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Summary 

 

Signal sequence lacking interleukin (IL)-1β, is cleaved by caspase-1 to mature mIL-1β, 

which is secreted, without entering the endoplasmic reticulum. We report that 

macrophages of GRASP55-/- mice are defective in mIL-1β secretion and retain it as 

intracellular aggregates. Intriguingly, GRASP55-/- macrophages are defective in IRE1α 

branch of the unfolded protein response. This finding fits well with our data that 

inhibition of IRE1α also impairs mIL-1β secretion and causes its accumulation in 

intracellular aggregates. PERK inhibition, on the other hand, controls caspase-1 

mediated conversion of proIL-1β to mIL-1β. These findings reveal translation 

independent functions of PERK and IRE1α: PERK controls the production of mIL-1β, 

which is then followed by GRASP55 and IRE1α activity to keep mIL-1β in a secretion 

competent form. 
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Introduction 

Interleukin (IL)-1β is the most potent pro-inflammatory cytokine secreted unconventionally 

from monocytes and macrophages to initiate an inflammatory response. Binding of “danger” 

molecules, such as LPS (lipopolysaccharide), to cell surface receptors (e.g., Toll-like 

receptors-TLR) activate signaling cascades that result in the synthesis of IL-1β (Eder, 2009). 

Recent reports have proposed that IL-1β synthesis in macrophages also depends on the 

unfolded protein response (UPR) pathway (Tufanli et al., 2017). UPR is an integrated signal 

transduction pathway that confers adaptation to protein-folding stress through three distinct 

stress sensors located at the endoplasmic reticulum (ER) membrane: IRE1α (inositol-

requiring enzyme 1α), PERK (Protein kinase RNA-like Endoplasmic Reticulum kinase) and 

ATF6 (Activating transcription factor) (Cox and Walter, 1996; Harding et al., 1999; Haze et 

al., 1999; Yoshida et al., 2001). These pathways cooperate to control protein translation, ER 

chaperone abundance and protein degradation under stress conditions (Hetz et al., 2013). 

Once produced, the precursor form IL-1β (proIL-1β -33 kDa), undergoes caspase-1 

dependent cleavage to its active form mIL-1β (17 kDa) which is rapidly exported to the 

extracellular space (Afonina et al., 2015). In 1990, Rubartelli and colleagues reported that 

mIL-1β, despite lacking a signal sequence, is contained in a membrane bound compartment, 

but secreted without the involvement of the ER-Golgi pathway. They also reported nutrient 

starvation inhibits mIL-1β secretion (Rubartelli et al., 1990). More recent findings contradict 

earlier observations and claim that nutrient starvation is necessary for secretion of IL-1β via a 

starvation-induced membrane-bound secretory autophagic structure (Dupont et al., 2011; 

Zhang et al., 2015). This contrasts with the findings that blocking autophagy promotes IL-1β 

secretion by modulating inflammasome activity in monocytes (Zhou et al., 2011). mIL-1β 

release has also been reported to require Gasdermin D mediated pore formation at the plasma 

membrane. Initially this pathway was described as pyroptosis-specific, however, later on this 

dependency was challenged and mIL-1β release dependent on Gasdermin D and independent 

of pyroptosis was described (Kayagaki et al., 2015; Monteleone et al., 2018). The pathway of 

mIL-1β secretion therefore remains unclear. 

 

 In lower eukaryotes, such as D. discoideum, nutrient starvation triggers the release of 

signal sequence lacking protein AcbA (Acyl-CoA-binding protein A). Secretion of AcbA is 

dependent on GrpA, the sole ortholog of mammalian GRASPs (Golgi reassembly stacking 

proteins 55 and 65) (Kinseth et al., 2007). Nutrient-starvation-specific secretion of Acb1 

(Acyl-CoA-binding protein 1, the AcbA ortholog) and SOD1 (superoxide dismutase 1) by S. 
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cerevisiae is also dependent on Grh1, the yeast homolog of GrpA (Cruz-Garcia et al., 2017; 

Curwin et al., 2016). Moreover, GRASP55 and 65 have also been allocated a role in the 

secretion of IL-1β upon nutrient starvation in mammalian cells (Dupont et al., 2011; Zhang et 

al., 2015). Are GRASPs involved in IL-1β secretion by activated macrophages and what is 

their role in this pathway?  

 

 To address this question we generated a mouse knockout of GRASP55, which is 

viable under normal conditions, and using primary macrophages from these mice, we show 

that IL-1β secretion is GRASP55 dependent. We have found that GRASP55 controls the 

activity of IRE1α and, surprisingly, together prevent mIL-1β intracellular aggregation. While 

GRASP55 and IRE1α control the solubility of mIL-1β and prevent its aggregation, the 

PERK-mediated pathway of the UPR controls the quantities of mIL-1β produced by caspase-

1 mediated cleavage. 

 

Results  

GRASP55 deletion impairs IL-1β secretion and promotes its aggregation. 

To monitor interleukin-1β secretion under physiologically relevant conditions we developed 

an experimental approach as summarized in Figure 1A. Bone Marrow Derived Macrophages 

(BMDMs) were incubated with LPS to induce the synthesis of proIL-1β, followed by 

stimulation with ATP (adenosine triphosphate) to activate inflammasome assembly and 

caspase-1 mediated cleavage of pro to mIL-1β. The secretion of mIL-1β into the extracellular 

space was then measured by western blotting, using antibodies against IL-1β. We found that 

incubation with LPS for 4 hours and subsequent treatment with ATP for 20 min are the 

optimal conditions to detect mIL-1β in the extracellular space, without cell lysis (Figure 1B). 

As expected, the caspase-1 inhibitor (Ac-YVAD-CMK) added during ATP treatment, 

impaired the processing of proIL-1β from stimulated macrophages confirming the caspase-1-

dependency of our system (Figures 1C and D) (Rabuffetti et al., 2000). As previously 

reported, treatment with Brefeldin A (BFA), which blocks conventional ER-Golgi trafficking, 

did not affect mIL-1β secretion under our experimental conditions (Figures S1A and B) 

(Rubartelli et al., 1990).  

 

 Earlier proposals, that IL-1β secretion is mediated by autophagy after nutrient 

deprivation (Dupont et al., 2011; Zhang et al., 2015), lead us to question whether autophagy 

plays a role in IL-1β secretion under our experimental conditions. We could not identify any 
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direct involvement of autophagy in IL-1β secretion either by using chemical inhibitors 

(wortmannin) to acutely block autophagic flux (Figures S1C and D), or by chronic 

impairment of autophagy by ATG5 knock-down (Figures S1E-G), as previously reported 

(Zhou et al., 2011). In addition, serum and amino acids starvation did not stimulate secretion 

of mIL-1β in the absence of ATP, in contrast to previous reports (Figure S1H) (Dupont et al., 

2011; Zhang et al., 2015). We therefore exclude a direct role of autophagy in mIL-1β export 

from activated macrophages.  

 

 As stated before, GRASP proteins are involved in unconventional protein secretion of 

leaderless proteins in several model systems (Cruz-Garcia et al., 2017; Curwin et al., 2016; 

Dupont et al., 2011; Kinseth et al., 2007; Zhang et al., 2015). Therefore, to address the 

function of GRASP55 in IL-1β secretion, we generated a GRASP55 knockout (GRASP55-/-) 

mouse, which showed no obvious developmental or growth defects. When wild type (WT) 

and GRASP55-/- derived BMDMs were stimulated as described above, we found no major 

differences in proIL-1β synthesis, but observed a reduction (∼50%) in extracellular levels of 

mIL-1β compared to wild type cells (Figure 1E and F). This decrease in extracellular mIL-1β 

corresponded with an intracellular accumulation of mIL-1β in GRASP55-/- BMDMs. These 

findings support the previously reported involvement of GRASP55 in mIL-1β export (Dupont 

et al., 2011; Zhang et al., 2015), without interfering with proIL-1β synthesis or caspase-1-

dependent processing. There is ongoing debate on the proposed function of GRASPs in the 

overall organization of Golgi cisternae, and the best data supports it function in connecting 

Golgi cisternae laterally to maintain a ribbon of Golgi complex in the pericentriolar region of 

the mammalian cells (Bekier et al., 2017; Sengupta and Linstedt, 2011; Sutterlin et al., 2002). 

