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 25 

Abstract 26 

We have investigated the role of extracellular Heat shock protein 90 alpha (eHsp90α) in conferring 27 

protection of neuronal cells against fibrillary amyloid beta (f-Aβ1-42) toxicity mediated  by microglial 28 

cells. Formation of f-Aβ1-42 plaques leads to neurotoxic inflammation, a critical pathological feature of 29 

Alzheimer’s Disease. We observed increased uptake and clearance of internalized f-Aβ1-42 by microglial 30 

cells treated with eHsp90α, an effect associated with activation of NRF2 (NF-E2-related factor 2) - 31 

mediated autophagy. eHsp90α thus mitigated the neuronal toxicity of f-Aβ1-42-activated microglia. In 32 

addition, eHsp90α facilitated f-Aβ1-42 engulfment by microglial cells in vitro. In summary, eHsp90α 33 

triggers NRF2-mediated autophagy in microglia and thus protects against the neurotoxic effects of f-Aβ1-34 

42.  35 

  36 
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Introduction 37 

Intracellular HSPs are stress proteins that mediate cell survival during the heat shock response (HSR) 38 

through maintenance of protein homeostasis (proteostasis) [1-3]. Such HSPs support  survival by guiding 39 

protein folding and modulating protein degradation, thus protecting against proteotoxic stresses such as 40 

heat shock. However, in addition to the intrinsic HSR, the response to proteotoxicity has been shown to 41 

be transcellular in nature and protein stress at one site can modulate the response in cells at distant sites . 42 

It has become clear now that HSPs such as Hsp90 are abundantly secreted into the extracellular 43 

microenvironment and such extracellular HSPs (HSPe) may be important components of the transcellular 44 

HSR. HSPs released in free form or in extracellular vesicles may be able to interact with distant cells to 45 

increase their capacity for proteostasis. In addition to boosting cellular chaperone levels, HSPs may 46 

trigger signaling pathways that influence cell phenotype on encountering receptors in target cells. In 47 

mononuclear phagocytes, the cells under study here, HSPs have been shown to bind to the scavenger 48 

receptors LOX-1 and SREC-1. Ligand- associated LOX-1 is known to activate the factor NFκB through 49 

signaling pathways involving generation of reactive oxygen species (ROS). 50 

In the current study, we have examined the role of extracellular Hsp90 (Hsp90e) in the responses of 51 

microglia, brain resident mononuclear phagocytes that are the principal immune cells in the central 52 

nervous system (CNS). We have examined the role of Hsp90e in survival respoonses of micrglia as well 53 

as in their potential role in neuroinflammation during beta amyloid disorder. 54 

These activities may have therapeutic relevance for neurodegenerative diseases such as Alzheimer’s 55 

Disease (AD) and increasing the expression of HSPs, particularly Hsp90, has been suggested as an 56 

approach to manage the morbidity of AD [8-10]. AD is a progressive neurodegenerative disease 57 

characterized by loss of neuronal cells, accumulation of f-Ab  aggregates and intracellular 58 

hyperphosphorylated tau [11]. Ab peptides are generated in cells by digestion of the amyloid precursor 59 

protein (APP) protein in membranes by secretases. The peptides vary in their abilities to form amyloid 60 
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fibrils with Ab1-42 highly amyloidogenic compared to other products such as Ab1-40  which has little 61 

known toxicity [12].  Microglial cells, the resident mononuclear phagocytes of the brain, are considered 62 

vital in removing the toxic f-Ab1-42 aggregates from the extracellular milieu of neuronal tissues [13]. 63 

Following uptake by microglia, f-Ab1-42 aggregates are typically transported to the endolysosomal 64 

pathway for degradation. However, this process may initiate microglia to adopt an inflammatory 65 

phenotype that is toxic to surrounding neuronal cells and is ultimately a key component of AD 66 

pathogenesis [14, 15]. These activities of microglia upon f-Ab1-42 metabolism therefore constitute a 67 

“double edged sword”; on one hand reducing levels of extracellular f-Ab1-42   and on the other initiating a 68 

neurotoxic inflammatory environment.  69 

We have investigated whether exogenous delivery of Hsp90α could ameliorate the potentially malign 70 

influence of exogenous f-Ab fibrils ( f-Aβ1-42 ) upon microglial cells and subsequent neuronal toxicity. 71 

Indeed, eHsp90α played a significant role in protecting neuronal cells from f-Aβ1-42 aggregates in the 72 

presence of microglia. The protective activities of eHsp90α appeared to be multifaceted. Of particular 73 

interest, addition of Hsp90α re-directed internalized f-Aβ1-42 to autophagosomes, an effect likely 74 

facilitated by activation of the NRF2 detoxification pathway and was associated with reduced production 75 

of the nitric oxide (NO) by-product nitrite. In addition, eHsp90α facilitated microglial f-Aβ1-42 uptake. We 76 

have therefore demonstrated a cytoprotective signaling pathway activated by eHsp90α that is effective in 77 

ameliorating the toxic effects of f-Aβ1-42.  78 

 79 

  80 
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Materials and Methods 81 

