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Chapter 5

Main findings

In Chapter 2 transmission of the unfolded protein response (UPR) from endoplasmic 
reticulum (ER) stressed-donor cells to naive acceptor cells was investigated. Our data 
show that a pharmaca-based transmission protocol where conditioned media (CM) 
is transferred to acceptor cells is unsuitable to study UPR transmission, since carry-
over of pharmaca is a major confounding factor. In addition, no evidence for UPR 
transmission was found using nutrient deprivation or multiple genetic transmission 
protocols in cell culture, neither using transfer of CM nor in a co-culture paradigm. We 
conclude that cell-to-cell transmission of UPR activation does not occur in cell culture. 

In Chapter 3 the UPR-mediated regulation of the unconventional secretion factor 
Golgi reassembly and stacking protein (GRASP) 55, was studied in primary mouse 
neurons. UPR activation increased the expression (mRNA and protein) of GRASP55. 
GRASP65 expression was not affected. No relocalization of GRASP55 was observed 
in primary neurons upon UPR activation. The UPR-induced GRASP55 expression 
required the protein kinase R-like ER kinase (PERK) and inositol requiring enzyme 1 
(IRE1) pathway. However, expression of the spliced and active form of X-box binding 
protein 1 (XBP1s) in the absence of ER stress was not sufficient to increase GRASP55 
levels. GRASP55 knockdown did neither affect induction nor recovery of the UPR. 
To conclude, the UPR regulates the unconventional secretion protein GRASP55 by 
inducing expression levels in a PERK and IRE1 pathway-dependent manner in neurons.

In Chapter 4 we have investigated the formation of granulovacuolar degeneration 
bodies (GVBs) and characterized the GVBs using confocal and super resolution 
imaging and electron microscopy. We demonstrated that GVB formation was induced 
by tau pathology in a neuron-selective manner in mice and in cultured primary 
hippocampal neurons. The in vitro GVBs contained the same protein signature as the 
GVBs in the human brain and were labeled by antibodies against casein kinase 1 δ 
(CK1δ), CK1ε, charged multivesicular body protein 2b and the UPR activation markers 
phosphorylated (p)PERK, p-eukaryotic translation initiation factor 2 α (peIF2α) and 
pIRE1α. GFP-labeled CK1δ was observed in GVBs. Morphological and functional 
characterization demonstrated that GVBs are lysosomal organelles enclosed by a single 
membrane that are proteolytically active. In conclusion, we present the first in vitro GVB 
model and show that GVB formation is induced by tau pathology in a neuron-selective 
manner. GVBs selectively sequester proteins in the dense core that is surrounded 
by a vacuole and a single membrane and are characterized as proteolytically active 
lysosomal organelles.
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The main findings of Chapter 2, 3 and 4 are presented in a graphical overview (Ch. 5, 
Fig. 1).

The UPR: an intricate signaling network

The molecular UPR tool box reveals crosstalk between branches
To understand UPR function on a molecular level, a UPR tool box to interfere in the 
signaling cascades is essential. In Chapter 2 and 3 we have modulated UPR signaling in 
several ways employing pharmaca, nutrient deprivation, small molecule inhibitors and 
various genetic tools. Pharmaca like tunicamycin (TM) and thapsigargin (TG) induce 
a strong and global UPR (Ch. 2 and 3) and are therefore commonly used to activate 
the UPR. However, these pharmaca do not directly intervene with UPR proteins and it 

Figure 1 Graphical overview of main findings from chapters 2, 3 and 4
No evidence is found for UPR transmission in cell culture in Chapter 2. GRASP55 gene 
expression is induced by UPR activation as shown in Chapter 3. In Chapter 4 it is demonstrated 
that tau pathology induces GVB formation in different models and UPR activation markers are 
present in GVBs. For more details see text “Main findings” and Chapter 2-4. Dotted line arrows: 
hypothetical/literature-based connection.  
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is not possible to activate single UPR pathways to dissect the involvement of distinct 
UPR branches using TM or TG. Therefore, we have employed specific small molecule 
inhibitors and multiple genetic tools to overcome these disadvantages. 

To validate the activation of separate UPR pathways, we measured UPR targets for 
the different signaling branches. This revealed crosstalk between the UPR pathways. 
Upon selective activation of the PERK pathway using ligand-induced homodimerization 
of Fv2E-PERK thereby activating PERK’s kinase domain, downstream PERK target C/
EBP homologous protein (CHOP) was induced dose-dependently as expected (Ch. 2, 
Fig. S3). However, binding immunoglobulin protein (BiP) expression was also increased. 
The effect of the PERK pathway on BiP expression is in agreement with the previously 
reported reduced upregulation of BiP mRNA levels upon ER stress in PERK knock-
out mice (Teske et al. 2011). This can be explained by crosstalk with the activating 
transcription factor 6 (ATF6) pathway, that strongly induces BiP (Haze et al. 1999). The 
PERK pathway facilitates activation of the ATF6 branch through its downstream target 
activating transcription factor 4 (ATF4) (Heather P Harding et al. 2000). ATF4 increases 
expression of both ATF6 (full length) and genes involved in ER-to-Golgi trafficking 
(Teske et al. 2011), an essential route for ATF6 processing and activation (Chen, Shen, 
and Prywes 2002). 