WT and GRASP55-/- derived BMDMs (stimulated as in Figure 1E) were analysed by electron 

microscopy, and the data reveal no major changes in the overall organization of the Golgi 

stacks (Figures S2A and B). These data, along with many other studies on this issue, support 

the contention that loss of individual GRASP proteins does not affect stacking of Golgi 

cisternae. Also, we analysed the distribution of GRASP65 by immunofluorescence 

microscopy and found that it remains attached to Golgi membranes, with no notable 

differences between WT and GRASP55-/- BMDMs (Figure S2C). This suggests the defect in 

mIL-1β secretion after GRASP55 deletion is not due to gross changes in the structure of the 

Golgi stacks. 
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Recent reports have suggested the maturation of IL-1β induces exposure of a 

polybasic motif that promotes its concentration at the plasma membrane subdomains, prior to 

its secretion (Monteleone et al., 2018). GRASP55-/- macrophages secrete less mIL-1β that is 

accumulated in the cytoplasm, therefore, we hypothesized whether mIL-1β might be instable 

intracellularly and actively kept in a soluble form. Prediction of protein propensity to 

aggregate by dedicated software (Conchillo-Sole et al., 2007; Garbuzynskiy et al., 2010; 

Walsh et al., 2014) revealed the presence of potential amyloidogenic stretches in IL-1β 

sequence (Figure S2D). This information propelled us to test whether defects in mIL-1β 

secretion are linked to intracellular aggregation in GRASP55-/- macrophages.  

 

 To identify and characterize IL-1β-containing aggregates we used two different 

procedures: 1, fluorescence microscopy analysis using Proteostat, a dye with affinity for β-

sheet rich structures and 2, Semi-Denaturing Detergent Agarose Gel Electrophoresis (SDD-

AGE).  

 Proteostat is used to visualize protein aggregates by fluorescence microscopy in 

parallel with immunolabeling the protein of interest (Navarro and Ventura, 2014). The newly 

synthesized IL-1β is a cytoplasmic protein and to visualize the aggregated pool, we 

permeabilized cells with digitonin to remove most of soluble cytoplasmic proteins and to 

enhance the detection of protein aggregates above the background. The cells were then 

stained with Proteostat and anti-IL-1β antibodies. Under these conditions, IL-1β staining 

showed a moderate co-localization to Proteostat-positive aggregates in WT peritoneal 

macrophages stimulated with LPS and ATP (Figure 1G-upper panel and quantification 1H) 

and this co-localization was significantly increased in GRASP55-/- cells (Figure 1G-lower 

panel and quantification 1H). 

 

 Another approach to monitor protein aggregates is by SDD-AGE, which exploits the 

property of the high-molecular weight oligomers or protein aggregates to maintain their 

organization in the presence of SDS, under non-reducing conditions (Alberti et al., 2009). 

Cell lysates from WT and GRASP55-/- BMDMs unstimulated or stimulated with LPS or LPS 

and ATP, were processed for SDD-AGE and immunoblotting. In LPS treated macrophages, 

IL-1β is identified as mostly monomeric, however, stimulation with LPS and ATP induced 

formation of IL-1β-containing aggregates (detected as high molecular weight oligomers in 

the gel). BMDMs from GRASP55-/- exhibited increased aggregation of IL-1β under the same 

conditions, as observed by an increase of the signal detected in upper part of the gel which is 
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correlated with an increase in size of the slower-migrating aggregates (Figure 1I). Our data 

suggests mIL-1β has an increased propensity to form high-molecular weight aggregates and 

this is amplified in the absence of GRASP55.  

 

Inhibition of UPR signaling pathway affects IL-1β secretion 

Protein aggregation phenotypes are often associated with altered UPR signaling and 

inhibitors of UPR have been shown to affect IL-1β synthesis (Hamdan et al., 2017; Liu et al., 

2012; Tufanli et al., 2017). In this context, we inquired whether reduction of IL-1β secretion 

and its aggregation, that we observed in activated macrophages, might be due to a 

dysfunctional UPR. 

 

 First, we tested the involvement of IRE1α-dependent branch of the UPR signalling in 

IL-1β secretion by using 4µ8C, an inhibitor of IRE1α RNase activity (Cross et al., 2012). For 

all the following experiments, the inhibitors used were added post LPS mediated synthesis of 

IL-1β to preclude effects on transcription and translation. Addition of 4µ8c during ATP 

treatment, for 20 min, revealed a concentration-dependent reduction in mIL-1β secretion 

(Figures 2A and B). Concomitantly, we observed an intracellular accumulation of mIL-1β, 

but no significant effect on the processing of pro to mIL-1β. Treatment of GRASP55-/- cells 

with 4µ8C, did not significantly decrease mIL-1β export compared to WT cells (Figures 2C 

and D), indicating that GRASP55 and IRE1α likely function in the same pathway. The 

efficacy of 4µ8C on IRE1α RNase activity was measured by the reduction in XBP-1 mRNA 

splicing in wild type and GRASP55-/- BMDMs (Figures S3A-C). Moreover, treatment of WT 

BMDMs with higher concentrations of 4µ8c, further reduced mIL-1β secretion (Figure S3G 

and quantification S3I), but had marginal effect on mIL-1β secretion from G55-/- 

macrophages (Figure S3H and quantification S3I). 

 

 We then evaluated the contribution of PERK-dependent UPR branch to IL-1β 

secretion by using an inhibitor of PERK kinase activity (GSK2606414) (Axten et al, 2012). 

GSK2606414 addition, during 20 minutes ATP stimulation, decreased mIL-1β secretion in a 

dose-dependent manner for WT cells (Figures 2E and F). Importantly, and in contrast to 

IRE1α, PERK inhibition considerably reduced the intracellular levels of mIL-1β, indicating 

an impairment in pro to mIL-1β conversion. Treatment of GRASP55-/- cells with 

GSK2606414, revealed a concentration-dependent reduction in secreted mIL-1β and a 

corresponding decrease in intracellular amounts, similar to the effect observed for WT cells 
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(Figures 2G and H). Inhibition of eIF2α (Eukaryotic Initiation Factor 2) phosphorylation 

confirmed the efficiency of the PERK inhibitor for WT and GRASP55-/- cells (Figures S3D-

F). Altogether, our results suggest that PERK–dependent signaling is important for 

conversion of proIL-1β to mIL-1β, whereas IRE1α signaling maintains mIL-1β in a soluble 

form for export. To further test the placement of PERK with respect to IRE1α in the 

processing and export of IL-1β, we added both PERK and IRE1α inhibitors during ATP 

stimulation of macrophages. The extracellular material and the cell lysates were then 

processed for western blotting with specific antibodies to detect IL-1β. As shown in figures 

S3J and K, secretion of mIL-1β is significantly impaired under these conditions and this 

decrease is due to reduced intracellular proteolysis of proIL-1β to mIL-1β. Together, these 

data reveal that PERK and IRE1α affect IL-1β secretion by acting at different steps: PERK 

affects the caspase-1-dependent proteolysis of pro to mIL-1β, which is then followed by 

IRE1α function to keep mIL-1β soluble for events leading to secretion.  