 82 

Cell Culture and siRNA construct transfection 83 

Most studies were carried out in BV2 cells, a line of immortalized mouse microglia [16]. Some 84 

confirmatory studies used EOC2, an immortalized microglial cell line derived from the brain of an 85 

apparently normal 10-day-old mouse [17]. Cells were cultured in Dulbecco’s Modified Eagles Medium 86 

(DMEM) F12 containing 10% FBS and 1% L-glutamine.  BV-2 cells were maintained in DMEM 87 

supplemented by 10% HI FBS and Penicillin-Streptomycin (1000 units/ml), non-essential amino acids, 88 

HEPES, monocyte colony stimulating factor (M-CSF, 20ng/mL, R&D Systems). EOC2 cultures were 89 

maintained in DMEM media supplemented with 10% HI FBS, LADMAC media (20%) and 2ml L-90 

glutamine. HT22 cells were sourced from INSERT  and maintained in MEDIA-X. Primary murine 91 

microglia were cultured and maintained according to [18]. All cell cultures were maintained in a 5% CO2 92 

humidified incubator at 37°C.  93 

Microglial cells are plated into pre-coated inserts, which fit into wells of 24-well plates. The plating 94 

surface of the insert consists of a porous nylon mesh (3.0 uM), which allows soluble factors secreted by 95 

microglia to become a part of the shared neuron (HT22) -microglia environment. 96 

Animals, Chemicals and antibodies. 97 

Pregnant CD-1 mice used to prepare primary microglia were purchased from The Jackson Laboratory. 98 

Mice were housed under standard Laboratory conditions (23±1oC, 55±5% humidity) and had continuous 99 

access to drinking water and food. Neonatal murine microglia were isolated from P0 CD-1 pups using 100 

CD11b microbeads (Ca #130-093-634, Miltenyi Biotec) and their purity was assessed by 101 

immunocytochemistry of myeloid cell markers (Iba-1 and CD11b) according to the published method 102 
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[19]. The experiments were performed in accordance with the Guidelines for the Institutional Animal 103 

Care and Use of laboratory animals of the Boston University School of Medicine (IACUC #15178). 104 

Mouse Aβ1-42 and Aβ1-40, FITC tagged mouse Aβ1-42 and control peptides were purchased from American 105 

Peptides and AnaSpec. Recombinant full-length human Hsp90α was expressed by baculovirus in Sf9 106 

insect cells using a C-terminal His tag vector, purified by metal affinity chromatography and thus 107 

prepared free of endotoxin contamination [7]. Anti-rabbit Hmox-1 antibodies and anti-β-actin mouse 108 

monoclonal antibodies were from Sigma-Aldrich, Anti rabbit NRF2 and Anti-rabbit phospho-NRF2 were 109 

from Abcam. β-tubulin was from Abcam. MAP1-LC3B polyclonal antibodies were from Sigma-Aldrich 110 

and Cell signaling Technology Inc. Sqstm1 (p62) antibodies were from Cell Signaling Technology Inc. 111 

Murine Macrophage colony stimulating factor (M-CSF) was sourced from R&D Systems.  112 

Preparation of Aβ fibrils 113 

Aβ1-42  was dissolved in DMSO (stock 500 µM) at room temperature and stored at -20°C. To this Aβ 114 

aliquot, we added 10 mM HCl at RT, diluting to a final concentration of 100 μM of fAβ1-42. We mixed by 115 

vortex for 15 s, transferred the solution to 37°C and incubated for 24 h. The fAβ1-42 solution was then 116 

incubated for 24 h at 37°C.   117 

Western Analysis  118 

Cells were washed extensively in ice-cold phosphate-buffered saline, pH 7.4 (PBS) and protein lysates 119 

prepared in RIPA lysis buffer containing 1% NP-40, 0.5% sodium deoxycholate and 0.1% SDS in the 120 

presence of a protease and phosphatase inhibitor cocktails. Protein samples (20μg) were then subjected to 121 

4–15% gradient gel SDS-PAGE using the standard Cold Spring Harbor Laboratory protocol and 122 

transferred electrophoretically to PVDF membranes. Filters were then blocked in 5% bovine serum 123 

albumin (BSA) and probed for 2h with either anti-MAPI-LC3B (used at 1:500 dilution), anti-β-actin 124 

(1:5000), anti-pNRF2 (S40, 1:4000), anti-NRF2 (1:200), anti HmoxI (1:500), anti p62 (1:1000), or anti 125 

GAPDH (1:300) and antibody-antigen complexes visualized as described [20] using chemiluminescent 126 
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ECL reagents. The LC3I and LC3II isoforms were distinguished by differential electrophoretic mobility. 127 

