with p<0.05 considered as 

statistically significant.
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RESULTS

ApoE species differ between astrocytes and microglia.

ApoE is a 34-kDa glycosylated apolipoprotein expressed in several organs, including 

liver, brain, spleen, kidney and lung (Elshourbagy, Liao, Mahley, & Taylor, 1985). Under 

denaturing conditions, peripheral apoE (in liver, heart, adipose tissue, plasma and lymph 

nodes) migrated generally as a single species, whereas brain apoE migrated as several 

species of similar size (Figure 1A). Consistent with previous studies (DiBattista et al., 2016), 

TBS-soluble samples from mice cortex contained higher molecular weight apoE species 

compared to TBSX-soluble samples, which presented as a single species. In the uninjured 

brain, apoE is synthesized and secreted primarily by astrocytes, although expression also 

occurs in microglia (Q. Xu et al., 2006). We examined whether APOE genotype affected the 

levels of secreted and cellular apoE in astrocytes and microglia (Figure 1B and 1C). We used 

primary glia from human APOE targeted-replacement mice (Sullivan et al., 1997; P. T. Xu 

et al., 1996). APOE2, APOE3, and APOE4 astrocytes and microglia were grown for 24 hrs. 

in serum-deprived media; levels of total apoE were measured in conditioned media and cell 

lysates by ELISA. Astrocytes released at least six times more apoE than microglia under 

basal conditions (Figure 1B and 1C). APOE2 astrocytes secreted more apoE than APOE4 
astrocytes (F(2,15)=4.151, p=0.037); there were no significant differences in cellular apoE 

levels across genotypes (F(2,15)=2.375, p=0.13). The proportion of secreted apoE relative to 

total apoE produced by astrocytes was similar among genotypes (at 50-60%) (Figure 1B). 

APOE mRNA levels did not differ significantly across APOE genotypes, although APOE4 
astrocytes trended to more APOE mRNA compared to APOE2 astrocytes (p=0.057, Figure 

1D). A higher level of APOE4 mRNA could reflect a compensatory mechanism for the 

reduced secretion of apoE4 protein (Chernick et al., 2018; Nuriel et al., 2017; Riddell et al., 

2008).

In microglia, secreted apoE2 was present at significantly higher levels than apoE3 and 

apoE4 (F(2,15)=7.744, p=0.005). In contrast to astrocytes, microglia had more cellular apoE2 

than apoE3 and apoE4 (F(2,15)=9.376, p=0.002). The proportion of secreted apoE relative 

to total apoE produced by microglia was higher in APOE2 microglia (49%) compared to 

APOE4 microglia (30%) (Figure 1C). Thus, a smaller percentage of apoE4 was secreted 

from microglia (30%) compared to astrocytes (50%). APOE mRNA in microglia under basal 

conditions was too low for quantification by our qRT-PCR methods (Figure 1E).

Since apoE undergoes post-translational modifications (O-glycosylation and C-terminal 

cleavage (Bien-Ly et al., 2011; Brecht et al., 2004; Flowers et al., 2019; Flowers & Rebeck, 

2020)), we used SDS-PAGE to determine the migration pattern of apoE in cell lysates and 

conditioned media of APOE3 primary astrocytes and microglia (Figure 2A). ApoE3 secreted 

by astrocytes was characterized by a double band around 35-kDa, showing two distinct 

populations of apoE. In contrast, apoE3 secreted by microglia was characterized by only 

the single band above 35-kDa, showing one population of apoE. Cellular astrocytic apoE3 

consisted primarily of the lower band at 35-kDa, whereas apoE3 in microglia displayed 

a double band of two forms of apoE. ApoE2 and apoE4 from glia showed similar band 

patterns compared to apoE3 (Figure 2B).
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We performed two assays to determine whether the apparent difference in size of apoE 

species was due to a post-translational modification such as glycosylation or proteolysis. 

First, we isolated cell lysates and concentrated conditioned media from APOE3 astrocytes 

and microglia. The samples underwent enzymatic deglycosylation to strip the O-linked 

glycans from the apoE protein (Figure 2C). We reasoned that if the difference in apoE forms 

was due to glycosylation, then we would observe a convergence of the two species into 

one form. However, if a difference in apoE forms was due to apoE proteolysis, we could 

observe no shifts, or a shift of both species. Deglycosylation caused a shift in the migration 

of the larger apoE species in the SDS-PAGE gel such that there was single species of 

apoE. These data did not test whether the lower species of apoE might also be glycosylated 

to some extent. We conducted a glycoprotein isolation based on binding to Wheat Germ 

Agglutinin (Figure 2D): both the larger and smaller apoE species bound to this resin. Thus, 

our data suggest that both forms of apoE are O-glycosylsted, although the glycosylation 

differs between the forms.