 

IRE1α activity controls intracellular mIL-1β aggregation  

Our data show that inhibition of IRE1α activity and loss of GRASP55 both affect mIL-1β 

secretion without affecting its production. Does inhibition of IRE1α or PERK cause IL-1β 

aggregation? For this, we evaluated by fluorescence microscopy, the co-localization of IL-1β 

with Proteostat, in the presence or absence of IRE1α or PERK inhibitor respectively, during 

ATP stimulation. We observed that wild type cells rarely contain IL-1β and Proteostat 

positive aggregates and PERK inhibition did not change the number or the organization of 

IL-1β and Proteostat-positive aggregates compared to untreated cells (Figure 3A-midlle and 

upper panel, respectively and quantification 3B). However, after treatment with IRE1α 

inhibitor, 4µ8C, we observed an increased IL-1β co-localization with larger Proteostat-

positive aggregates compared to non-treated samples (Figure 3A-lower panel and 

quantification 3B).  

 

 To further ascertain the organization of IL-1β in intracellular aggregates, wild type 

and GRASP55-/- BMDMs stimulated with LPS and ATP treatment in the presence of 4µ8C 

were fixed and processed for immunogold labelling with anti-IL-1β antibodies. Under these 

conditions, we detected IL-1β staining indicating a cytoplasmic distribution (Figure 3C-white 

arrowheads) and a concentration of IL-1β in electron dense intracellular aggregates (Figure 

3C-black arrowheads). 
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In GRASP55-/- macrophages, as expected, we observed an enhanced co-localization of IL-1β 

with Proteostat even in control cells (Figure 3D- upper panel and quantification 3E). In this 

case however, treatment with either of the two UPR inhibitors did not significantly affected 

the IL-1β co-localization with Proteostat in comparison with control samples (Figure 3D-

midlle and lower panel, respectively and quantification 3E). Although a small reduction in 

IL-1β co-localization with Proteostat-positive aggregates is observed in cells treated with 

PERK inhibitor, this reduction is not comparable to WT samples, suggesting that reducing 

intracellular IL-1β levels does not fully rescue the changes induced by GRASP55 deletion in 

macrophages. We hypothesize that in the absence of GRASP55 the solubility of several other 

proteins is likely be compromised through its effects on IRE1α. So, even though the 

intracellular levels of mIL-1β are reduced by treatment with PERK inhibitor, it does not 

prevent the recruitment of remaining mIL-1β to aggregates.  

 

 Similarly, for GRASP55-/- macrophages our results reveal the presence of a pool of 

free cytoplasmic IL-1β (Figure 3F-white arrowheads) and a pool of IL-1β contained in 

electron dense aggregates, comparable with WT cells (Figure 3F-black arrowheads).  

 

 The aggregation status of IL-1β for WT and GRASP55-/- macrophages treated with or 

without IRE1α or PERK inhibitor, respectively, during ATP stimulation, was evaluated by 

SDD-AGE and immunoblotting. Inhibition of IRE1α increased the aggregation of mIL-1β 

compared to non-treated WT cells as observed by the increase in the population of slow-

migrating IL-1β aggregates (Figure 3G -left panel), while treatment with PERK inhibitor 

under the same conditions was without an obvious effect (Figure 3G –right panel). In line 

with the previous results, treatment of GRASP55-/- BMDMs with IRE1α or PERK inhibitor 

did not significantly increased IL-1β aggregation compared to untreated cells, as revealed by 

SDD-AGE analysis (Figure 3H).  

 

What else is contained in IL-1β aggregates that accumulate upon inhibition of IRE1α 

and loss of GRASP55? One possibility is that these aggregates are enriched or in the vicinity 

of proteasomal components. To test hypothesis, we stimulated peritoneal macrophages with 

LPS and ATP in the presence or absence of 4µ8C and GSK2606414 and processed them for 

immunofluorescence microscopy as described above by co-staining cells with Proteostat and 

an antibody to PSMD9 subunit of 26S proteasome. In WT cells, PSMD9 subunit of 26S 

proteasome is apparent as punctate elements that are dispersed throughout the cell and a very 
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prominent staining in the perinuclear region of the cells. This staining pattern does not reveal 

any appreciable co-localization to Proteostat positive puncta (Figure S4A upper panel). In 

cell treated with IRE1α inhibitor, there is an approximately 3 fold increase in co-localization 

of Proteostat positive punctae to PSMD9 containing elements (Figure S4A lower panel). The 

cells that had been treated with PERK inhibitor show wild type levels of Proteostat labelled 

elements and little in the way of co-localization to PSMD9 stained material (Figure S4A 

middle panel). In GRASP55-/- cells, the same procedure revealed a higher level of co-

localization between Proteostat and PSDM9 elements compared to wild type cells even prior 

to treatment with 4µ8C (Figure S4B upper and lower panel). Treatment with 4µ8C does not 

cause any appreciable increase in the co-localization parameter. Treatment with PERK 

inhibitor revealed a modest decrease in localization of Proteostat to PSMD9 containing 

cytoplasmic elements (Figure S4B middle panel).  

Overall, our results suggest that GRASP55 deletion and IRE1α inhibition promote IL-

1β aggregation. Furthermore, GRASP55-/- cells do not show an increase in mIL-1β 

aggregation upon treatment with IRE1α inhibitor, which suggests they act in the same 

pathway. We also show that Proteostat–positive aggregates in fixed cells show moderate co-

localization with proteasome components and this is increased in the presence of IRE1α 

inhibitor or deletion of GRAPS55. Whether these aggregates containing IL-1β are cleared 

from the cytoplasm and by what mechanism is unclear.  

 

GRASP55 modulates IRE1α-XBP-1 signaling under stress conditions 

Basal activation of IRE1α-XBP-1 pathway was reported for a subset of the immune cells 

(Osorio et al., 2014; Reimold et al., 2001). It has also been shown that TLR (Toll-like 

receptor) stimulation by LPS activates UPR (Martinon et al., 2010; Woo et al., 2009). Are 

cells lacking GRASP55 defective in UPR signaling? To address this issue, we assessed the 

activation of IRE1α pathway by monitoring the splicing of XBP-1 mRNA in macrophages 

stimulated to secrete mIL-1β. WT and GRASP55-/- macrophages were stimulated with LPS 

only or LPS and ATP in the presence or absence of IRE1α and PERK inhibitors. 

Thapsigargin (Tg), an inhibitor of the ER Ca2+ ATPase, known to rapidly activate the UPR, 

was used as positive control for IRE1α dependent XBP-1 splicing. Under these conditions, 

we found that XBP-1 mRNA splicing was significantly reduced in cells lacking GRASP55 

compared to WT cells (Figures 4A and B).  
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 Is the GRASP55–mediated defect in XBP-1 splicing only observed in cells treated 

with LPS? BMDMs were exposed to ER stress inducers tunicamycin (Tm), Tg or dithiotreitol 

(DTT) for either 30 min or for 4h (as summarized in Figure 4C) (Oslowski and Urano, 2011). 