We also observed crosstalk upon overexpression of active ATF6, which increased not 
only BiP, but also CHOP mRNA expression in both SK-N-SH cells and primary neurons 
(Ch. 2, Fig. S4; Ch. 3, Fig. 4). This is not surprising considering that ATF6 can bind to 
the DNA motif ER stress element (ERSE) that is present in the promoter of the gene 
encoding for CHOP (Yang et al. 2017). However, while XBP1s can also bind the ERSE, 
overexpression of XBP1s did not induce CHOP expression (Ch. 2, Fig. S4; Ch. 3, Fig. 4). 
This can be explained by the difference in binding affinity for the ERSE between ATF6 
and XBP1s (Yamamoto et al. 2004). However, the IRE1 inhibitor significantly reduced 
TM-induced CHOP and BiP expression (Ch. 3, Fig. 3) suggesting the IRE1-XBP1s 
pathway affects both CHOP and BiP expression. Maybe this effect is indirect and not 
mediated through ERSE binding, since the absence of the IRE1-XBP1s branch did not 
result in reduced activation of an ERSE reporter (Yamamoto et al. 2004).

Inhibition of PERK also revealed crosstalk, demonstrated by diminished expression of 
TM-induced BiP and XBP1s mRNA in the presence of the PERK inhibitor GSK2606414 
(Ch. 3, Fig. 3). In line with this, the ER stress-induced increase of BiP expression is 
significantly inhibited in PERK knock-out mice as discussed above (Teske et al. 2011). 
In addition, activation of the PERK pathway via ATF4 can also induce IRE1-XBP1s 
signaling in HeLa cells (Tsuru et al. 2016), therefore inhibition of PERK could lead to 
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lower TM-induced XBP1s levels as observed in Ch. 3, Fig. 3. In contrast, in the pancreas 
IRE1 signaling is enhanced upon PERK knock-out in mice, suggesting a compensatory 
mechanism may exist between these branches in some cell types (Harding et al. 2001).

Together this illustrates the intricate network that is the UPR with crosstalk, feedback 
and compensatory mechanisms between branches (see also Ch. 1 section “The 
unfolded protein response”). The specific inhibitors and genetic tools discussed here 
give the opportunity to more precisely intervene in the UPR compared to pharmaca. 
Although the crosstalk shows the UPR branches are not isolated signaling cascades, it 
is still possible to activate single UPR pathways and analyze the specific involvement of 
the triggered branch on downstream targets. The downstream target that is typically 
affected most severely is a more direct responsive gene of the single pathway that 
is activated, whereas less affected targets may be the result of crosstalk to other 
pathways. For example, the IRE1 inhibitor abolished the TM-induced upregulation of 
the direct target XBP1s, whereas the TM-induced upregulation of CHOP and BiP levels 
which are not directly downstream of IRE1, were more mildly affected (Ch. 3, Fig. 3). In 
addition, if UPR signaling is measured over time, the first effect observed will be that 
directly downstream of the intervention. Responses that are observed later are more 
likely to be indirect and possibly achieved through crosstalk between UPR pathways. 
The downstream effects of the specific modulation of a UPR pathway can be measured 
by UPR reporters that contain ER stress-induced promoter elements (for example 
the ATF6/XBP1s and ATF4 reporter used in Ch. 2, Fig. 2). Activation of the reporter 
gives a clear view of the UPR pathway involved. To conclude, when carefully assessed 
it is possible to dissect the direct and indirect effects on the UPR branches upon 
specific UPR interventions. This is particularly important when modulating the UPR for 
therapeutic purposes.

The cell type-specific UPR
In every mammalian cell the three UPR signaling pathways are present. However, UPR 
signaling has adapted to suit specific cell types. Here, we concisely discuss the cell 
type-specific differences in 1) the expression of ER stress sensors; 2) the strength 
and kinetics of UPR activation; 3) UPR pathway activation; 4) UPR responsive gene 
activation; 5) the effects of UPR signaling on other cellular processes. 

1) Three canonical ER stress transducers are known. However, multiple extended family 
members exist, providing cell type-specific UPR signaling. Two mammalian IRE1 paralogs 
are expressed, IRE1α (Tirasophon, Welihinda, and Kaufman 1998) and IRE1β (Wang 
et al. 1998). Whereas IRE1α is present in various tissues, IRE1β expression is limited 
to epithelium cells of the intestines and airways (Bertolotti et al. 2001; Martino et al. 
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2013).  Apart from the ubiquitously expressed two ATF6 paralogs ATF6α and ATF6β 
(Haze et al. 2001), other ER stress transducer proteins with high sequence similarity 
to ATF6 exist. This family includes OASIS, BBF2H7, CREBH, CREB4 and Luman that 
just as ATF6 contain a transmembrane, bZIP and DNA-binding domain and can be 
proteolytically processed into active transcription factors (reviewed in (Saito 2014)). 
Despite these structural and functional similarities, the distribution pattern for most of 
these family members is more restricted to specific cell types than ATF6 (Saito 2014). 
In view of neurodegenerative diseases OASIS is particularly interesting, since it is, apart 
from bone tissue, highly expressed in astrocytes of the central nervous system (Honma 
et al. 1999; Kondo et al. 2005).

2) The strength and kinetics of activation of the different UPR branches in different 
cell types may vary upon similar stress-inducing treatments. For example, in this thesis 
the XBP1s response was approximately tenfold higher in the human neuroblastoma 
cell line compared to primary neurons at the 4-hour timepoint, while BiP expression 
levels were similar (Ch. 2, Fig. S1). In addition, the UPR induction timeline suggests 
kinetic differences where UPR signaling is more quickly switched off in SK-N-SH cells 
compared to primary neurons (Ch. 2, Fig. S1b, e). 