Figure 2E illustrates the range values as a percentage of the presence of the “upper band” of 

apoE in relation to total apoE detection for all the genotypes combined. The chart illustrates 

that the presence of the upper band depends on the type of glial cell, and on whether 

apoE is secreted or intracellular. More than 95% of secreted apoE from microglia was of 

the higher molecular weight type, while the upper band detected in secreted apoE from 

astrocytes ranged from 40-78%. For cellular apoE, the higher molecular weight apoE form 

was prominent in microglia (40-80%), but nearly undetectable in astrocytes.

We tested whether there was an effect of APOE genotype on the relative proportion of 

each apoE species (Figure 2F). Because there was almost exclusively one form of apoE 

in conditioned media from microglia and in cell lysates from astrocytes, analysis was 

not conducted in those samples. In astrocyte conditioned media, there was no difference 

in the distribution of the higher molecular weight species among APOE genotypes. In 

microglia cell extracts, APOE4 cells contained significantly more (14%) of the higher 

molecular weight band than APOE2 cells (F(2,26)=3.961, p=0.032), indicating a difference in 

post-translational modifications among genotypes.

LPS does not affect apoE levels in astrocytes.

APOE genotype affects in vivo and in vitro responses to inflammatory conditions (Colton 

et al., 2002; Laskowitz, Fillit, Yeung, Toku, & Vitek, 2006; Laskowitz et al., 2010; Vitek et 

al., 2009); here we investigated whether inflammation affected the expression and secretion 

of apoE in astrocytes and microglia in an apoE isoform-dependent manner. Reactive gliosis 

is a common response to brain pathology in vivo, including injuries and neurodegeneration 

(Zamanian et al., 2012), and to culturing in vitro (Liddelow et al., 2017; Wu & Schwartz, 

1998). To examine whether our culture conditions had inflammatory effects specific to one 

APOE genotype, we measured Serpina3n as a marker for reactive astrocytes and Lcn2 

as a marker for both reactive astrocytes and microglia (Zamanian et al., 2012). Culturing 

astrocytes in the presence or absence of FBS had no effects on Serpina3n or Lcn2 mRNA 

levels in cells of any of the APOE genotypes (data not shown).
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We used LPS to cause an inflammatory response, treating both microglia and astrocytes. 

APOE2, APOE3 and APOE4 astrocytes were exposed to a range of LPS concentrations 

(5-500 ng/mL) for 24 hrs, and apoE was analyzed by western blots (Figure 3A). There were 

no changes in secreted or cellular apoE from astrocytes in response to different doses of LPS 

(Figure 3C and 3E). These results are consistent with previous studies showing that LPS 

up to 100 ng/mL had no effects on apoE expression or release (Aleong, Blain, & Poirier, 

2008). As in Figure 2, secreted astrocytic apoE consisted of two species by immunoblot; 

LPS treatment did not change the ratio of the larger apoE form to total apoE detected in 

conditioned media across APOE genotypes. We tested whether LPS caused astrocytic cell 

death, potentially affecting apoE levels, but found no evidence of cell death up to 5000 

ng/mL LPS (Figure 4A). Furthermore, LPS treatment had no effect on APOE mRNA levels 

24 hrs. after treatment (Figure 3G).

LPS increases levels of secreted apoE2 and apoE3, but not apoE4, from microglia.

In contrast to astrocytes, LPS stimulation increased levels of secreted apoE in conditioned 

media of microglia (Figure 3B). More specifically, both APOE2 and APOE3 microglia had 

more secreted apoE at high doses of LPS compared to vehicle control: 80% and 230%, 

respectively [APOE2: (F(3,20)=5.015, p=0.009), APOE3: (F(3,12)=7.620, p=0.004)]. Secreted 

apoE from APOE4 microglia showed no effects of LPS (Figure 3D). There were no major 

effects of LPS on cellular levels of apoE in microglia across genotypes, although APOE4 
microglia showed a decrease in cellular apoE, but only at low and moderate doses of 

LPS (F(3,23)=4.877, p=0.009) (Figure 3F). There were no effects of LPS on the relative 

abundance of the apoE isoforms visible on the western blots. APOE mRNA in microglia 

under basal and treated conditions were too low for quantification by our qRT-PCR methods 

(data not shown).

TNFα secretion by microglia after LPS stimulation.