Although higher in molecular weight, LC3-II migrates more rapidly in the electrophoretic field due to its 128 

modification with phosphatidylethanolamine.  129 

For re-probing blots with multiple antibodies, they were stripped overnight in buffer containing 1.5% 130 

glycine, 0.1% SDS, and 1% Tween 20 at pH 2.2, re-blocked with 5% BSA and reprobed with the next 131 

antibody. 132 

Immunofluorescence and confocal microscopy 133 

 At the indicated time points, BV-2 and EOC2 cells were washed in ice-cold PBS, pH 7.4, fixed with 4% 134 

para formaldehyde at room temperature, and then permeabilized with 0.1% Triton X-100. Cells were then 135 

blocked with 3% normal goat serum for 1 h at room temperature.  Iba1 (Abcam,cat. no. ab120481) and 136 

fluorophore- tagged secondary antibodies  were used to fluorescently stain the fixed cells and nuclei were 137 

stained with DAPI. Coverslips were mounted with Prolong Gold medium. Slides were scanned using a 138 

Zeiss LSM 810 confocal microscope with Zen software with the respective, appropriate filter sets as 139 

previously described [7]. Neurite growth in Fig 1E was measured using Imaje J software. Colocalization 140 

was quantified in Zen Software and with Adobe Photoshop software with the help of Channel on/off. 141 

 Quantification of Nitric oxide production 142 

Nitric Oxide (NO) release from cells was measured (using the manufacturer’s protocol) in cells incubated 143 

with or without  f-AB1-42 and in other control samples using a Nitric Oxide (total) detection kit, Cat# ADI-144 

917-020. 145 

RNA isolation and RT-qPCR 146 

Total RNA was isolated using the RNeasy Mini kit (Qiagen), including on-column DNase digestion to 147 

eliminate DNA (Rnase-Free DNase Set, Qiagen). RNA quantification was then performed using the 148 

Spectrophotometer ND-1000 (NanoDrop). RNA was reverse-transcribed using the iScript cDNA 149 
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Synthesis Kit (Bio-Rad) or an Applied Biosystems kit. cDNA (20 ng) was amplified using the following 150 

Taqman Gene Expression Assays (ThermoFisher Scientific): cDNA (20 ng) was amplified using the 151 

following Taqman Gene Expression Assays (ThermoFisher Scientific): Nfe2l2 (Mm00477784_m1), 152 

Hmox1 (Mm00516005_m1), Nqo1 (Mm01253561_m1), Sqstm1 (Mm01070495_m1) and 18s 153 

(Mm03928990_g1). All qPCR reactions were performed in a StepOne Plus Real-Time PCR System 154 

(Applied Biosystems). The relative mRNA levels were calculated using the comparative Ct method, with 155 

18S as the internal control. 156 

Statistical analysis 157 

We determined differences between two specific points using the Student’s t-test. To determine 158 

differences between three or more groups, we used the one-way analysis of variance (ANOVA) test, with 159 

Tukey post hoc tests. The level of significance was set at p<0.05. All analyses were performed using the 160 

software Prism 6 (GraphPad Software Inc.). 161 

 162 

163 
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Results 164 

Extracellular Hsp90α mitigates Fibrillar Amyloid beta-induced Neurotoxicity in vitro  165 

To test whether eHsp90α could protect neurons from the inflammatory toxicity of f-Aβ1-42 -activated 166 

microglia we co-treated murine microglial BV-2 and EOC2 cells with purified Hsp90α and/or freshly 167 

prepared f-Aβ1-42 and assessed the viability of adjacent neuronal HT22 cells potentially exposed to 168 

secreted microglial products via transwell culture preparations.  BV-2 cells pre-incubated with FITC-169 

fAβ1-42 mediated toxicity towards the distant neuronal HT22 cells as indicated by extensive loss of 170 

microtubule-containing processes, a morphological measure of neuron cell viability [21] (Fig. 1A, B). 171 

Within 72 h of  f-Aβ1-42  incubation, many of the neuronal cells (HT22) had lost their elongated processes 172 

(Fig. 1B). In contrast, when HT22 cells were co-cultured with BV-2 cells that had been treated with both 173 

f-Aβ1-42 and eHsp90α in the top well of the transwell culture dish, the majority of the HT22 survived with 174 

neurite lengths comparable to those in the non-treated control, suggesting protection by the chaperone 175 