We then monitored XBP-1 mRNA splicing in these cells and our data reveal that GRASP55-/- 

cells are defective in XBP-1 mRNA splicing compared to WT cells (Figure 4D). This data 

strongly suggests a role of GRASP55 in controlling IRE1α activity in cells under stress 

conditions and not limited to LPS stimulation. In parallel, we monitored the PERK mediated 

eIF2α phosphorylation which was not affected in cell treated with Tm, Tg or DTT (Figures 

4E and F). Altogether, these results suggest that GRASP55 deficiency affects XBP-1 splicing, 

without affecting the PERK signaling pathway, after short-term incubation with different 

stress inducers. Next, we evaluated the stress response of WT and GRASP55-/- macrophages 

after long term incubation with ER stress inducers (Tm, Tg, DTT, GSK2606414 or 4µ8C for 

16 h) by monitoring XBP-1 mRNA splicing and eIF2α phosphorylation. In all the conditions 

tested, GRASP55-/- cells revealed diminished XBP-1 mRNA splicing compared to their WT 

counterparts (Figure 4G). However, there was no obvious difference in eIF2α 

phosphorylation between WT and GRASP55-/- cells, in line with the results described above 

(Figures 4H and I). 

 

 Our results suggest GRASP55 modulates IRE1α-mediated XBP-1 splicing in 

macrophages, however cell type specific or cell non-autonomous regulation of IRE1α/XBP-1 

pathway has been previously reported (Osorio et al., 2014; Taylor and Dillin, 2013). To test 

whether the defect in IRE1α-mediated XBP-1 splicing is confined to immune cells, we 

incubated WT and GRASP55-/- mouse embryonic fibroblasts (MEFs) with Tm for 24 hours 

and evaluated their stress response. Similar to our results in macrophages, MEFs lacking 

GRASP55 are defective in XBP-1 splicing compared to their WT counterparts after exposure 

to tunicamycin (Figure 4J). WT and GRASP55-/- MEFs treated with tunicamycin in the same 

conditions as above have no significant differences with respect to eIF2α phosphorylation, 

(Figures 4K and L).  

 
  



 12 

Discussion 

The sequence of events controlling IL-1β synthesis and its subsequent maturation by 

activated caspase-1 are well established. However, we lack a mechanistic understanding of 

how cells rigorously control the amount and export of the potent pro-inflammatory cytokine. 

Our data show how a series of events involving PERK, IRE1α and GRASP55 modulate 

intracellular levels, proteolytic maturation, organization and secretion of mIL-1β. 

 

Post-translational role of UPR in mIL-1β maturation and secretion.  

UPR signaling is generally described in the context of ER stress. However, increasing 

evidence points to UPR as crucial regulator of several physiological processes that are 

independent of protein misfolding in the ER (Janssens et al., 2014; Osorio et al., 2014). It is 

known that IL-1β synthesis is regulated by the UPR pathway (Tufanli et al., 2017). Post 

production, IL-1β is cleaved by inflammasome-mediated caspase-1 activation and our data 

show that inhibiting PERK signaling pathway affects this conversion. In other words, the 

PERK branch of the UPR has a role post-synthesis of IL-1β by controlling events leading to 

the processing of IL-1β. However, we do not know whether PERK targets the inflammasome, 

caspase-1 activity, or a post-translational modification of IL-1β thereby making it a suitable 

substrate for further activities. In contrast, interfering with IRE1α activity has no noticeable 

effect on proteolytic maturation of IL-1β, but reduced the amounts of secreted mIL-1β. 

Within 20 min of inhibiting IRE1α, newly generated mIL-1β is retained in intracellular 

aggregates. These data show the specificity of IRE1α and PERK pathways in sequential 

controlling IL-1β processing and export, representing novel features of the UPR in the post-

translational control of cytoplasmic events. 

 

mIL-1β aggregation is prevented by GRASP55.  

GRASP55 and GRASP65 are peripheral membrane proteins attached to the cytoplasmic face 

of Golgi membranes, identified for their putative role in stacking of Golgi cisternae (Barr et 

al., 1997; Shorter et al., 1999). More recent data suggests a role of GRASPs in linking 

pericentriolar Golgi stacks laterally, to create a ribbon of Golgi membranes (Sengupta and 

Linstedt, 2011). Yeast, flies and worms, contain a single ortholog of GRASP proteins. GrpA 

in D. discoideum, Grh1 in S. cerevisiae are known for their role in unconventional secretion 

of proteins like Acb1 and SOD1 (Cruz-Garcia et al., 2017; Curwin et al., 2016; Kinseth et al., 

2007). Our new data show a role of GRASP55 in mIL-1β aggregation and secretion in a 
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physiologically relevant context. We present the first demonstration that mIL-1β has the 

propensity to aggregate, and this effect is exacerbated in cells treated with IRE1α inhibitor or 

cells lacking GRASP55. Why does mIL-1β aggregate and not the proIL-1β? One possibility 

is that processing of pro to mIL-1β likely exposes hydrophobic aggregation-prone stretches 

and this event is prevented by the activity of GRASP55 and IRE1α. This suggests that cells 

detect mIL-1β production and maintain it soluble until it is exported from the cells; however, 

an understanding of this sensing system is yet another challenge. Our findings indicate that 

these aggregates show modest co-localization with proteasomal protein PSMD9. We do not 

know whether these aggregates are cleared from the cytoplasm via degradative pathways, 

either proteasomal pathway or autophagy. We also cannot rule out the possibility that these 

aggregates activate pyroptosis, a form of cell death that is observed in macrophages and 

proposed to release massive amounts of cytokines such as IL-1β. What effect an aggregated 

mIL-1β has on the cell physiology therefore becomes an important issue to address. 

 

GRASP55 acts as cytoplasmic regulator of IRE1α  

We have found no evidence for a connection between GRASP55 and PERK activity, but our 

data show that GRASP55 and IRE1α function in a single transduction cascade to prevent 

mIL-1β aggregation. GRASP55 deletion attenuates the IRE1α activity in response to stress. 

This is evident across cell types (macrophages and MEFs), and in macrophages in the context 

of both IL-1β secretion, and chemical induction of UPR. Altogether, these data narrow the 

functional significance of GRASP55 as a general cytoplasmic regulator of IRE1α under stress 

conditions. These findings raise two important issues: 1, how does Golgi-associated 

GRASP55 control the activity of ER transmembrane protein IRE1α? 2, how do GRASP55 

and IRE1α sense the presence of mIL-1β and act accordingly to prevent its aggregation? A 

likely possibility is that during production of mIL-1β a form of stress is induced in the 

cytoplasm, which is detected by IRE1α via GRASP55 to ensure the solubility of mIL-1β. We 

have noted that GRASP55-/- mice show a defect in male reproduction, but other than that 

there are no obvious defects in growth and development. It is possible that challenging the 

mice to effect inflammation will reveal defects due to loss of GRASP55. These mice still 

express GRASP65, which might compensate for some of the functions shared by these two 

proteins. Generation of GRASP55 and GRASP65 knockout will reveal more about the 

physiological relevance of these proteins in controlling UPR and the unconventional protein 

secretion pathway. 
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 Our results show a convergence of the functioning of diverse cellular pathways and 

organelles to modulate several processes that lead to regulating the secretion of mIL-1β. 

Overall, our data suggest that in the study of the unconventional secretion of inflammatory 

cytokines, the system and induction conditions are absolutely critical. Overexpression 

systems, use of cell lines, have provided useful and important indications to the mechanistic 

details of the process. However, they suffer the limitation that each treatment will 

disproportionately affect each of the signalling pathways we have described, which can lead 

to indirect effects. It is therefore crucial that the pathways are monitored in the 

physiologically relevant cells exposed to relevant signals to trigger the release of the 

respective cytoplasmic cargoes into the extracellular space. 

 

 The fact that mIL-1β aggregation activated by lack or defects in the function 

GRASP55 and IRE1α activity suggest the possibility that these proteins might also control 

the aggregation propensity of others cytoplasmic proteins that are linked to 

neurodegeneration.  