Mixed glial cultures released TNFα 24 hrs. after LPS stimulation (Aleong et al., 2008; 

Welser-Alves & Milner, 2013), and this TNFα originated from microglia (Welser-Alves 

& Milner, 2013). Basal levels of TNFα were affected by APOE genotype in microglia, 

with APOE4 microglia demonstrating five times more TNFα than APOE2 microglia 

(F(2,8)=4.883, p=0.041) (Figure 4B); however, no differences in TNFα mRNA were detected 

across APOE genotypes (Figure 4C). LPS significantly increased release of TNFα by 

microglia in vitro to the same level across APOE genotypes (Figure 4D). On average, 

APOE2, APOE3 and APOE4 microglia secreted approximately 2.8 ± 0.3 ng/mL of TNFα 
after LPS, in agreement to levels detected ex vivo (Welser-Alves & Milner, 2013; Zhu et al., 

2012).

TNFα affects apoE expression only in APOE4 astrocytes and microglia.

We tested the effects of TNFα on secreted and cellular apoE derived from astrocytes and 

microglia at 3 and 30 ng/mL of TNFα (Figure 5) (Liddelow & Barres, 2017; Liddelow et 

al., 2017). Conditioned media and cells were collected 24 hrs. after stimulation with TNFα. 

In astrocytes, TNFα had no effects on either apoE2 and apoE3 in conditioned media or cell 

lysates (Figure 5A, 5C, and 5E). In contrast, TNFα reduced the secreted levels of apoE in 

APOE4 astrocytes (F(2,32)=17.80, p<0.0001). We observed a reduction of apoE secretion of 
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26% after 3 ng/mL TNFα and 41% after 30 ng/mL TNFα (Figure 5C). The reduction of 

secreted apoE in APOE4 astrocytes was accompanied with a reduction in cellular apoE by 

39% (F(2,22)=6.058, p=0.008) (Figure 5E), with no changes in the relative proportion of each 

apoE species (p=0.67, data not shown). To determine whether this change in apoE4 was 

coupled to a decrease in APOE4 transcripts, we performed qRT-PCR in astrocytes treated 

with 30 ng/mL TNFα compared to vehicle (Figure 5G). Although all APOE genotypes 

exhibit a similar trend towards a decrease after treatment, the change was not statistically 

significant (Figure 5G).

In microglia, TNFα had no effects on apoE presence in conditioned media or cell 

lysates from APOE2 or APOE3 cells (Figure 5B, 5D, and 5F). APOE4 microglia had 

higher levels of secreted apoE after 30 ng/mL TNFα (F(2,16)=4.050, p=0.034) (Figure 

5D) with no significant effects on cellular apoE (Figure 5F). Regardless of genotype, the 

relative proportion of the higher molecular mass species over total apoE remain unchanged 

throughout TNFα stimulation in microglia.

Secreted apoE levels was recovered by IL-10, but not by NF-κβ, ERK, p38 MAPK nor JNK 
pathways inhibition in APOE4 astrocytes.

Since the main effects of TNFα on cellular and secreted apoE were observed in APOE4 
astrocytes, we conducted subsequent experiments with only those cells. We used 30 ng/mL 

of TNFα because this dose produced a robust effect on apoE secretion in astrocytes. TNFα 
signals through two transmembrane receptors, TNFR1 and TNFR2, resulting in activation 

of the NF-κβ, ERK, p38 MAPK, and JNK pathways (Parameswaran & Patial, 2010). To 

determine which pathway was responsible for the reduction in apoE4 secretion in astrocytes 

by TNFα, we used a panel of inhibitors (Figure 6): Doramapimod to inhibit the p38 MAPK 

inhibitor, SP600125 to inhibit JNK kinase, PD98059 to inhibit MEK, IKK-16 to inhibit the 

IκB kinase inhibitor in the NF-κβ pathway. IL-10 is a known inhibitor of TNFα activation 

and the NF-κβ pathway (Conti et al., 2003). After 24 hrs. in serum-deprived media, 

conditioned media was collected and secretion of apoE was analyzed by western blot. There 

was a main effect of TNFα stimulation reproducing our observed reduction in secreted 

apoE4 (F(1,82)=57.42, p<0.0001) (Figure 6). However, there was no effect of treatment 

(F(2,82)=0.6608, p=0.65), or interaction of TNFα stimulation x treatment (F(5,82)=0.5822, 

p= 0.71) across all inhibitors. Post-hoc analyses showed that the statistically significant 

reduction of secreted apoE4 levels by TNFα remained in the presence of all inhibitors, but 

not in the presence of IL-10.

DISCUSSION

The complexity of apoE in the CNS differs from apoE in the periphery, with unique 

post-translational modifications (Flowers et al., 2019; Kockx et al., 2018; Pitas, Boyles, 

Lee, Hui, & Weisgraber, 1987; Rebeck et al., 1998). In the CNS, apoE is expressed mainly 

from astrocytes and microglia/monocytes, but it is also expressed from choroid plexus 

ependymal cells and from injured neurons (Boyles, Pitas, Wilson, Mahley, & Taylor, 1985; 

Huang, Weisgraber, Mucke, & Mahley, 2004; Metzger et al., 1996; Polazzi et al., 2015; Q. 