3) Different cell types can activate different UPR branches while triggered by the same 
ER stress-inducing treatment. Upon infection with the chikungunya virus, HeLa cells 
activate the PERK pathway, however, the same infection results in IRE1 signaling in 
HepG2 cells (Khongwichit et al. 2016). 

4) Activation of the same UPR branch can lead to a different transcriptional response 
in different cell types. For example, the genome-wide identification of XBP1s 
transcriptional targets shows differences between skeletal muscle cells and plasma or 
pancreatic β cells (Acosta-Alvear et al. 2007).

5) Cellular processes can be differentially regulated by the UPR in distinct cell types. 
For instance, UPR activation affects autophagy and apoptosis differently in HeLa cells 
and HepG2 cells (Khongwichit et al. 2016). This is probably due to the activation of 
distinct UPR pathways as discussed above. Furthermore, the expression of ER stress 
sensor OASIS is essential for astrocytic differentiation, since this is impaired in the 
embryonic stages in OASIS-deficient mice (Saito et al. 2012). The astrocyte-specific 
expression of OASIS may indirectly also affect other cell types, since neurons are more 
sensitive for the kainic acid-induced toxicity in OASIS-deficient mice. OASIS expression 
is increased in reactive astrocytes upon kainic acid treatment which induces ER stress 
markers in both astrocytes and neurons. OASIS-deficient astrocytes are more sensitive 
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to ER stress, whereas cultured neurons from OASIS-deficient mice are not. Therefore, 
OASIS expression in astrocytes is suggested to have a direct protective role for 
astrocytes and indirectly for neurons upon kainic acid treatment (Chihara et al. 2009).

To conclude, a variety of non-canonical ER stress transducer proteins with specific 
expression patterns and cell type-specific responses of the UPR branches and target 
genes exist. A main driving force of the tissue-specific differences is the differential 
demand on ER capacity and function. For example, specialized secretory cells require 
a consistently high capacity of the ER, while other cell types need to quickly react 
to large fluctuations in protein folding load and adapt their ER capacity accordingly. 
In addition, already before secretion takes place, specific UPR regulation is required 
for developmental processes in most secretory cells (Moore and Hollien 2012). The 
widespread influence of the UPR on other cellular processes including autophagy and 
apoptosis, makes a cell type-specific approach also desirable. Taken together, the cell 
type-specific differences in UPR signaling allow for customization to suit the needs of 
the distinct cell types regarding ER function and additional cellular processes. Therefore, 
UPR signaling should be studied in the disease-relevant cell type.

The cell non-autonomous UPR

Transmission of the UPR
The regulation of proteostasis involves multiple protein quality control mechanisms 
within the cell. In addition, recent studies revealed that proteostasis control can extend 
beyond cellular borders. This is also reported for UPR signaling (Mahadevan et al. 2011; 
Cullen, Fatemie, and Ladiges 2013; Xiu et al. 2015; Sprenkle et al. 2018). However, here 
we find no evidence for UPR transmission in cell culture (Ch. 2). Previous studies 
suggested that the activation of all three branches of the UPR is transmissible from 
ER stressed-tumor cells (donors) to unstressed macrophages (acceptors) via CM 
(Mahadevan et al. 2011). These results have been replicated in an additional tumor cell 
line combined with macrophages (Cullen, Fatemie, and Ladiges 2013) and also in other 
cell types including hepatocytic donor cells and macrophages (Xiu et al. 2015) and 
neuronal cells and astrocytes (Sprenkle et al. 2018), all using a similar protocol. In Ch. 
2 we argue, by showing a parallel control experiment, that this pharmaca-based UPR 
transmission protocol (Mahadevan et al. 2011; Sprenkle et al. 2018; Cullen, Fatemie, and 
Ladiges 2013; Xiu et al. 2015) is not suitable to study UPR transmission (Ch. 2 Fig. 1, 
S2). Despite an extensive washing procedure, carry-over of pharmaca from donor to 
acceptor cells still occurred, forming a major confounding factor to detect potential 
UPR transmission signals. Although a significant increase in mRNA expression of UPR 
activation markers in acceptor cells using the parallel control experiment without 
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donor cells was present, this was lower compared to the original with donor cells 
present (Ch. 2, Fig. 1b,c). This could suggest an additive effect of signals secreted by 
donor cells on the carry-over of pharmaca. An alternative explanation is that the 
concentration of ‘free’ pharmaca in the medium is altered because of the presence of 
cells, for instance by endo/exocytosis, binding to cells or the changed affinity of the 
pharmaca for the culture dish. For protein levels there was no clear difference between 
the experiments with and without donor cells for most UPR activation markers (Ch. 
2, Fig. S2c). This indicates that UPR transmission in the pharmaca-based protocol, if it 
exists, has a very minor effect. The non-pharmaca based transmission paradigms, either 
using nutrient deprivation or genetic tools to activate the UPR, did not show UPR 
activation in acceptor cells (Ch. 2, Fig. 2, S3, S4, S5). Therefore, we conclude that UPR 
transmission in cell culture does not occur.