 In sum, we have discovered new events in the pathway leading to mIL-1β production 

and export. This pathway, under our physiologically relevant conditions, is clearly 

independent of autophagy. Our findings suggest the requirement of new components that are 

controlled by PERK to mediate IL-1β maturation, and those that sense cytoplasmic stress 

created during the production of mIL-1β, which are communicated via GRASP55 to IRE1α to 

prevent mIL-1β aggregation. The discovery of these proposed activities will help understand 

how a few key stress response mechanisms act as central nodes in a network to generate rapid 

adaptive responses, across organelles and cellular signalling pathways. An elucidation of 

these mechanisms will be essential in arriving at an integrative understanding of the 

homeostatic control of cellular mIL-1β production and secretion, to their effects on tissue and 

organ organisation or even the organism’s response to inflammatory cytokines.  
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Figure legends: 

Figure 1: GRASP55 deletion impairs IL-1β secretion and promotes its aggregation  

(A) Schematic diagram of the experimental set-up to measure IL-1β secretion from activated 

macrophages. Isolated cells were grown in differentiation medium for 7 days, scraped, 

counted and seeded for experiment. Three days later the cells were incubated with LPS for 4h 

and then with ATP for 20 min. Medium was collected and cells were lysed to obtain the 

secreted and intracellular fractions of IL-1β respectively, which were analysed by SDS-

PAGE and immunoblotting. When used, chemical inhibitors were added to the cells at the 

same time with ATP addition.  

(B) BMDMs were stimulated as described above; the collected fractions were separated by 

SDS-PAGE and immunoblotted for IL-1β and actin as loading and lysis control.  

(C) BMDMs were stimulated as in (B) and increasing concentrations of caspase-1 inhibitor 

(Ac-YVAD-CMK) was added to cells in the presence of ATP. IL-1β, caspase-1 and actin 

levels were evaluated by immunoblotting.  

(D) IL-1β levels presented in (C) were quantitated by densitometry and the ratio of 

secreted/total IL-1β normalized to LPS/ATP alone is represented in the graph (n=2).  

(E) BMDMs isolated form WT and GRASP55-/- mice were stimulated and processed as 

described in (B), and IL-1β, actin and GRASP55 levels were monitored by immunoblotting.  

(F) Densitometry of IL-1β bands shown in (E) was performed and normalized values of 

secreted/total IL-1β are plotted (n=4±SEM, Two-tailed Student’s t test, ** p value <0.01).  

(G), Schematic of the experimental set-up for fluorescence microscopy experiments. 

Peritoneal macrophages were seeded onto coverslips; three days later they were stimulated 

with LPS for 4h and ATP for 20 min. For semi-permeabilization, digitonin containing buffer 

was added in the last 3 min of the total 20 min of stimulation with ATP. Cells were fixed and 

processed for immunofluorescence microscopy as described in Materials and methods. 

Confocal microscopy images of stimulated peritoneal macrophages, fixed after semi-

permeabilization and stained with antibodies for IL-1β (red) and Proteostat (Pro-green) are 

presented. Scale bar represents 5µm for main images and scale bar for zoom is 1µm.  

(H) The co-localization between IL-1β and Proteostat was evaluated by calculating Mander’s 

correlation coefficient using JACoP plugin (mean of n=21± SEM). Two-tailed Student’s t test 

was used to determine the statistical significance. (****, p value < 0.0001) 

(I) Immunoblotting of IL-1β from lysates obtained as in (E) separated by SDD-AGE (upper 

panel), and SDS-PAGE followed by western blotting for IL-1β (middle panel) and actin 

(lower panel). 
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Figure 2: UPR signaling pathway is required for IL-1β secretion from stimulated 

macrophages.  

(A) BMDMs isolated from WT mice were stimulated with LPS or LPS and ATP in the 

presence of increasing concentrations of IRE1α RNase activity inhibitor (4µ8C). Intracellular 

and secreted fractions of proteins were separated by SDS-PAGE and immunoblotted for IL-

1β, actin, GRASP55 and BiP/GRP78 (glucose regulated protein 78) as indicated in the figure.  

(B) Band intensity of images presented in (A) was measured, ratio of secreted/total IL-1β was 

calculated and values normalized to non-treated LPS and ATP stimulated samples are 

represented in the graph (n=3±SEM).  

(C) GRASP55-/- BMDMs were stimulated with LPS or LPS and ATP in the presence or 

absence of different concentrations of IRE1α inhibitor (4µ8C). Intracellular and secreted 

fractions of proteins were separated by SDS-PAGE and immunoblotted for IL-1β, actin, 

GRASP55 and BiP. 

(D) Band intensity of images presented in (C) was measured, ratio of secreted/total IL-1β was 

calculated and normalized mean of three independent experiments is represented in the graph 

(n=3±SEM). 

(E) WT BMDMs stimulated as in (A) were incubated with different concentrations of the 

PERK inhibitor (GSK2606414 represented GSK in the figure) in the presence of ATP. 

Collected fractions were subjected to SDS-PAGE and western blotting with antibodies 

against IL-1β, actin, GRASP55 and BiP.  

(F) Quantification of secreted IL-1β levels presented in (E) was performed and normalized 

ratios of secreted/total IL-1β are represented (n=3±SEM).  

(G) GRASP55-/- cells were stimulated with ATP in the presence or absence of different 

concentrations of PERK inhibitor (GSK2606414 and is represented GSK in the figure). 

Secreted and intracellular fractions were subjected to SDS-PAGE and western blotting to 

detect the expression of IL-1β, actin, GRASP55 and BiP.  

(H) Band intensity of images presented in (G) was measured and ratio of secreted/total IL-1β 

normalized to non-treated LPS/ATP stimulated sample was represented (n=3±SEM).  

 

Figure 3: IRE1α inhibition induces IL-1β aggregation.  

(A) Co-localization of IL-1β (red) with Proteostat (green) was detected by 

immunofluorescence microscopy for WT peritoneal macrophages stimulated with LPS and 
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ATP in the presence or absence of the two inhibitors (GSK-middle panel and 4µ8C-lower 

panel respectively) as described in figure 1G. Scale bar is 5µm for the main image and 1µm 

for the zoom images. 

(B) IL-1β co-localization with Proteostat was evaluated by calculating Mander’s correlation 

coefficient using JACoP plugin (mean of n=17± SEM). Two-tailed Student’s t test was used 

to determine the statistical significance. (****, p value < 0.0001, ns, statistically non-

significant) 

(C) Immunoelectron microscopy analysis of WT BMDMs stimulated with LPS and ATP in 

the presence of 4µ8C and labelling with anti-IL-1β antibodies. Black dots represent IL-1β 

and electron dense irregular shapes represent intracellular aggregates. Scale bar represents 

100 nm 

(D) GRASP55-/- peritoneal macrophages stimulated with LPS and ATP in the presence or 

absence of the two inhibitors (GSK-middle panel and 4µ8C-lower panel respectively) were 

processed to detect the co-localization of IL-1β (red) with Proteostat (green) by 

immunofluorescence microscopy. Scale bar is 5µm for main images, for inset scale bar is 

1µm. 

(E) Co-localization of IL-1β with Proteostat was evaluated by calculating Mander’s 

correlation coefficient using JACoP plugin (mean of n=15± SEM). Two-tailed Student’s t test 

was used to determine the statistical significance (*, p value < 0.05, ns, statistically non-

significant). 