Xu et al., 2006). We found that much of the apoE from astrocytes and microglia was post-

Lanfranco et al. Page 10

Glia. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



translationally modified due to different levels of O-glycosylation. ApoE in CSF includes 

isoforms with various O-linked oligosaccharide chains containing zero, one, or two sialic 

acid residues (Brand, Mackman, & Curtiss, 1993; Flowers et al., 2019; Kockx et al., 2018; 

Lee et al., 2010). ApoE protein follows a classic secretory pathway, in which synthesis 

starts in the endoplasmic reticulum, followed by movement through the Golgi network, 

during which apoE is glycosylated and sialylated (Kockx et al., 2018). The effects of these 

modifications on apoE function or half-life are unknown.

Some of the complexity of CNS apoE is demonstrated in the forms of apoE secreted from 

astrocytes and microglia. Astrocytes have only one form of apoE in cells, but two forms of 

apoE in their conditioned media. Thus, the apoE modified by astrocytes in its synthesis must 

be immediately secreted. Microglial apoE is very similar to that observed in macrophage 

(Brand et al., 1993), namely two intracellular species and only one larger extracellular 

species. ApoE that is synthesized by human macrophage is extensively sialylated and 

glycosylated on the C-terminus, generating at least seven consistently observed glycoforms 

of secreted and intracellular apoE (Lee et al., 2010). A two-dimensional gel electrophoresis 

identified up to six sialylated apoE glycoforms in cells, while fewer glycoforms in 

plasma (Zannis, 1986; Zannis, vanderSpek, & Silverman, 1986). CSF apoE has abundant 

glycosylation at the C-terminal, affecting the structure of its lipid binding domain (Flowers 

& Rebeck, 2020). In mouse and human brains, the modified versions of apoE are soluble 

in the absence of detergent while the unmodified apoE requires detergent (DiBattista et al., 

2016), demonstrating that this modification changes the biochemical properties of apoE.

ApoE secreted by astrocytes consisted of at least two species. We speculated that 

these forms could reflect differences in O-glycosylation or differences in apoE cleavage. 

ApoE4 is more susceptible than apoE3 to proteolytic cleavage by cathepsin D, thrombin, 

chymotrypsin-like serine protease and aspartic proteases in vitro and in vivo (Elliott et 

al., 2011; Harris et al., 2003; Huang et al., 2001; Marques, Owens, & Crutcher, 2004; 

Tamboli, Heo, & Rebeck, 2014). This proteolysis occurs in neurons but not in astrocytes 

(Brecht et al., 2004). We found that apoE secreted by astrocytes and microglia bound Wheat 

Germ Agglutinin, demonstrating that they are glycoproteins. Deglycosylation simplified the 

patterns of apoE in SDS-PAGE, demonstraing that O-glycosylation differences can account 

for the differences in the size of the observed apoE species.

APOE4 genotype was associated with lower levels of secreted apoE from astrocytes and 

microglia, as well as higher levels of the larger apoE species that remained inside microglia. 

In neurons, apoE3 and apoE4 have different intracellular trafficking profiles: apoE4 is 

retained in the endoplasmic reticulum (ER) and Golgi apparatus, and moves more slowly 

through the secretory pathways (Brodbeck et al., 2011). In astrocytes, apoE4 causes ER 

stress (Zhong, Ramaswamy, & Weisgraber, 2009). The amino acid difference of apoE4 

promotes a misfolding based on an ionic interaction between Arg-61 in the N-terminal 

domain and Glu-255 in the C-terminal domain (Mahley, 2016; Mahley & Rall, 2000; Wilson 

et al., 1994; Wilson, Wardell, Weisgraber, Mahley, & Agard, 1991). ApoE4 in primary 

astrocytes showed enhanced degradation and reduced half-life compared to apoE3 (Riddell 

et al., 2008). These obervations led to the hypothesis that misfolded proteins accumulate 

in the ER and golgi apparatus, causing an activation of proteolytic processing pathways 
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and a decrease in apoE abundance. Our observations of the effects of APOE genotype 

on modified forms of apoE from astrocytes and microglia may reflect a difference in 

intracellular trafficking between the major sources of CNS apoE (Nuriel et al., 2017; Riddell 

et al., 2008).

In our studies, APOE2 astrocytes and microglia secreted three times to five times more apoE 

than APOE4 cells, with APOE3 cells intermediate. This effect is consistent with previous 

studies showing that apoE levels in APOE2 targeted-replacement mice are higher than in 

APOE4 mice (Riddell et al., 2008), and that brain lysates from neonatal and old APOE3 
mice present significantly higher levels of apoE protein compared to APOE4 mice (Vitek et 

al., 2009). Since mouse models and cell culture show anti-inflammatory properties of apoE 

in the CNS (Colton et al., 2002; Laskowitz et al., 2006; Laskowitz et al., 2010; Lynch et al., 

2005; Pocivavsek, Burns, & Rebeck, 2009; Vitek et al., 2009), higher secreted basal levels of 

the protective apoE2 isoform might better regulate inflammatory signals in the brain.