(Fig. 1D). eHsp90α treatment alone did not significantly impact neurite outgrowth (Fig. 1C). The extent 176 

of neurite outgrowth was quantified and is shown in Fig. 1E. Similar effects of exposure to f-Aβ1-42 177 

without or with eHsp90α were also found upon co-culture of HT22 neuronal cells with EOC2 microglial 178 

cells (Suppl. Fig. 1). 179 

Nitric Oxide secretion by microglia is reduced by eHsp90α  180 

It was recently reported that microglia can express high levels of inducible nitric oxide synthase (iNOS) 181 

upon internalization of f-Aβ1-42 and such elevated iNOS leads to an increase in NO secretion [22]. Such 182 

high levels of NO become highly toxic after  reaction with oxygen to form peroxynitrate (ONOO—),  183 

conferring lethal DNA damage to adjacent cells. Both increased iNOS expression and increased NO 184 

production have been shown to be contributing factors in fAβ-induced neurotoxicity [22, 23]. We 185 

therefore measured NO secretion by BV-2 cells treated with f-Aβ1-42, eHsp90α or co-treated with 186 

eHsp90α and f-Aβ1-42 and observed that while f-Aβ1-42 increased levels of NO secretion by 187 
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approximately 4-fold, samples co-treated with eHsp90α and f-Aβ1-42 produced comparatively lower NO 188 

levels (Fig. 2A). These data suggested that one potential mechanism by which exposure to eHsp90α might 189 

reduce f-Aβ1-42- associated neurotoxicity could be induction of the anti-oxidant response pathway 190 

through NRF2 activation, with increased induction of its anti-oxidative gene targets and subsequent 191 

reduction in NO levels [24]. To further test this hypothesis, Nfe2l2 mRNA levels encoding the NRF2 192 

protein were knocked down in BV-2 cells using siRNA and cells were then incubated with f-Aβ1-42, 193 

eHsp90α or co-treated with eHsp90α and f-Aβ1-42. While exposure to eHsp90α reduced NO accumulation 194 

by f-Aβ1-42 in the scrambled control cells, this sparing effect was attenuated in the Nfe2l2 siRNA sample, 195 

supporting a role for NRF2 in the protective properties of eHsp90α against f-Aβ1-42-associated NO 196 

production (Fig. 2B).  197 

eHsp90α activates the NRF2-antioxidant response element signaling pathway in BV-2 cells 198 

Activation of NRF2 and its antioxidant gene products such as Hmox1 (Heme Oxygenase 1), NQO1 199 

(NAD [P] H:quinone oxidoreductase, Prdx1 (peroxiredoxin), leads to protection of cells from 200 

inflammatory damage through ROS (reactive oxygen species) [25].We therefore asked whether Hsp90α 201 

could induce NRF2 and its antioxidant gene products and thus deter microglia from f-Aβ1-42- mediated 202 

toxicity. To test this possibility, we incubated BV-2 cells with f-Aβ1-42, eHsp90α or eHsp90α + f-Aβ1-42 and 203 

assayed for indicators of altered NRF2 activity. We first observed increases in mRNA levels of Nfe2l2 in 204 

cells treated with eHsp90α + f-Aβ1-42 or eHsp90α alone, but only a mild effect of f-Aβ1-42 alone (Fig. 3A). 205 

We also observed upregulation of known NRF2 regulated genes, Hmox1 and Nqo1 mRNA in microglia 206 

incubated with eHsp90α (Fig. 3B, C). 207 

We next demonstrated an increase in the active, modified form of NRF2, phospho-NRF2 (S40) and total 208 

levels of NRF2 protein in BV-2 cells incubated with both f-Aβ1-42 and eHsp90α (Fig. 3D). Hmox1 protein 209 

expression was also increased in cells incubated with eHsp90α (Fig. 3E). 210 
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eHsp90α increases the uptake and clearance of f-Aβ1-42  by microglial cells 211 

Next, we tested the hypothesis that addition of Hsp90α might produce additional beneficial effects by 212 

increasing phagocytosis of f-Aβ1-42, thus removing some of the toxic aggregates from the medium. We 213 

therefore examined the effect of eHsp90α on uptake and accumulation of fluorescence-labeled f-Aβ1-42 in 214 

BV-2 and primary cultured murine microglia. Addition of eHsp90α at 10µg/ml markedly increased 215 

uptake of 2.5µM of f-Aβ1-42 in BV-2 (Fig. 4A-B), primary microglia (Fig. 4C-D) and EOC2 cells (Suppl. 216 

Fig. 2). Primary microglia were treated with Alexa-555-labelled eHsp90α (Fig. 4C-D). Co-localization of 217 

Alexa-555-Hsp90α and FITC-f-Aβ1-42 after 2 h incubation with primary microglia was observed 218 

suggesting that eHsp90α may facilitate f-Aβ1-42  uptake (Fig. 4D). We used anti-Iba1 antibody to mark the 219 

microglial population in primary culture. Iba1 is a microglia-macrophage specific calcium-binding 220 

protein. 221 

To determine the influence of eHsp90α on the fate of internalized FITC labeled f-Aβ1-42 after 222 

internalization in microglia, we incubated BV-2 cells (Fig. 5A-B) and EOC2 cells (Suppl. Fig. 3) with 223 