(F) GRASP55-/- BMDMs stimulated with LPS and ATP in the presence of 4µ8C were 

analysed by immunoelectron microscopy. Black dots represent IL-1β and electron dense 

irregular shapes represent intracellular aggregates. Scale bar represents 100 nm 

(G) WT BMDMs were stimulated with LPS or LPS and ATP in the presence or absence of 

IRE1α or PERK inhibitors (4µ8C-left panel or GSK-right panel respectively). Intracellular 

IL-1β aggregates were monitored by SDD-AGE (upper panels) and total levels by SDS-

PAGE (middle and lower panels), followed by immunoblotting with antibodies for IL-1β or 

actin.  

(H) GRASP55-/- BMDMs were stimulated with LPS, LPS and ATP in the presence or 

absence of Ire1α or PERK inhibitors (4µ8C-left panel or GSK-right panel respectively). IL-

1β aggregates were monitored by SDD-AGE and immunoblotting (upper panels) and total 

levels of IL-1β and actin were determined by SDS-PAGE and western blotting (middle and 

lower panel). 
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Figure 4: GRASP55 modulates IRE1α/XBP-1 signaling under stress conditions.  

(A) XBP-1 mRNA splicing was evaluated for BMDMs isolated from WT and GRASP55-/- 

mice stimulated or not with LPS, LPS and ATP, in the presence or absence of chemical 

inhibitors: 10 µM 4µ8C, 1 µM GSK2606414 (GSK) and 0,5 µM Thapsigargin (Tg) (h-

hybrid, u-unspliced and s-spliced denote the forms of XBP-1 mRNA identified in agarose 

gels).  

(B) Band intensity of samples presented in (A) was measured and normalized values of ratio 

spliced/unspliced XBP-1 are represented in the graph (n=5±SEM, Two-tailed Student’s t test 

* p value <0.05).  

(C) Scheme describing the experimental set-up. WT and GRASP55-/- BMDMs were isolated 

as described previously. After differentiation, the cells were incubated with the chemical 

inhibitors for the indicated period of time and one set of samples was used for RNA isolation 

and their counterparts lysed to obtain the intracellular fraction of proteins for western blotting 

analysis.  

(D) BMDMs were incubated with 0,2 µg/ml tunicamycin (Tm), 0,5 µM thapsigargin (Tg) or 

0,5 mM dithiotreitol (DTT) for 0.5 or 4h and samples were processed as described in (C) and 

XBP-1 splicing was analysed by PCR. GAPDH was used as control- housekeeping gene. 

Ratio of the spliced/unspliced XBP-1 normalized to non-treated samples and mean of three 

independent experiments was graphically represented (n=5±SEM, Two-tailed Student’s t test 

* p value <0.05, ** p value <0.01). 

(E) BMDMs treated as in (D) were lysed and expression of p-eIF2α, total eIF2α, actin, 

GRASP55, was monitored by western blotting. 

(F) Quantification of band intensity detected for p-eIF2α and total eIF2α and ratio p-

eIF2α/eIF2α normalized to actin was plotted (n=2). 

(G) WT and GRASP55-/- BMDMs, were incubated with or without 10 µM 4µ8C, 1 µM 

GSK2606414 (GSK), 0,2 µg/ml tunicamycin (Tm), 0,5 µM thapsigargin (Tg) or 0,5 mM 

dithiotreitol (DTT) for 16h. Total RNA was isolated and used for PCR analysis of XBP-1 

splicing and GAPDH. Band intensity of the images were quantified and ratios of 

spliced/unspliced XBP-1 normalized to non-treated samples were represented (n=4±SEM, 

Two-tailed Student’s t test * p value <0.05, ** p value <0.01, ns, statistically non-significant) 

(H) Cells treated as in (G) were lysed and used for immunoblotting analysis to detect the 

levels of p-eIF2α, total eIF2α, actin and GRASP55. 
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(I) Ratio of p-eIF2α/eIF2α of bands presented in (H) is represented in the graph (n=3 ±SEM, 

Two-tailed Student’s t test, ns, statistically non-significant). 

(J) WT and GRASP55-/- MEFs were incubated with 0,2 µg/ml tunicamycin for 24h and 

harvested for RNA isolation. PCR analysis of XBP-1 mRNA splicing was performed (left 

panel) and the ratio of spliced/unspliced XBP-1 detected for WT vs GRASP55-/- MEFs by 

PCR analysis is represented in the graph (right panel-mean±SEM, n=5, Two-tailed Student’s 

t test ** p value p<0.01). 

(K) MEFs treated as in (J) were harvested and lysed expression of p-eIF2α, total eIF2α, actin 

and GRASP55 was evaluated by western blotting. 

(L) Quantification of bands detected in (K) and representation of ratio p-eIF2α/eIF2α 

normalized to actin (n=3±SEM). 
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KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Goat polyclonal anti-IL-1β R&D Systems AF-401-NA 
Rabbit polyclonal anti-BiP Abcam ab21685 
Mouse monoclonal anti-eIF2α Abcam ab5369 
Rabbit polyclonal anti-p-eIF2α Abcam ab32157 
Mouse monoclonal anti-PSMD9 Abcam ab58115 
Rabbit polyclonal anti-Actin Sigma-Aldrich A2066 
Rabbit polyclonal anti-LC3 Sigma-Aldrich L7543 
Rabbit polyclonal anti-IRE1α Cell Signaling Technology  32949 
Rabbit polyclonal anti-Atg5 Cell Signaling Technology  12994 
Rabbit polyclonal anti-GRASP55 Kinset et al., 2007 N/A 
Rabbit polyclonal anti-GRASP65 Sutterlin et al., 2002 N/A 
Chemicals, Peptides, and Recombinant Proteins 
LPS from E.coli, serotype R515 (Re) (TLRgrade) Enzo Life Sciences ALX-581-007 
ATP-magnesium salt  Sigma-Aldrich A9187 
Brefeldin A Sigma-Aldrich B7651 
Ac-YVAD-CMK Calbiochem 400012 
Wortmannin Calbiochem 681675 
IRE1 inhibitor III, 4µ8C Merck 412512 
GSK2606414 Medchem Express hy-18072 
Critical Commercial Assays 
Proteostat Aggresome Detection Kit Enzo Life Sciences ENZ-51035-0025 
Amaxa cell line Nucleofector Kit Lonza VCA-1001 
Mouse Direct PCR kit Biotools B45012 
Experimental Models: Cell Lines 
Mouse embryonic fibroblasts (MEFs)-WT This paper  N/A 
Mouse embryonic fibroblasts (MEFs)-G55-/- This paper N/A 
Peritoneal macrophages (PM)-WT This paper N/A 
Peritoneal macrophages (PM)-G55-/- This paper N/A 
Bone marrow derived macrophages (BMDMs)-WT This paper N/A 
Bone marrow derived macrophages (BMDMs)-G55-/- This paper N/A 
Experimental Models: Organisms/Strains 
C57BL/6J-WT This paper N/A 
C57BL/6J-G55-/- This paper N/A 
Oligonucleotides 
Genotyping primer F: 5’-cgatcctttcctcagccgtcagc-3’ This paper N/A 
Genotyping primer R-1: 5’-cctcaaggccctaccttagc-3’ This paper N/A 
Genotyping primer R-2: 5’-tgaactgatggcgagctcagacc-3’ This paper N/A 
XBP-1 F: 5’-aaacagagtagcagcgcagactgc-3’ Calfon et al., 2002 N/A 
XBP-1 R: 5’-tccttctgggtagacctctgggag-3' Calfon et al., 2002 N/A 
Atg5 siRNA Santa Cruz sc-41446 
Scramble siRNA Santa Cruz sc-37007 
Software and Algorithms 
FoldAmyloid Garbuzynskiy et al., 2010 N/A 
Aggresscan Conchillo-Sole et al., 2007 N/A 
Pasta2 Walsh et al., 2014 N/A 
GraphPad Prism 6 GraphPad N/A 
Fiji-ImageJ NIH N/A 
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Star Methods: 

 

Animals: The GRASP55 (GORASP2) knockout mice were generated at McLaughlin 

Research Institute (Great Falls, Montana, US) using the EUCOMM/KOMP knockout first 

conditional-ready targeted ES cell resource (http://www.mousephenotype.org/about-

ikmc/eucomm-proram/eucomm-targeting-strategies; targeted trap tm1a allele). In short, 

Gorasp2tm1a(EUCOMM)Hmgu ES cells were injected into C57BL/6J-Tyr<c-2J> blastocysts to 

generate chimeras that were bred to C57BL/6J-Tyr<c-2J> mice. Offspring were 

subsequently brother-sister mated for several generations. Conditional knock-out (cKO) 

mice were generated by breeding the tm1a allele carrying mice with Flp-recombinase 

expressing mice, removing the LacZ and neomycin cassettes and resulting in mice 

expressing endogenous GRASP55, with exon 5 being flanked by loxP sites (tm1c allele). 