We found that there are higher basal levels of TNFα in APOE4 microglia, supporting 

the hypothesis that APOE4 predisposes to greater inflammation in primary cells. In the 

periphery, apoE regulates macrophage inflammation in an isoform-specific manner, such 

that the APOE4 allele is associated with altered morphology and increased production of 

cytokines (Jofre-Monseny et al., 2007; H. Zhang, Wu, & Wu, 2011). Similarly, the impact 

of the apoE protein isoforms on immune cells in the brain can alter disease outcome in 

an additional manner by affecting the overall immune status of the organism. Recombinant 

apoE3 or apoE mimetic peptides both reduce LPS- or injury-mediated inflammation (Cheng 

et al., 2018; Dorey et al., 2017; James, Komisarow, Wang, & Laskowitz, 2020; L. Wang 

et al., 2019), and the presence of apoE4 is associated with overactive pro-inflammatory 

immune phenotypes such as elevated NO, TNFα, and IL-6 (Rieker et al., 2019; K. J. Zhang 

et al., 2011; Zhu et al., 2012). Moreover, expression of astrocytic apoE3 decreased the levels 

of IL-6, IL-1β, but not TNFα in a mouse model of AD where astrocytic APOE gene is 

inducible, whereas expression of astrocytic apoE4 increased IL-6, IL-1β and TNFα (C. 

C. Liu et al., 2017). Importantly, using this inducible mouse model, the authors showed 

that the expression of apoE4 during the initial seeding stage is sufficient to drive amyloid 

pathology and plaque-associated neuritic dystrophy, while the presence of apoE4 after the 

initial seeding stage has minimal impact of amyloid pathology, highlighting the importance 

of early alterations of apoE in AD (C. C. Liu et al., 2017).

In vivo, LPS injections of APOE3 and APOE4 mice did not change apoE protein expression 

(Vitek et al., 2009). There are fewer studies about how inflammatory stimuli affect the levels 

of apoE in glia in vitro (Aleong et al., 2008; Pocivavsek et al., 2009; Pocivavsek & Rebeck, 

2009). We found that inflammation affected apoE in a genotype- and glial cell-type specific 

manner. LPS treatment caused increased levels of secreted apoE in APOE2 and APOE3 
(but not APOE4) microglia, while no effects in astrocytes were observed. LPS, through 

activation of the toll-like receptors (TLR), induces the innate immune response. Astrocytes 

demonstrate little (Shen et al., 2016) or no (Y. Zhang et al., 2016) TLR4 in vitro. Acutely 

isolated astrocytes and microglia from murine cortex revealed ten times less expression of 

TLR4 mRNA in astrocytes compared to microglia, and 100 times more TLR2 mRNA in 

microglia than in astrocytes (http://www.brainrnaseq.org/). Finally, microglia contain over 
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40 times more TLR1 than astrocytes (http://www.brainrnaseq.org/) (Y. Zhang et al., 2016). 

Thus, the lack of the response of astrocytes in terms of apoE expression may be due to a lack 

or very low expression of TLR species. Inflammation induced by TNFα caused a reduction 

in levels of secreted and cellular apoE in APOE4 (but not APOE2 and APOE3) astrocytes. 

These data are consistent with findings in mixed glial cell culture, where there was a 

reduction of approximately 50% after TNFα application (Aleong et al., 2008). Overall, in 

our study, astrocytes and microglia responded differently to an exogenous inflammatory 

signal (LPS) compared to an endogenous inflammatory signal (TNFα).

Traumatic brain injury (TBI) produces neuroinflammation, thus elevating endogenous levels 

of inflammatory molecules, such as TNFα, IL-1β among others (Villapol, Loane, & Burns, 

2017). TBI decreased soluble apoE after 24 hrs. of traumatic injury in both wild-type and 

human APOE-targeted replacement mice; the reduction was more persistent and pronounced 

in APOE4 mice than in APOE3 mice (Main et al., 2018), consistent with our findings 

on the effects of inflammation on apoE. In TBI, the reduction of apoE was correlated 

to an increased accumulation of Aβ40 (Washington & Burns, 2016). In humans, a 70% 

reduction in CSF apoE levels was observed following severe TBI (Kay et al., 2003). ApoE 

suppresses TNFα (Laskowitz, Goel, et al., 1997), and APOE4 mice might have a deficient 

negative feedback loop between apoE and TNFα resulting in an unregulated inflammatory 

response. The reduction of apoE 24 hrs. post-injury could be in part due to the elevation of 

endogenous TNFα.