FITC- f-Aβ1-42 for 19 and24 h at 37°C, respectively. Samples co-treated with eHsp90α had a faster rate of 224 

intracellular FITC depletion potentially suggesting higher levels of f-Aβ1-42 degradation. An increased rate 225 

of cytosolic f-Aβ1-42 loss was also observed in the early periods upon addition of eHsp90α within 19 h of 226 

treatment (Fig. 5. Increased f-Aβ1-42 uptake was observed within 9.5 h in the eHsp90α co-treated sample 227 

compared to f-Aβ1-42 alone. This pattern was consistent with the effects observed in EOC2 cells, where 228 

higher levels of f-Aβ1-42 were observed within 2 h of treatment (Suppl. Fig. 2), yet at 24 h the f-Aβ1-42 229 

FITC signal was observed to be reduced in the experimental group treated with both f-Aβ1-42 and eHsp90α 230 

compared to f-Aβ1-42 alone (Suppl. Fig. 3). When considered together the data suggested that, similar to 231 

the BV-2 cells, the EOC2 cells also appeared to exhibit faster rates of f-Aβ1-42 uptake and metabolism 232 

when co-treated with eHsp90α.  233 

eHsp90α promotes autophagosome-mediated clearance of f-Aβ1-42 by microglial cells 234 
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To further investigate mechanisms through which eHsp90α might modulate the intracellular fate of f-Aβ1-235 

42, we examined the intracellular localization of the fibrils after uptake and asked how this was impacted 236 

by co-treatment with eHsp90α. It has been previously shown that f-Aβ1-42 can be degraded by the 237 

autophagy pathway in some circumstances [26]. We found that after uptake, f-Aβ1-42 was localized to 238 

regions containing both the lysosomal marker LAMP1 (Fig. 6A and E) and the autophagosome marker 239 

MAP1-LC3 (Fig. 6B and E) in BV-2 cells after 2 h of treatment with FITC-f-Aβ1-42. However, upon co-240 

treatment with eHsp90α the proportion of cells that exhibited co-localization of FITC-f-Aβ1-42 with 241 

LAMP1 was decreased (Fig. 6C and E), while cells with colocalization of f-Aβ1-42 and autophagosomal 242 

MAP1-LC3 marker was increased, by at least 3-fold (Fig. 6D and E). These experiments therefore 243 

suggested that eHsp90α redirects the fibrils towards the  autophagosomal compartment.  244 

We also observed increased MAP1-LC3B-II protein expression in BV-2 cells incubated with f-Aβ1-42 and 245 

eHsp90α, potentially suggesting increased autophagy under these conditions (Fig. 6F). Intracellular levels 246 

of MAP1-LC3B-II are generally correlated with the numbers of autophagosomal puncta [27]. When 247 

pretreated with lysosomal inhibitor ammonium chloride for 2 h, levels of MAPI-LC3B-II, (the 248 

autophagosome-associated, lipidated form of MAP1-LC3 that accumulates due to inhibition of 249 

lysosomal degradation), were increased in cells treated with both f-Aβ1-42 and eHsp90α (Fig. 6G).  250 

eHsp90α induces increased levels of autophagy proteins p62 /SQSTM1) and MAPI-LC3B in 251 

microglia  252 

Among candidate intermediates in the autophagy pathway, MAPI-LC3B and p62 (encoded by Sqstm1) 253 

play particularly significant roles in the processing of ubiquitinylated proteins targeted for degradation 254 

[28]. We therefore next examined the expression of MAPI-LC3B and p62 after eHsp90α treatment in BV-255 

2 cells (Fig. 7 A, C). As NRF2 has recently been linked to autophagy, we hypothesized that this factor 256 

might function as a regulator of p62 and LC3 expression to mediate the observed increases in indicators 257 

of autophagy and increased clearance of fAβ1-42. To test this possibility, Nfe2l2 transcript levels were 258 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 16, 2021. ; https://doi.org/10.1101/2021.04.16.440151doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.16.440151
http://creativecommons.org/licenses/by-nc-nd/4.0/


 13

reduced by RNA interference (Fig. 7 A, C). Relative levels of NRF2 proteins in BV-2 cells were 259 

increased by eHsp90α treatment but not by exposure to f-Aβ1-42 (Fig. 7A). LC3II levels in these samples 260 

were increased by the eHsp90α treatments but not by f-Aβ1-42, and were reduced in samples transfected 261 

with Nfe2l2 mRNA-targeting siRNA (Fig. 7A). f-Aβ1-42 treatment increased LC3I protein levels but not 262 

LC3II levels (Fig. 7A).  263 

At the mRNA level, eHsp90α treatment increased the levels of the p62 encoding mRNA of Sqstm1 in 264 

BV-2 cells, with or without f-Aβ1-42 while exposure to the microfibrils alone had minimal effects (Fig. 265 