This does not necessarily mean that cell non-autonomous UPR signaling does not exist. 
In vivo studies demonstrate transmission of UPR activation from neurons to intestine 
and liver using genetic modulation to activate the UPR. Neuron-specific constitutive 
expression of XBP1s results in elevated BiP expression in the intestine of C. elegans 
(Taylor and Dillin 2013). Similarly, XBP1s expression in pro-opiomelanocortin neurons 
leads to increased expression of XBP1s and target genes including BiP in the liver 
of mice (Williams et al. 2014). The intact anatomical connections within the in vivo 
models between neurons and specific peripheral organs like intestine and liver, may be 
a precondition for UPR transmission. In support of the role of direct cellular contact, 
a study in Drosophila showed that cell non-autonomous UPR regulation is limited 
to neighboring intestinal cells. In this study, the involvement of neuronal innervation 
was not tested. Knockdown of XBP1 in intestinal epithelial cells results in eIF2α 
phosphorylation (downstream target of PERK) in neighboring intestinal stem cells, 
whereas XBP1 depletion in fat body or muscle does not affect eIF2α phosphorylation 
in intestinal stem cells (Wang, Qi, and Jasper 2015). Although it should be carefully 
controlled whether the modulation of XBP1(s) expression is indeed restricted to the 
specific cell type, genetic intervention is less prone to artifacts than pharmaca. Possibly, 
the UPR-induced signals and the sensitivity or response to these signals may differ 
between tissues as cell type-specific differences in UPR regulation exist (as discussed 
above). Whether other branches of the UPR than IRE1 can modulate the UPR cell non-
autonomously is still elusive. 

Transmission of the heat shock response (HSR), the protein stress response pathway 
of the cytosol that induces transcription of molecular chaperones upon heat shock 
and other proteotoxic stressors, is also reported (reviewed in (van Oosten-Hawle 
and Morimoto 2014)). Tissue-specific overexpression of heat shock protein (HSP) 90 
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inhibits HSR activation in distal tissues, whereas depletion of HSP90 in specific tissues 
results in cell non-autonomous activation of the HSR (van Oosten-Hawle, Porter, and 
Morimoto 2013). Therefore, a compensatory mechanism has been proposed for the 
cell non-autonomous HSR (Van Oosten-Hawle, Porter, and Morimoto 2013) instead 
of an anticipatory effect to upcoming proteotoxic stress as has been suggested for the 
UPR (Shapiro et al. 2016). Several chaperones including HSP40, HSP70 and HSP90 can 
be secreted under non-stress conditions via exosomes which can be internalized by 
recipient cells thereby improving proteostasis (Takeuchi et al. 2015). The intercellular 
transmission of exosome-containing chaperones is also triggered by proteotoxic heat 
stress and compensates for the severely diminished proteostatic capacity in cells 
without a functional HSR (Takeuchi et al. 2015). This suggests that the HSR has both 
a compensatory and an anticipatory function. Whether the cell non-autonomous 
regulation of the UPR is also mediated via exosomes needs to be investigated in the 
appropriate model, since UPR transmission is not observed in the cell culture models 
we present in Ch. 2.

Together, this suggests that although we found no evidence for UPR transmission in 
cell culture, clear indications exist that proteostasis is regulated cell non-autonomously 
through UPR or HSR signaling. This may create a more coordinated response to 
proteotoxicity on a tissue and organismal level thereby promoting survival. The cell 
non-autonomous regulation of the UPR seems restricted to certain tissues although 
the exact pre-conditions for UPR transmission should be investigated. The identification 
of the UPR-induced neuronal secretome may be a starting point.

UPR-induced secretion
For cell non-autonomous effects of UPR activation including UPR transmission 
as discussed above, communication between cells is key and signals are secreted 
upon UPR activation. Hence, it would be interesting to study the UPR-induced 
secretome specifically in neurons in view of neurodegenerative diseases. Secretion 
via unconventional routes is often triggered by cellular stress (Giuliani, Grieve, and 
Rabouille 2011). GRASP is considered one of the regulators of unconventional 
secretion (Giuliani, Grieve, and Rabouille 2011) and in Ch. 3 we show that expression 
of GRASP55, and not GRASP65, is increased by the UPR (Ch. 3, Fig. 1). To elucidate if 
the UPR also induces GRASP-mediated unconventional secretion, both the UPR- and 
GRASP-dependent secretome should be investigated (Ch. 5, Fig. 1). The identification 
of neuronal proteins secreted upon UPR activation, would give the opportunity to 
further unravel the mechanism of UPR-induced secretion in neurons. Potentially, this 
is mediated, directly or indirectly, through increased expression of GRASP55, since 
elevated GRASP levels have been described before to induce unconventional secretion 
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in mammalian cell lines (Gee et al. 2011) and Drosophila (Schotman, Karhinen, and 
Rabouille 2009). The induction or recovery of the UPR were not affected by GRASP55 
knockdown (Ch. 3 Fig. 5), suggesting GRASP55-mediated unconventional secretion 
is not involved in relieving ER stress. However, GRASP55-mediated unconventional 
secretion could possibly be important to restore ER proteostasis, when conventional 
secretion or additional protein quality control mechanisms are not functional. 
Furthermore, we show that the UPR-induced expression of GRASP55 is dependent 
on the PERK and IRE1 pathway. Possibly this is regulated via XBP1s signaling since 
inhibition of both pathways decreased TM-induced XBP1s levels (Ch. 3, Fig. 3) 
suggesting crosstalk from the PERK pathway to IRE1-XBP1s signaling as discussed 
in “The molecular UPR tool box reveals crosstalk between branches”. Studying the 
specific UPR branch-dependent secretomes could reveal whether these pathways are 
essential for UPR-induced secretion. 