Null alleles were generated by breeding cKO mice with mice expressing Cre-recombinase 

under the control of Zp3 promoter, eliminating exon 5 in the female germline (tm1d 

allele). Wild-type (cKO) and null mice used in experiments were generated by crossing 

heterozygote cKO/null mice. Primers 5’-ccgatcctttcctcagccgtcagc-3’, 5’-

cctcaaggccctaccttagc-3’ and 5’-tgaactgatggcgagctcagacc-3’ were used to genotype the 

offspring using genomic DNA extracted from ear punches (Mouse Direct PCR kit, 

Biotools). Experiments were performed in the Animal Facility of the Barcelona 

Biomedical Research Park (PRBB, Barcelona, Spain, EU) and were approved by the local 

ethical committee (Comité Ético de Experimentación Animal del PRBB (CEEA-PRBB); 

procedure numbers NBO-16-0027-P1 and NBO-16-0027-P2). The mice were maintained 

under specific pathogen-free conditions at 22ºC and given access to food and water ad 

libitum. Mice with age between 12-16 weeks were used for experiments, with no criteria . 

 

Mouse embryonic fibroblasts (MEFs) isolation and cultivation: MEF cells were isolated from 

embryos of wild-type and GRASP55-/- C57BL/6J mice at day 13.5 of gestation. Embryos 

were isolated, and embryonic fibroblasts were prepared as described previously by 

trypsinization (Conner, 2001). Primary MEF cells were expanded in DMEM supplemented 

with 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin at 37°C with 5% CO2 and 

maintained frozen in liquid nitrogen for further use.  

 

http://www.mousephenotype.org/about-ikmc/eucomm-program/eucomm-targeting-strategies
http://www.mousephenotype.org/about-ikmc/eucomm-program/eucomm-targeting-strategies
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Macrophage isolation: Peritoneal macrophages were collected by lavage of mouse peritoneal 

cavity with 5 ml of PBS-4% FBS. Collected cells were centrifuged at 1000rpm for 10 min at 

room temperature, resuspended in complete medium and counted. 2x105 cells were seeded 

onto coverslips, allowed to adhere for 4-6h and afterwards the medium was replaced. Three 

days later, the cells were processed for immunofluorescence experiments as described below 

(Zhang et al., 2008).  

Bone marrow derived macrophages (BMDMs): Tibias and femurs were extracted from mice 

and the bone cavity was flushed with complete medium to collect the bone marrow. The 

tissue was dislodged, passed through a cell strainer (70 µm mesh) and centrifuged to remove 

cell debris. 8-10x106 cells were seeded onto 15cm2 dishes in 15 mL of medium and grown at 

37°C. Four days later, equal amount of medium was added to the dish and maintained in 

culture for additional 4 days. Cells were scraped, counted and seeded in 12 well plates and 

used for stimulation 2-3 days later (Zhang et al., 2008).  

Complete macrophage growth medium: DMEM/F12 supplemented with 1%Glutamax, 10% 

serum, 10% L929 supernatant, 100U/ml Penicillin, 50µg/ml Streptomycin.  

(L929 cell line was a kind gift of Dr. Ruth Scherz-Shouval) 

 

Secretion assay and immunoblotting: BMDMs grown as mentioned above were stimulated 

with 0.5 µg/ml LPS for 4h in complete medium; next cells were washed with PBS and 

stimulated for 20 min with 1.5 mM ATP in physiological saline solution (PSS-147 mM NaCl, 

10 mM HEPES pH 7.4, 13 mM glucose, 2 mM CaCl2, 1 mM MgCl2, 2 mM KCl) as 

previously described (Lopez-Castejon et al., 2010). Supernatants were collected and cells 

were lysed in buffer containing 1% Triton-X100 (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 

mM CaCl2, 1 mM MgCl2, 1% Triton-X100) and centrifuged to remove cell debris. To detect 

phosphorylated proteins the lysis buffer was supplemented with 10 mM NaF, 1 mM PMSF, 1 

mM Sodium orthovanadate, 1 mM β-glycerophosphate, 1 mM EDTA and 20 mM NEM (N-

ethylmaleimide). For SDS-PAGE and western blotting analysis, 1/5 (v/v) of cell lysates were 

separated along corresponding volumes of supernatants in denaturing conditions, transferred 

to nitrocellulose or PVDF membranes, blocked in 5% BSA in TBS-Tween 0.1% (TBS-50 

mM Tris-Cl, pH 7.5, 150 mM NaCl) and probed with the indicated primary antibodies 

overnight at 4°C in 5% BSA in TBS-Tween 0.1%. Next day, HRP coupled secondary 

antibodies were added for 1h at room temperature in 5% BSA in TBS containing 0.1% 
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Tween and visualization was made using Immobilon Crescendo western HRP substrate 

(Millipore).  

 

Immunofluorescence microscopy and co-localization analysis: Cells seeded onto coverslips 

were stimulated with LPS and ATP under the same conditions as above for 20 min in the 

presence or absence of the indicated inhibitors. To semi-permeabilize cells, the cells were 

incubated during the last 3 minute of stimulation with 0.005% digitonin in KHM buffer (20 

mM HEPES-KOH, pH 7.34, 110 mM KOAc, 2 mM Mg(OAc)2) to remove free cytoplasmic 

proteins prior to fixation with PFA. Live cell semi-permeabilization is a method by which 

free cytoplasmic proteins are removed, while membrane bound proteins and aggregates, in 

our case, are not, which helps in the detection of the fraction of proteins membrane bound or 

in an oligomeric state. Afterwards, the cells were fixed by incubation with 1% PFA in PBS 

(Phosphate buffered saline-13 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) 

for 30 min and permeabilized for 3 min with 0.005% digitonin in blocking buffer (2% horse 

serum in PBS). The samples were incubated with blocking buffer for 2h and overnight with 

the primary antibodies at the indicated dilutions in humidified atmosphere. Next day, the 

coverslips were washed and incubated with the corresponding secondary antibodies or 

combination of secondary antibodies and fluorescent dyes to detect aggregates, for 30 min at 

room temperature. Samples were washed extensively and subsequently mounted on glass 

slides. Images were acquired using Leica TCS SP8 (63X, 1.4 NA, oil, HCX PL APO) 

microscope using Leica acquisition software.  

Acquired images were processed using ImageJ software. Co-localization analysis was 

performed using the ImageJ JACoP plugin. The images were split into separated channels, 

and used for threshold processing. The analysis was performed in three independent 

experiments and the total number of fields analysed is indicated in the figure legends. The 

obtained values were exported to GraphPad Prism 6 software and tabulated accordingly. 