7B). It might be significant that f-Aβ1-42 alone produced small increases in NRF2 and p62 mRNA, 266 

perhaps suggesting that the microglia were attempting to mount a homeostatic response to the toxic 267 

aggregates and that such a response could be amplified by eHsp90α treatment (Fig. 3A, 7B). To control 268 

for potential effects of NRF2 knockdown on f-Aβ1-42 uptake, BV-2 cells were transfected with Nfe2l2-269 

targeting siRNA, treated with FITC-f-Aβ1-42 and analyzed by fluorescence microscopy after 72 h. We did 270 

not detect significant changes in uptake in cells depleted of NRF2 (Suppl. Fig. 4). These data therefore 271 

suggested that eHsp90α-mediated changes in f-Aβ1-42 uptake and entry into the autophagy pathways were 272 

independently mediated events. eHsp90α treatment also led to increased levels of p62 proteins with or 273 

without f-Aβ1-42 exposure, while f-Aβ1-42 alone produced minimal effects (Fig. 7C). eHsp90α-induced p62 274 

was abrogated in cells transfected with Nfe2l2-targeting siRNA (Fig. 7C), again suggesting a primary role 275 

for this transcription factor in expression of autophagy intermediates.  276 
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Discussion  278 

The pathology of AD involves both intra- and extracellular Aβ  deposition to neurons [29]. Intracellular 279 

Aβ plaques could be reduced by overexpression of HSPs such as Hsp40 and Hsp70, both of which bind to 280 

oligomers in the intra-neuronal space [30]. It has, however been a challenge to derive approaches to 281 

remove extracellular Aβ plaques from the brain, which are initially formed outside the nucleus and 282 

become neurotoxic [31]. Considering the chaperoning effects of Hsp90α and its role in internalizing 283 

antigens in immune cells, we hypothesized that eHsp90α might play a role in removing extracellular Aβ 284 

plaques in treatment of AD  [7, 20]. 285 

Recent studies suggested a dominant role for microglia, in the progression of AD [32-34]. Microglia form 286 

a lineage originated from the yolk sac, which is distinct from other mononuclear phagocytes, and can play 287 

homeostatic roles in AD, by surrounding and removing Aβ plaques, apoptotic cells and debris [33, 34]. 288 

However, prolonged microglial activation may enhance the neurodegenerative phenotype of these cells in 289 

the pathology of AD, mediating neurotoxicity and loss of synapses and neurons [14]. Here we have 290 

demonstrated that the inflammatory neurotoxicity of f-Aβ1-42 exerted by  microglia could be reduced in 291 

the presence of eHsp90α (Fig. 1). Our results suggested that eHsp90α may play a vital role both in 292 

engulfment and processing of extracellular f-Aβ1-42  aggregates (Fig.4). eHsp90α is internalized in a 293 

receptor-dependent pathway by phagocytic cells such as dendritic cells and macrophages [35, 36]. 294 

eHsp90α can bind to multiple receptors expressed in both non-immune cells and immune cells [37], 295 

including, but not limited to, LRP-1, SREC-I, LOX-1, and Feel-1/Stabilin-1 [6, 7, 36, 38, 39]. Other 296 

investigators have shown that non-fibrillar Aβ can be taken up by macrophages and microglia by receptor 297 

mediated phagocytosis [40]. Here we observed that eHsp90α causes enhanced uptake of f-Aβ1-42  in 298 

microglia (Fig. 5).  299 

In addition to a method to recycle their own components during nutrient deprivation, cells utilize 300 

autophagy to process extracellular components such as dead cells and invading pathogens after 301 
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phagocytosis [41, 42]. In this study, we demonstrated that the processing of extracellular f-Aβ1-42  by 302 

microglia is switched towards the autophagy pathway when Hsp90α is added to the extracellular media 303 

(Fig.6). It had been shown that the autophagy pathway is beneficial for AD, and that f-Aβ1-42  undergoes 304 

autophagy mediated processing in microglia [43]. However, microglial autophagy appears to be defective 305 

in some AD patients, a loss which may contribute to activation of microglia via the inflammasome [26]. 306 

We also observed that Hsp90α  could increase MAPI-LC3B expression in microglia, and was found in 307 

MAPI-LC3B containing autophagosomes (Fig. 6). We observed a significant increase in MAPI-LC3B 308 

expression in cells with Hsp90α only and f-Aβ1-42 + Hsp90α, evidence that autophagy plays a role in 309 

Hsp90α mediated processing of internalized f-Aβ1-42  in microglia (Fig. 6). In autophagy, cytosolic MAPI-310 