Characterization of the UPR-induced secretome could potentially answer several open 
questions including the question why the UPR would regulate secretion. Also, studying 
the secretome could lead to the discovery of novel cell non-autonomous functions 
of the UPR. For instance, a more extensive role in immunity through the secretion of 
'danger signals', which is suggested to be important for brain homeostasis (Ron-Harel, 
Cardon, and Schwartz 2011). Certain HSPs and cytokines can be considered 'danger 
signals' and secretion of both is observed in response to the HSR/UPR (Iwasaki et al. 
2014; Martinon et al. 2010; Zininga, Ramatsui, and Shonhai 2018; Gallucci and Matzinger 
2001; van Oosten-Hawle and Morimoto 2014). In macrophages, ER stress is shown to 
induce the secretion of pro-inflammatory cytokines via ATF4 (Iwasaki et al. 2014) or 
XBP1s signaling (Martinon et al. 2010). Interestingly, the secretion of pro-inflammatory 
cytokine interleukin-1β is mediated through GRASP55 (Dupont et al. 2011). The term 
'danger signals' is applied to immunostimulatory signals. However, this theory may be 
extended to other stress-related signals that indicate a warning sign to recipient cells 
for upcoming cellular stress. 

A more direct function of the secretion of chaperones including HSPs, is the regulation 
of extra- or transcellular proteostasis (the latter is discussed in section “Transmission 
of the UPR”). ER stress and the specific expression of active ATF6, induces the 
secretion of the HSP40 co-chaperone ERdj3. Extracellular ERdj3 binds misfolded 
proteins and inhibits their aggregation. Therefore, ERdj3 facilitates extracellular 
proteostasis (Genereux et al. 2015). In contrast, UPR activation can also reduce 
secretion of misfolded proteins and in this way attenuate extracellular aggregation, as 
is observed for the amyloidogenic immunoglobulin light chain upon stress-independent 
ATF6 and XBP1s activation (Cooley et al. 2014). Furthermore, the normally secreted 
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chaperone clusterin is translocated from the secretory system to the cytosol under 
ER stress conditions which is facilitated by BiP (Nizard et al. 2007; Li et al. 2013). In 
addition, the ER chaperone BiP also translocates to the cytosol upon stress signals 
including proteasomal inhibition and cytosolic foreign DNA. Subsequently, BiP is 
suggested to bind and target cytosolic misfolded proteins to the autophagic pathway 
for degradation (Cha-Molstad et al. 2015). The relocalization of ER-chaperones to the 
cytosol is suggested to be a strategy to restore intracellular proteostasis. Clusterin is 
shown to diminish intracellular aggregation of human mutant tau only in response to 
ER stress induction (Gregory et al. 2017). 

Together this suggests that chaperones, including ER-residents, can be relocated within 
or across the cellular border in response to stress conditions in order to restore 
either intra- or extracellular proteostasis. How the UPR and other stress responses 
orchestrate the balance between intra- and extracellular proteostasis is still elusive, 
since UPR activation can both induce and diminish secretion of chaperones.

GVBs and the UPR

GVBs are positive for UPR activation markers
In Ch. 4 we show that the formation of GVBs is induced by tau pathology in mice 
(Ch. 4, Fig. 1) and in the first in vitro model of GVB formation (Ch. 4, Fig. 2, 3). The 
GVBs consist of a dense proteinaceous core within a vacuole enclosed by a lysosome-
associated membrane protein 1- and lysosomal integral membrane protein 2-positive 
(Ch. 4, Fig. 5c, d, 7a) single membrane (Ch. 4, Fig. 7c, S13) and are proteolytically active 
(Ch. 4, Fig. 6). Therefore, they are characterized as lysosomal structures emerged from 
the late stages of the autophagic and endolysosomal pathway (Ch. 4, Fig. 9). In the 
human brain as well as in the GVB models, the GVBs are positive for UPR activation 
markers (Nijholt et al. 2012; Stutzbach et al. 2013; Hoozemans et al. 2009; Köhler, 
Dinekov, and Götz 2014) (Ch. 4, Fig. 1g, 2b-d). However, many open questions still exist 
regarding the link between GVBs and the UPR. The presence of the ER transmembrane 
proteins pPERK and pIRE1α in GVBs is in line with the hypothesis that GVBs originate 
from the autophagic and endolysosomal pathway (Ch. 4, Fig. 9), since the ER has been 
suggested as a membrane source for autophagosomes (Ktistakis 2020). However, 
while present in GVBs, the UPR marker peIF2α is not an ER transmembrane protein. 
In addition, the UPR activation markers are believed to be located in the core of the 
GVBs and not the GVB membrane, since they colocalize precisely with the GVB core 
marker CK1δ (Köhler, Dinekov, and Götz 2014) (Ch. 4, Fig. 2b-d). 
An alternative explanation for the presence of UPR activation markers in GVBs is 
the engulfment of ER fragments by autophagosomes or directly by lysosomes; macro- 
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or microautophagy of the ER or in short macro-ER-phagy and micro-ER-phagy, 
respectively (reviewed in (Wilkinson 2019b; de Leonibus, Cinque, and Settembre 
2019)). The ER is a dynamic organelle in terms of volume and capacity and can expand 
in response to proteotoxic stress. ER-phagy is a mechanism to control ER volume and 
content allowing the cell to adapt ER capacity in rest conditions or after termination of 
ER stress and UPR activation (Wilkinson 2019b; Loi et al. 2018; Bernales, Schuck, and 
Walter 2007; De Leonibus, Cinque, and Settembre 2019). Macro-/micro-ER-phagy could 
explain why pPERK and pIRE1α are in the core of the GVBs, since the ER membrane 
is also engulfed in ER-phagy. However, another ER membrane marker calnexin was not 
detected in the GVBs (Ch. 4, Fig. S11b). This could be explained by selective ER-phagy 
of subregions or specific components of the ER as is suggested for Sec62-dependent 
autophagy, although here calnexin is contained in autolysosomes (Fumagalli et al. 
2016). However, this could suggest that more receptors mediate selective ER-phagy 
(Wilkinson 2019a). Selectivity in the degradation of specific ER content could remove 
unwanted ER load like misfolded proteins, while beneficial proteins like chaperones 
maintain available.