We did not observe a recovery of apoE levels after inhibiting the activation of the TNFα 
signaling pathways over 24 hrs. TNFα signals through two transmembrane receptors 

resulting in activation of the NF-κβ, ERK, p38 MAPK and JNK pathways (Parameswaran 

& Patial, 2010), but pharmacological inhibition of these pathways did not affect apoE levels. 

Our results suggest that the reduction of apoE secretion and expression due to TNFα effects 

could be achieved by multiple inflammatory pathways, or through a less canonical signaling 

pathway activated by TNFα.

Primary cell cultures are useful tools to understand astrocytic and microglia functions, 

although there are concerns about how these cultures accurately mirror events in vivo due 

to the presence of FBS in the media (Foo et al., 2011; Prah et al., 2019; Y. Zhang et 

al., 2016). FBS contains growth factors, proteins and vitamins that can alter cell biology 

and phenotype (Aswad, Jalabert, & Rome, 2016), and mimic a more inflammatory profile. 

Astrocytes grown in serum-free media had a transcriptome more representative of in vivo 
astrocytes (Foo et al., 2011). In our experiments, cells grown for 24 hrs. in serum-free 

or serum-containing media showed no differences in APOE mRNA expression (data not 

shown). However, improving cell culture methods to resemble the environment that occurs 

in vivo will allow a more accurate understanding of astrocytic and microglia functions in 

both health and disease.

From these various findings, we propose the following model (Figure 7). The lower levels 

of apoE from APOE4 microglia and astrocytes sensitize an APOE4 brain to inflammatory 

insults (also evidenced by the higher resting levels of TNFα). ApoE interacts with microglia 

to regulate their response to inflammatory stimuli. LPS stimulation resulted in release of 
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TNFα by microglia from all APOE genotypes, and increased apoE secretion in APOE2 and 

APOE3, but not in APOE4 microglia. In astrocytes, apoE2 and apoE3 levels are unchanged 

by inflammatory stimuli (TNFα), but apoE4 is reduced. The lower levels of apoE4 from 

both types of glia might not be sufficient to decrease inflammatory processes over time, 

such as through TNFα signaling. This model is also supported by studies editing APOE3 
to APOE4 in astrocytes and microglia from iPSCs, which showed significantly altered 

expression of genes involved in lipid metabolism in astrocytes and immune responses in 

microglia-like cells (Lin et al., 2018). These pathways may affect the secretion of apoE and 

its effects in regulation of inflammation, affecting APOE-related pathogenesis.
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ABBREVIATIONS

AD
Alzheimer’s disease

Aβ
amyloid β

ApoE
Apolipoprotein E

APOE 
Apolipoprotein E allele

BCA
Bicinchoninic acid

CNS
Central nervous system

CSF
Cerebrospinal fluid

ELISA
Enzyme-linked immunosorbent assay

ER
Endoplasmic reticulum
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ERK
Extracellular signal-regulated kinase

FBS
Fetal bovine serum

FHS
Fetal horse serum

IL-1β
Interleukin-1b

IL-10
Interleukin-10

IL-12
Interleukin-12

IL-6
Interleukin-6

IKK
IkappaB kinase

LPS
Lipopolysaccharide

MAPK
Mitogen-activated protein kinase

MEK
Mitogen-activated protein kinase kinase

NF-κβ
Nuclear factor kappa Beta

PBS
Phosphate-buffered saline

PDVF
Polyvinylidene difluoride

PES
Polyethersulfone

qRT-PCR
Quantitative real time-polymerase chain reaction

SDS-PAGE
Sodium dodecyl sulfate polyacrylamide gel electrophoresis

Lanfranco et al. Page 15

Glia. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TBI
Traumatic brain injury

TBS
Tris-buffered saline

TLR
Toll-like receptor

TNFα
Tumor necrosis factor-α

WGA
Wheat germ agglutinin
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Figure 1. Secreted and cellular apoE ratio and abundance are different between glia cell-types.
(A) Tissue from human APOE2 targeted-replacement mice was isolated and processed 

according to material and methods. 2.5-10 μg of protein lysates was analyzed by western 

blotting with antibodies against apoE. TBS:=soluble fraction; TBSX:=insoluble fraction; 