LC3B becomes conjugated to phosphatidylethanolamine, forming LC3BII on the autophagosomal 311 

membrane until this molecule fuses with lysosomes [44]. The other adaptor protein involved in the 312 

autophagy pathway, p62 / Sqstm1 is known to interact with LC3BII and facilitate ubiquitinylated protein 313 

targeting to autophagosomes and degradation [45]. We observed increases in both LC3B and p62 /Sqstm1 314 

mRNA and protein expression in the presence of eHsp90α suggesting the role of increases in these 315 

proteins in initiating this process (Fig. 7).  316 

A central role in the response of microglia to Hsp90α appeared to be played by  NRF2, which is induced 317 

and activated by the chaperone in microglia (Fig 3). Although NRF2 is classically activated by oxidative 318 

stress, such a mechanism seems unlikely here from our current understanding of the effects of  319 

extracellular Hsp90α. The mechanisms by which Hsp90α activate NRF2 are therefore unclear, but may 320 

involve downstream signaling cascades emanating from liganded HSP receptors [35]. Decreases in NO 321 

levels under conditions of activated NRF2 might be related to the known antagonism between this factor 322 

and NFkB, the key activator of inflammatory transcription [46]. Activated NRF2 can inhibit NFkB-323 

mediated expression of iNOS as well as down-regulating inflammatory genes such as COX-2, TNFα and 324 

IL1β [46]. Recently it was shown that inflammatory responses induced by f-Aβ1-42 fibrils in microglia are 325 

decreased in these cells by induction of autophagy [47]. 326 
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Our experiments therefore demonstrate  that eHsp90α can modulate the processing of f-Aβ1-42 in 327 

microglia while mitigating the resulting oxidative burst. The  mechanisms involved included  induction of  328 

NRF2 and the oxidative stress response and recruitment of  the autophagy pathway. These data may 329 

suggest potentially novel uses for HSPs in future treatment of AD.   330 

  331 
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Figure Legends 346 

Figure 1. eHsp90α mitigates Fibrillar Amyloid β induced Neurotoxicity. (A-D). HT22 hippocampal 347 

neuronal cells were grown on coverslips in the bottom layer of a transwell culture dish. BV-2 cells were 348 

then added to the top layer of the transwell, and incubated with: (A) no ligand, (B) fibrillar f-Aβ1-42 349 

(2µM), (C) Hsp90α (10µg/ml) and (D) f-Aβ1-42 + Hsp90α (D) for 72 h. After the 72 h incubation, HT22 350 

cells from the bottom wells were then fixed with 4% para formaldehyde and then permeabilized with 351 

0.1% Triton X-100 before staining with anti β-tubulin antibodies. Stained cells on coverslips were then 352 

examined by confocal microscopy. (E) β-tubulin stained neurite outgrowth was measured using image J. 353 

scale bar = 5µm A total of 100 cells were counted in each sample. Cartoon created with BioRender.com. 354 

Experiments were repeated three times with similar results. 355 

Figure 2. Nitric Oxide secretion induced by microglial exposure to fibrillar Aβ is reduced by 356 

eHsp90α. (A) BV-2 cells were incubated with the indicated ligands or with vehicle (ctl) for 4-6 h. Control 357 

peptide was Aβ1-40. NO secretion to the medium was then quantitated using a Pierce assay kit, according 358 

to manufacturer’s protocol. (B) BV-2 cells were transfected with scrambled control (scr) RNA or Nfe2l2 359 

siRNA for 72 h. Cells were then incubated with indicated ligands or not (ctl) for 6 h and NO secretion 360 

was measured as above. Experiments were repeated 3 times with similar results.  361 

Figure 3. eHsp90α treatment activates the NRF2-antioxidant response element signaling pathway in 362 

BV-2 cells. (A-C) BV-2 cells were incubated with eHsp90α for the indicated times and then total RNA 363 

was extracted and assayed by RT-qPCR. Relative Nfe2l2 (A), Hmox1 (B) and Nqo1 (C) mRNA 364 

expression was quantified and normalized to 18S and represented as fold-change to control or 0 h 365 

timepoint. (D, E) BV-2 cells were incubated with Aβ, eHsp90α or eHsp90α plus Aβ for 4 h. Total cell 366 

lysates were collected, separated using SDS-PAGE and analyzed by immunoblot. In D, the filters were 367 

probed with anti-pNRF2 antibodies then stripped and probed sequentially for NRF2, and β-actin (loading 368 

control). In E, filters were probed after immunoblot with anti-Hmox1 antibodies then stripped and probed 369 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 16, 2021. ; https://doi.org/10.1101/2021.04.16.440151doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.16.440151
http://creativecommons.org/licenses/by-nc-nd/4.0/


 19

sequentially for pNRF2, NRF2, and GAPDH (loading control). Experiments were repeated 3 times with 370 

similar results.  371 

Figure 4. eHsp90α increases uptake of FITC-f-Aβ1-42 by microglia. (A, B) BV-2 cells were incubated 372 

with 2µM FITC-fAβ (green) for 2 h. Cells were then fixed with 4% paraformaldehyde, permeabilized 373 

(0.1% Triton X100) and stained with DAPI (blue).  FITC-f-Aβ1-42 was detected by its intrinsic 374 

fluorescence. scale bar = (5 µm ). (C, D) Primary microglia were incubated with 2µM FITC-fAβ (green) 375 

and ± Alexa555-Hsp90α (red) for 2 h. Cells were then fixed, permeabilized, stained with DAPI (blue).  376 