In the recovery phase of UPR activation, the expanded ER is degraded by ER-phagy 
and this specific function is named recovER-phagy (Loi et al. 2018). If recovER-phagy 
is responsible for UPR activation markers inside GVBs, this could indicate that tau 
pathology first activates the UPR and GVB formation is involved in the recovery 
process after the UPR is switched off. This is in line with the observation in the human 
brain, where UPR activation markers are detected in pre-tangle neurons whereas 
seldom observed in neurons with mature neurofibrillary tangles (Köhler, Dinekov, and 
Götz 2014; Hoozemans et al. 2009; Nijholt et al. 2012). Alternatively, UPR recovery 
could be impaired by tau pathology resulting in GVB formation. These hypotheses 
are not mutually exclusive, since tau pathology may both activate the UPR as well 
as interfere with the UPR recovery process leading to accumulated autolysosomal 
organelles that identify as GVBs. 

Is there active UPR signaling in GVB-positive neurons?
All the UPR markers detected in GVBs are phosphorylated (Ch. 4, Fig. 1g, 2b-d), 
suggesting the UPR is active. However, many antibodies recognizing phospho-epitopes 
label GVBs, but in some cases the corresponding total protein could not be detected 
(Köhler 2016). Hence, it is important to validate the presence of the UPR markers 
in GVBs, for example by expressing fluorescently-tagged PERK or IRE1α. Even when 
the presence of UPR activation markers is confirmed, it is unclear whether functional 
UPR signaling in GVB-bearing neurons occurs, because of the altered localization of 
pPERK and pIRE1α from ER membrane to GVB core. Therefore, it would be interesting 
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to analyze nuclear ATF4 and XBP1s expression on a single cell level in GVB-positive 
neurons. In Alzheimer’s disease (AD) BiP protein levels are increased, although this is 
not specifically measured in GVB-containing neurons (Hoozemans et al. 2005; Hamos 
et al. 1991). Knowledge of how and when the UPR markers are phosphorylated can 
provide additional mechanistic clues. They could be phosphorylated upon ER stress 
while still located in the ER membrane, suggesting ER stress precedes GVB formation 
and recovER-phagy is a plausible hypothesis for the creation of GVBs. Alternatively, the 
UPR markers could be phosphorylated after they are sequestered to the GVB core, 
since many phosphorylated proteins as well as kinases are detected (Köhler 2016) 
which could point to kinase-activity within the GVBs. 

Is the UPR mechanistically involved in GVB formation?
GVBs are induced by tau pathology in neurons. However, GVBs are not detected in 
tau pathology models in astrocytes (Ch. 4, Fig. 4) and HEK293 cells (Ch. 4, Fig. S8). It 
is unclear why GVB formation is neuron-selective, since tau pathology is induced in a 
similar manner as in the neuronal GVB model (Ch. 4, Fig. S7-8). If UPR activation is also 
neuron-selective in these tau pathology models, this could suggest a mechanistic link 
between the UPR and GVB formation. As post-mitotic cells, neurons are particularly 
vulnerable to proteostatic disturbances. Therefore, the neuronal UPR and other protein 
quality control systems are likely to respond differently to tau pathology compared to 
astrocytes and immortalized cell lines. Hence, it would be interesting to investigate if 
the induction of the UPR can trigger or enhance GVB formation in the context of tau 
pathology. In addition, GVB formation should be studied in the recovery phase after 
termination of UPR activation, in case GVBs originate from recovER-phagy. 

The UPR could also be involved in GVB formation through its influence on general 
autophagic processes. Under physiological conditions UPR activation results in 
autophagy induction, including macroautophagy and chaperone-mediated autophagy 
(Luhr et al. 2019; Rashid et al. 2015; Li, Yang, and Mao 2018). However, some studies 
indicate that in case of pathology, especially neurodegenerative diseases, ER stress 
mediates inhibition of autophagic processes (Rashid et al. 2015). The progressive muscle 
disease sporadic inclusion-body myositis (s-IBM) has many overlapping characteristics 
with AD, including ER stress and aggregates of amyloid-β and phosphorylated tau and 
the presence of autophagic vacuoles indicating impaired function of the autophagy-
lysosomal system. In s-IBM maturation of autophagosomes is increased, however the 
proteolytic activity of lysosomal proteases cathepsin B and D is decreased compared 
to control tissue. ER stress also induces autophagosome maturation and decreases 
enzymatic activity of cathepsin B and D in cultured human muscle fibers. Therefore, 
ER stress is suggested to decrease lysosomal proteolytic activity which results in the 
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altered autophagosomal-lysosomal phenotype in s-IBM (Nogalska et al. 2010). Because 
of the striking similarities of s-IBM and AD, it is tempting to hypothesize that GVB 
formation is triggered through a similar mechanism. Although GVBs are proteolytically 
active (Ch. 4, Fig. 6), it is unclear whether overall lysosomal proteolytic activity is 
decreased in the GVB model compared to control neurons. The dense proteinaceous 
core of the GVBs (Ch. 4, Fig. 7c) suggest that the enzymatic activity is not sufficient to 
degrade all cargo efficiently. 