KO:=total homogenate of cortex from apoE knockout (KO) mice. TBS and TBSX fractions 

were isolated as described in DiBattista et al. (2016). Representative image of one of 

two experiments. (B-C) Astrocytes (B) and microglia (C) derived from human APOE2, 
APOE3 and APOE4 targeted-replacement mice were isolated and seeded in serum-free 

media. Conditioned media and cells were harvested after 24 hrs. of incubation. 50 μL of 

conditioned media and 25 μL of cell lysates were analyzed by ELISA (n=6 independent 

cell cultures). *p<0.05, **p<0.005, ***p<0.0005. A one-way ANOVA was used to assess 

outcome measures from genotype in fractions from secreted and cellular apoE in cell 

cultures (astrocytes and microglia). ApoE ratio was calculated as the mean percentage of 

secreted apoE (pattern bars) and cellular apoE (blank bars) to total apoE (see Material and 

Methods). (D) Basal levels of APOE mRNA expression are expressed as fold difference 

from APOE3 astrocytes (n=3-4 independent cell cultures).
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Figure 2. Secreted and cellular apoE migration patterns differ between glia cell types.
(A-B) Astrocytes (A) and microglia (M) derived from human APOE2, APOE3 and APOE4 
targeted-replacement mice were isolated and seeded in serum-free media. Conditioned 

media and cells were harvested after 24 hrs. of incubation. 5-25 μL of conditioned 

media and 2.5-10 μg of cell lysates were analyzed by western blotting with antibodies 

against apoE. Representative image of 3 independently experiments. (A) apoE3; (B) apoE2 

and apoE4. Concentrated conditioned media or cell lysate from APOE3 astrocytes and 

microglia underwent enzymatic deglycosylation (C) and glycoprotein isolation (D). (C) UN 

= untreated sample; ‘−’ = sample undergoing the deglycosylation procedure in the absence 

of the deglycosylation enzymes; ‘+’ = sample undergoing the deglycosylation procedure in 

the presence of the deglycosylation enzymes. (D) IN = input sample before resin binding; 

‘FL’ = supernatant after resin binding and centrifugation; ‘E’ = sample eluted from resin. 

Arrow shows upper band in eluted sample (n=4 independent experiments). (E) Presence 

of apoE upper band in secreted and cellular samples. Range in percentage correspond to 

the three genotypes combined. (F) Pattern of expression is cell-type and isoform-specific. 

Double bands from conditioned media and total homogenate from astrocytes and microglia, 

respectively, were quantified and expressed as percentage of upper bands with respect to 
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total apoE protein detected. A one-way ANOVA was used to assess outcome measures from 

percentage of upper band in different genotypes of secreted apoE in astrocytes (n=12-17) 

and cellular apoE in microglia (n=7-12). *p<0.05.
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Figure 3. Activation of glial cells by LPS is cell-type and genotype specific.
Glial cells derived from human APOE (E2, E3, E4) targeted-replacement mice were treated 

with several doses of LPS (5-500ng/mL). Conditioned media and cells were collected at 

24 hrs., and were analyzed by western blotting with antibodies against apoE. Tubulin was 

used as a loading control in cell lysates. (A-B) Representative immunoblots showing the 

changes in secreted and cellular apoE by astrocytes (A) and microglia (B) in response to 

LPS. (C) ApoE secretion in astrocytes did not change after LPS application. Quantification 

of western blots. Bar graphs represent the mean ± SEM (n=6-8, 3-4 experiments, run in 

duplicate). (D) APOE2 and APOE3 microglia release more apoE at 24 hrs. than APOE4 
microglia. Quantification of western blots. Bar graphs represent the mean ± SEM (n=4-6, 

2-3 experiments, run in duplicate). **p<0.005 vs. untreated control. (E-F) Cellular apoE in 

astrocytes (E) and microglia (F) following LPS stimulation. Quantification of western blots. 

Bar graphs represent the mean ± SEM (Astrocytes: n=4, 2 experiments, run in duplicate; 

Microglia: n=6, 3 experiments, run in duplicate). (C-F) A one-way ANOVA was used to 

assess outcome measures from pharmacological manipulation, setting vehicles at 100%. 

(G) APOE mRNA expression was expressed as fold difference from vehicle. Bar graphs 
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represent the mean ± SEM (n=3-6, 3 experiments, run in duplicate). A two-tailed Student 

T-test was used to assess outcome measures from pharmacological manipulation, setting 

vehicle treatment as control.
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Figure 4. Basal TNFα protein levels are APOE genotype-dependent.
(A) Primary APOE4 astrocytes were exposed to LPS for 24 hrs. Cell loss was determined 

by Hoechst/PI staining. Data are presented as mean ± SEM, ****p < 0.0001 vs. control (0 

LPS ng/mL), one-way ANOVA with Tukey’s post hoc test. Experiments were repeated with 

three independent cultures of astrocytes. (B-C) Microglia derived from human APOE (E2, 

E3 and E4) targeted-replacement mice were used. TNFα release was measured by ELISA 

(B) and TNFα mRNA expression was measured by qRT-PCR (C). (B) Untreated APOE4 
microglia released more TNFα than untreated APOE2 microglia. Scatter dot plots represent 

the mean ± SEM (n=3-4 experiments). *p<0.05 vs. APOE2 microglia. One-way ANOVA 

with Tukey’s post hoc test. (C) APOE genotype did not affect TNFα mRNA expression 

levels. Samples were normalized to APOE3. Scatter dot plots represent the mean ± SEM 

(n=3-4 experiments). (D) TNFα release was measured by ELISA from APOE2, APOE3, 
and APOE4 microglia after the indicated doses of LPS. *p<0.0001 vs. untreated cultures. A 

two-way ANOVA was used to assess outcome measures from genotype and pharmacological 

manipulation in microglia.