FITC-f-Aβ1-42 and Alexa555-Hsp90α were detected by their intrinsic fluorescence. Experiments were 377 

repeated twice, and 100 cells were counted from each sample for each experiment, scale bar = (X). 378 

Figure 5. Altered clearance of FITC-fAβ1-42 fibrils in microglia by eHsp90α. (A, B). BV-2 cells were 379 

incubated with FITC-f-Aβ1-42  (green, 2µM) ± Hsp90α for 24 h. Cells were then fixed (4% para 380 

formaldehyde), permeabilized (0.1% Triton X-100) and stained with DAPI (blue) prior to confocal 381 

microscopy. (C) BV-2 cells were incubated with 2µM FITC-f-Aβ1-42  and/or 10µg/ml of eHsp90 for up to 382 

19.5 h. Cells were then fixed, permeabilized and stained with DAPI (blue) as in A and B prior to 383 

determination of fluorescence intensity. Scale bar = X. Experiments were repeated 3 times, reproducibly.  384 

Figure 6. FITC-fAβ1-42 fibrils are localized in MAP1-LC3B marked autophagosomes in the presence 385 

of eHsp90α. (A) BV-2 cells were incubated with FITC-fAβ (2µM, green) for 2 h. Cells were then fixed, 386 

permeabilized and stained with anti-LAMP1 antibodies (red) and DAPI (blue) prior to confocal 387 

microscopy. (B) BV-2 cells were incubated with FITC-fAβ (2µM, green) as in A. Cells were then fixed, 388 

permeabilized and probed by immunofluorescence with MAPI-LC3B antibodies (red) and DAPI (blue). 389 

(C) BV-2 cells were incubated with FITC-fAβ (2µM, green) and eHsp90α (10µg/ml) for 2 h. Cells were 390 

then processed as in A, B and then stained with anti LAMP1 antibodies (red) and DAPI (blue). (D) BV-2 391 

cells were incubated with FITC-fAβ and eHsp90α as in A and then processed as in A. Cells were probed 392 

by immunofluorescence with anti-MAP1-LC3B ab (red) and DAPI (blue). MAP1-LC3B was thus 393 
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detected by secondary fluorescent antibodies and FITC-f-Aβ1-42  by its intrinsic fluorescence. (E) 394 

Quantitation of the relative levels of colocalized FITC-f-Aβ1-42  and either LAMP1 or LC3 by 395 

fluorescence intensity.  (F) BV-2 cells were treated with f-Aβ1-42   (2µM) ± eHsp90α (10µg/ml) or vehicle 396 

for 2 h. Cells were then lysed and lysates containing equal amounts of protein were analyzed by SDS-397 

PAGE priors to electro-transfer and immunoblot with MAPI-LC3BI antibodies. The PVDF membrane 398 

was stripped and blotted with anti-GAPDH antibodies as loading control. (G) BV-2 cells were pretreated 399 

with NH4Cl for 2 h and then incubated with or without f-Aβ1-42 and eHsp90α as in F. Anti-MAPI-LC3B 400 

antibodies were used to detect MAPI-LC3B expression in the immunoblots. Samples containing equal 401 

amounts of protein were loaded and equal loading was confirmed by the anti-GAPDH antibody 402 

immunoblot. Experiments were repeated at least three times, reproducibly. 403 

Figure 7. eHsp90α induced autophagy involves activation of NRF2 and subsequent expression of 404 

NRF2-regulated gene products. (A) BV-2 cells were transfected with either scr or Nfe2l2 siRNA for 72 405 

h. Cells were then incubated with f-Aβ1-42, eHsp90α and f-Aβ1-42 + eHsp90α for 4 h. Total cell lysates 406 

were collected and samples with equal amount of protein were separated using SDS-PAGE before 407 

transfer to PVDF membrane. Relative levels of the indicated proteins were determined by immunoblot 408 

using anti-MAPI-LC3B, and membranes then stripped and probed sequentially for NRF2 and GAPDH. 409 

(B) BV-2 cells were incubated with either vehicle control, f-Aβ1-42, eHsp90α ± f-Aβ1-42 or eHsp90α alone 410 

for 4 h. Total RNA was then extracted, and real-time qPCR was performed using primers to detect the 411 

Sqstm1 transcript. Sqstm1 mRNA levels were measured and represented relative to the amount of 18s 412 

RNA. (C) BV-2 cells were transfected with either Scr or Nfe2l2 siRNA for 72 h. Cells were then 413 

incubated with the indicated ligands for 4 h. Cell lysates were then collected and proteins separated by 414 

SDS-PAGE. p62 and GAPDH protein levels were detected sequentially by immunoblot using  anti-p62 415 

and anti-GAPDH antibodies. Experiments were performed three times with reproducibility. 416 

  417 
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