Taken together, crosstalk between the UPR and the autophagic-lysosomal system 
occurs. The novel GVB models presented in Chapter 4 can help unravel whether this 
crosstalk is mechanistically involved in the formation of GVBs. The GVB reporter 
CK1δ-GFP can be used as a live GVB marker (Ch. 4, Fig. 8e-g, S15) to monitor GVB 
development over time upon interventions in UPR signaling.

The UPR as therapeutic target in neurodegenerative 
diseases

Therapeutic interventions in UPR signaling
The UPR has been investigated as therapeutic target in different neurodegenerative 
diseases (reviewed in (Halliday, Hughes, and Mallucci 2017; Remondelli and Renna 
2017)). Both stimulation and attenuation of the PERK and IRE1 signaling branches of 
the UPR are reported to have beneficial effects in mouse models of neurodegenerative 
diseases (reviewed in (Halliday, Hughes, and Mallucci 2017; Scheper and Hoozemans 
2015; Hetz and Saxena 2017)). This could be due to differences in UPR activation states 
between different models. Acute UPR activation is an adaptive and protective response, 
however prolonged activation is maladaptive and has detrimental effects (Scheper and 
Hoozemans 2015). Therefore, a good understanding of UPR activation status is essential 
for proper therapeutic intervention. 

Especially pharmacological or genetic modulation of the PERK branch of the UPR has 
been heavily examined. Activated PERK phosphorylates eIF2α, thereby inhibiting the 
initiation of protein translation. The resulting block in protein translation reduces the 
folding load of newly synthesized proteins to relieve cellular stress (Donnelly et al. 
2013). Apart from PERK, three other eIF2α kinases (protein kinase double-stranded 
RNA-dependent, general control non-derepressible-2 and heme-regulated inhibitor) 
are activated upon different types of cellular stress and together comprise the 
integrated stress response (ISR). 
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It was hypothesized that prolonging the phosphorylated state of eIF2α (peIF2α) can be 
beneficial in case of disturbed proteostasis in protein misfolding diseases (Tsaytler et al. 
2011; Das et al. 2015). To achieve sustained peIF2α, selective inhibitors of phosphatases 
that are responsible for the dephosphorylation of peIF2α have been investigated. 
First, salubrinal has been identified as an inhibitor of both the stress-induced and 
constitutive eIF2α phosphatases PPP1R15A (also known as growth arrest and DNA 
damage-inducible 34) and PPP1R15B respectively (Boyce et al. 2005). Subsequently, 
guanabenz and its derivative Sephin1 have been described which only inhibit the stress-
induced eIF2α phosphatase PPP1R15A (Tsaytler et al. 2011; Das et al. 2015). Sephin1 
has beneficial effects on motor deficits and ameliorates the molecular phenotype in 
mouse models of two neurological protein misfolding diseases; Charcot-Marie-Tooth 
1B, and amyotrophic lateral sclerosis. Sephin1 has therapeutic potential since it lacks 
the adverse side effects of guanabenz (Das et al. 2015). In addition, Raphin1 has been 
identified which instead of the stress-induced phosphatase, selectively inhibits the 
constitutive eIF2α phosphatase PPP1R15B (Krzyzosiak et al. 2018). Raphin1 diminishes 
the constitutive protein folding load by attenuating translation without the need for 
initial UPR or ISR activation. Therefore, it has the potential to enhance the proteostatic 
environment in diseases without activated stress responses. Beneficial effects of 
Raphin1 are observed in mutant huntingtin transgenic mice where insoluble aggregates 
and nuclear inclusions are decreased upon Raphin1 treatment (Krzyzosiak et al. 2018). 

In contrast, the chronic block of protein synthesis by sustained phosphorylation of 
eIF2α was also reported to have detrimental effects, including a decline in synaptic 
protein levels associated with reduced synapse numbers and synaptic transmission. 
These neurotoxic events are markedly diminished by promoting dephosphorylation of 
eIF2α which results in increased survival in a mouse model of prion disease (Moreno et 
al. 2012). This proof-of-concept study has been followed by studies testing several small 
molecules to decrease eIF2α phosphorylation aiming to reduce adverse side effects 
(Halliday et al. 2017; Halliday et al. 2015; Moreno et al. 2013). In addition, the universal 
nature of the concept has been tested by targeting the prolonged blockade of protein 
synthesis in a tauopathy mouse model of FTD and again beneficial effects have been 
demonstrated (Radford et al. 2015; Halliday et al. 2017). 

Also the IRE1 branch of the UPR has been investigated as therapeutic target using 
small molecules, depletion models and AAV-mediated gene therapy (reviewed in (Hetz 
and Saxena 2017)). Protective effects of both enhanced and reduced signaling of the 
IRE1 pathway are reported in models of neurodegenerative diseases. XBP1s has 
neuroprotective effects in AD and Huntington’s disease models and increased XBP1s 
signaling prevents against amyloid-β toxicity (Casas-Tinto et al. 2011; Zuleta et al. 2012; 
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Pu et al. 2018). Reducing XBP1 levels increases tau neurotoxicity (Loewen and Feany 
2010). In contrast, depletion of XBP1 or ablation of the RNase domain of IRE1 thereby 
abolishing XBP1s signaling, protects against protein toxicity in AD and amyotrophic 
lateral sclerosis mouse and C. elegans models (Duran-Aniotz et al. 2017; Safra et al. 
2013; Hetz et al. 2009). 