Lanfranco et al. Page 27

Glia. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Activation of glial cells by TNFα reduced apoE secretion in APOE4 astrocytes, and 
increased apoE secretion in APOE4 microglia.
Glial cells derived from human APOE (E2, E3, E4) targeted-replacement mice were treated 

with 3-30 ng/mL of TNFα. Conditioned media and cells were collected at 24 hrs., and 

were analyzed by western blotting with antibodies against apoE. Tubulin was used as a 

loading control in cell lysates. (A-B) Representative immunoblots showing the changes 

in secreted and cellular apoE by astrocytes (A) and microglia (B) in response to TNFα. 

(C-D). Quantification of secreted apoE by western blots. (C) TNFα decreased apoE release 

in APOE4 astrocytes. Bar graphs represent the mean ± SEM (n=9-12, 3-4 experiments, 

run in triplicate). **p<0.01 ***p<0.005 compared to APOE4 untreated cultures. (D) TNFα 
increased apoE release in APOE4 microglia. Bar graphs represent the mean ± SEM (n=6-8, 

3-4 experiments, run in duplicate). *p<0.05 compared to APOE4 untreated cultures. (E-F). 

Quantification of cellular apoE by western blots from cell lysates. (E) TNFα decreased 

cellular ApoE in APOE4 astrocytes. Bar graphs represent the mean ± SEM (n=7-9, 3 

experiments, run in triplicate). *p<0.05 compared to APOE4 untreated cultures. (F) TNFα 
did not change cellular apoE in microglia. Bar graphs represent the mean ± SEM (n=6, 

3 experiments, run in duplicate). (C-F) A one-way ANOVA was used to assess outcome 

measures from pharmacological manipulation, setting vehicles at 100%. (G) TNFα did 
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not change APOE mRNA in astrocytes. APOE mRNA expression was expressed as fold 

difference from vehicle. Bar graphs represent the mean ± SEM (n=3-6, 3 experiments, 

run in duplicate). A two-tailed Student T-test was used to assess outcome measures from 

pharmacological manipulation, setting vehicle treatment as control.
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Figure 6. Astrocytic apoE4 secretion reduction after TNFα activation is unaltered across several 
inflammatory signaling pathways.
Astrocytes from human APOE4 targeted-replacement mice were treated with 30 ng/mL 

of TNFα and inhibitors. Conditioned media was collected at 24 hrs., and was analyzed 

by western blotting with antibodies against apoE. Veh = vehicle; BIRB = Doramapimod, 

p38 MAPK inhibitor (1 μM); SP = SP600125, JNK kinase inhibitor (10 μM); PD = 

PD98059, MEK inhibitor (50 μM); IK-16 = IKK-16, IkappaB inhibitor (2.5 μM); IL10 

= interleukin 10 (100 ng/mL). (A) Representative immunoblots showing the changes in 

secreted apoE by APOE4 astrocytes. (B) Quantification of western blots. Bar graphs 

represent the mean ± SEM (n=5-8 individual experiments). A two-way ANOVA was used 

to assess outcome measures on interactions between treatment and pretreatment. *p<0.05, 

**p<0.005 compared to APOE4 treated with TNFα.
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Figure 7. Secretion of ApoE under endogenous inflammation.
ApoE acts as an anti-inflammatory molecule. The lower levels of apoE from APOE4 
microglia predisposes to APOE4 brain reactivity to inflammatory insults (also evidenced 

by the higher resting protein levels of TNFα in APOE4 microglia). The higher resting 

levels of TNFα are associated with lower apoE levels in APOE4 microglia. Induction of 

inflammation by LPS increases microglial apoE secretion in APOE2 and APOE3, but not in 

APOE4 microglia, to eventually limit the inflammatory response. The observed elevation 

of apoE secretion in APOE4 microglia after TNFα might not be sufficient to inhibit 

TNFα signaling. While apoE2 and apoE3 levels are unchanged by inflammatory stimuli 

in astrocytes, apoE4 is reduced by TNFα. These opposing events create an imbalance in the 

inflammatory response of APOE4 microglia and astrocytes.
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