Mechanistically, IRE1 and XBP1s signaling are often linked to degradative pathways 
like autophagy (Matus et al. 2009; Vidal et al. 2012; Hetz et al. 2009) and ERAD (Pu 
et al. 2018; Safra et al. 2013) in disease models. Recently, a novel role for XBP1 in the 
regulation of synaptic plasticity-related genes and learning and memory processes 
has been proposed (Martínez et al. 2016). In addition, overexpression of XBP1s in the 
hippocampus is reported to enhance memory function in an AD mouse model (Cissé 
et al. 2017). So far, most IRE1-branch oriented therapeutic or target discovery studies 
do not concentrate on tau pathology (except for (Loewen and Feany 2010)). AD 
mouse models have been studied, however the focus has been on amyloid-β toxicity 
(Casas-Tinto et al. 2011; Pu et al. 2018; Duran-Aniotz et al. 2017). Therefore, it would 
be interesting to modulate the IRE1 branch in several specific tauopathy models, since 
autophagy and synaptic plasticity are processes that are most likely involved in the 
majority of neurodegenerative diseases. 

The ATF6 signaling pathway is the least studied UPR branch when it comes to 
neurodegeneration and therapeutic opportunities. ATF6 protects against neuronal 
death in a neurotoxin-induced PD mouse model (Egawa et al. 2011; Hashida et al. 
2012). BiP, a transcriptional target of ATF6 (Haze et al. 1999), is reported to reduce 
prion pathogenesis by decreasing replication of the misfolded prion protein (Park et 
al. 2017). Further, a screen identified BiP inducer X, that increases BiP mRNA levels 
through ATF6 thereby increasing ER folding capacity and protecting against ER stress-
induced neuronal death (Kudo et al. 2008). ATF6, possibly through upregulation of BiP, 
has therefore therapeutic potential in neurodegenerative diseases, although further 
investigation is necessary.  

To conclude: recommendations regarding research into UPR-based 
therapies
Protein stress and UPR activation are hallmarks of many diseases (Gonzalez-Teuber 
et al. 2019). Therefore, more knowledge about UPR signaling potentially benefit 
many different patients. Although the beneficial effects observed in preclinical studies 
targeting the UPR in neurodegenerative diseases are promising (as discussed above), 
some caution is warranted regarding clinical studies. The net outcome of interventions 
within the intricate UPR signaling network is difficult to predict. Therefore, 
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recommendations regarding research into UPR-based therapies for neurodegenerative 
diseases are presented here.

1) When investigating specific UPR interventions in models the following should be 
considered:

a) As a major homeostatic stress response, the UPR has built in negative 
feedback loops and crosstalk between branches (as discussed in Ch. 5 “The 
molecular UPR tool box reveals crosstalk between branches”). Therefore, 
activation markers of all three UPR pathways should be measured upon 
interventions within one pathway, since adaptation in other UPR pathways might 
occur. 
b) UPR signaling influences autophagy and apoptosis. Therefore, as downstream 
effector pathways of the UPR, autophagy and apoptosis should also be 
monitored upon UPR interventions. 
c) Since cell type-specific differences in UPR regulation exist (as discussed in Ch. 
5 “The cell type-specific UPR”), studies should ultimately be performed in the 
disease-specific cell type.

2) In order to design an effective UPR-based therapy without adverse effects the 
following should be considered:

a) The UPR has cell non-autonomous effects (as discussed in Ch. 5 “The cell 
non-autonomous UPR”). The extra- and transcellular consequences of UPR 
activation should be more extensively investigated. This may involve beneficial 
effects when chaperones are secreted to prevent extracellular aggregation or 
‘danger signals' to warn recipient cells. However, it may also contribute to the 
pathogenesis by facilitating the spreading of misfolded proteins from one cell to 
another. 
b) Knowledge of the state of UPR activation, adaptive versus maladaptive, is 
key for proper intervention (stimulation versus inhibition of UPR signaling). 
Disease models employed to investigate UPR interventions, should match the 
UPR activation state of the patients. Furthermore, the timing of the therapeutic 
window needs to be precise, since UPR activation state may shift upon disease 
progression. Therefore, longitudinal research into the state of UPR activation 
in defined patient groups is very valuable. However, to measure the UPR 
activation state in living patients, first a diagnostic test should be developed. 
This will also help to identify the right patient population for specific UPR-
based therapies. For example, the diagnostic test could be developed by 
employing organotypic brain slice cultures that are stimulated with different 
concentrations of UPR inducers or the acute versus chronic overexpression of 
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the inducible immunoglobulin M heavy chain construct (used in Ch.2 to induce 
UPR activation). Analysis of the secretome for consistent patterns in secreted 
proteins, could provide diagnostic biomarkers of different UPR activation states. 
c) The mechanistic role of the UPR in disease pathogenesis should be elucidated. 
Of specific interest here is the involvement of the UPR in the pathogenesis 
of tauopathies including GVB formation (as discussed in Ch. 5 “GVBs and 
the UPR”). Whether the presence of UPR activation markers is accompanied 
by persistent downstream signaling in tauopathies should be investigated. In 
addition, it is important to study the potential mechanistic involvement of the 
UPR in GVB formation including whether GVB formation is a protective process 
or for instance a hallmark of overwhelmed protein quality control mechanisms.  

Collectively, these recommendations will facilitate research to advance the 
development of a safe and effective UPR-based therapy.
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