 

SDD-AGE (Semi-Denaturating Detergent Agarose Gel Electrophoresis): Cell lysates 

obtained as described above were used for separation of protein aggregates in agarose gel 

following a previously described protocol (Alberti et al., 2009). Briefly, cell lysates were 

prepared for electrophoresis in the presence of 2% SDS (Sample Buffer 4x: 2X TAE, 20% 

glycerol, 8% SDS, bromophenol blue) and separated in 1.8% agarose gels. Monomeric and 

oligomeric forms of proteins were transferred onto a nitrocellulose membrane by capillary 
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transfer ON at 4°C. Membranes were blocked with 5% BSA in TBS-Tween 0.1% at room 

temperature and probed with antibodies for IL-1β as described above. 

 

siRNA transfection: SiRNA transfection was performed by electroporation using the Amaxa 

Nucleofection kit (Lonza) according to the manufacturer’s instructions. For each sample 

3x105 cells were resuspendended in transfection buffer alongside 10 picomoles of siRNA 

(scramble-sc-37007 and ATG5-sc-41446), pulsed and plated in complete growth medium in 

12 well plates. 48h later the cells were used for stimulation with LPS and ATP to measure the 

secreted and intracellular levels of IL-1β, ATG5 and actin as described above. 

 

RNA isolation and RT-PCR: BMDMs grown in 12 well plates were stimulated either with 

LPS and ATP as indicated in the figure legends or incubated with chemicals in complete 

medium for the indicated times. Cells were washed with PBS and total RNA was extracted 

using Qiagen RNeasy Mini kit according to the manufacturer’s instructions. cDNA was 

amplified using SuperScript III Reverse transcriptase and the PCR amplification of XBP-1 

was done as described previously using 5’-A AAC AGA GTA GCA GCG CAG ACT GC-3’ 

and 5’-TC CTT CTG GGT AGA CCT CTG GGA G-3' (Calfon et al., 2002). PCR products 

were separated in 3% agarose gels and XBP-1 splicing after band densitometry measurement 

was calculated using the formula:  

XBP-1 ratio s/u=(spliced+0.5*hybrid)/(unspliced+0.5*hybrid) 

 

Transmission electron microscopy: For conventional electron microscopy, BMDMs were 

grown in 35‐mm plastic dishes, stimulated with LPS/ATP and fixed with 4% 

Paraformaldehyde-2% glutaraldehyde (Formaldehyde, 16% solution (cat. no. 18505) and 

Glutaraldehyde, 25% solution, (cat. no. 18426-EM grade ampules Ted Pella) in PHEM buffer 

(PHEM-30 mM PIPES, 12,5 mM HEPES, 1mM MgCl2) for 2 hours at room temperature. 

The fixative was replaced with 1% BSA in PBS and cells were carefully detached using a 

plastic cell scraper, collected into Eppendorf tubes and centrifuged to obtain the pellet. All 

samples were then washed three times in HEPES 0.2 M pH 7.3 and post‐fixed for 30 min in 

1% OsO4 at 4°C in the same buffer. They were then washed three times in distilled water and 

post‐fixed for 25 min in 1% OsO4 and 1.5% potassium ferrocyanide at room temperature in 

HEPES 0.2 M pH 7.3. They were then washed three times in distilled water and stained with 

0.5% uranyl acetate overnight at 4°C. The pellets were dehydrated in graded steps of ethanol 
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(50, 70, 90, 100%), two times with 100% of acetone and embedded into Epon. Sections (60‐

nm thick) were cut on a Leica UC7 ultramicrotome and examined with a Fei Tecnai 12 

BioTwin Spirit transmission electron microscope. 

 

Immunoelectron microscopy: The samples were fixed and prepared using standard methods, 

essentially as described previously(Peters et al., 2006). In brief, BMDMs grown in 6 well 

plates were stimulated with LPS/ATP in the presence of the indicated inhibitors and fixed 

with 1% paraformaldehyde and 0.1% glutaraldehyde in PHEM buffer for 2 hours at room 

temperature. The cells were then washed with PBS/0.02 M glycine, scraped in 12% gelatin in 

PBS, and then embedded in the same solution. The cells embedded in gelatin were cut in 1 

mm blocks and infiltrated with 2.3 M sucrose at 4°C, mounted on aluminum pins, and frozen 

in liquid nitrogen. The samples were then sectioned and the ultrathin cryosections were 

picked up in a mixture of 50% sucrose and 50% methylcellulose and incubated with 

antibodies to antigen of interest (goat anti-IL-1β) followed by protein A gold. The samples 

were observed in the FEI Tecnai-12 electron microscope. 

 

Statistical analysis: Data sets were analysed using two-tailed Student’s t-test. Results with a 

p value less than 0.05 were considered significant as indicated in the figure legends. Mean 

values, SEM and statistics were calculated with Prism6 (GraphPad software). No criteria of 

inclusion or exclusion of data were used in this study. Data shown are representative for two 

to four experiments as specified in the figure legends. 

 

 

 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Vivek Malhotra (vivek.malhotra@crg.eu) 
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Figure S1 related to figure 1: 

(A) WT BMDMs were stimulated with LPS, LPS and ATP in the presence or absence of 

different concentrations of brefeldin A (BFA). Supernatants and total cell lysates were 

separated by SDS-PAGE and immunoblotted with antibodies against IL-1β and actin.  

(B) IL-1β levels detected in (A) were quantified by densitometry and a ratio of secreted/total 

IL-1β normalized to LPS/ATP alone was represented in the graph (n=2).  

(C) BMDMs WT were stimulated with LPS, LPS and ATP with or without different 

concentrations of wortmannin. Intracellular and secreted fractions were separated by SDS-

PAGE and probed with antibodies against IL-1β, actin and LC3.  

(D) Band quantification of samples presented in (C) and ratio secreted/total IL-1β is 

presented (n=2).  

(E) WT BMDMs were transfected with siRNA for ATG5 by electroporation; 48h post-

transfection cells were stimulated with LPS/ATP and supernatant and lysates were collected. 

Secreted and intracellular levels of IL-1β, actin and ATG5 were evaluated by 

immunoblotting.  

(F) Band intensity quantification of ATG5 expression presented in (E) normalized to actin is 

presented (n=1).  

(G) Quantification of bands detected for IL-1β in e and representation of the ratio of 

secreted/total IL-1β is shown (n=1). 

(H) BMDMs stimulated or not with LPS were incubated with ATP for 20 min or with EBSS 

for 1 or 2h; supernatant and lysates were used for immunoblotting with IL-1β, actin and LC3 

antibodies. 

  



 

 



 

Figure S2 related to figure 1:  

(A) Transmission electron microscopy analysis of Golgi membranes WT and GRASP55-/- 

BMDMs incubated with LPS or LPS and ATP.  

(B) Number of cisternae for images presented in a is presented (n=11±SEM).  

(C) BMDMs fixed with PFA for 30 min, were stained with antibodies against GRASP65 and 

DAPI (to label nuclei).   

(D) Amyloid-like structure prediction of pro-IL-1β using FoldAmyloid (green line), 

Aggrescan (red line), Pasta 2 (blue line) software.  

 

  



 

 



 

 

Figure S3 related to figure 2: 

(A) and (B) PCR analysis of XPB-1 mRNA splicing for WT (A) and GRASP55-/- (B) cells 

stimulated for 20 min in the presence of 4µ8C (h-hybrid, u-unspliced and s-spliced denote the 

forms of XBP-1 mRNA identified in agarose gels). GAPDH was used as housekeeping gene.  

(C) Band intensity of samples presented in (A) and (B), was measured and normalized values 

of ratio of spliced/total XBP-1 were represented in the graph (n=3±SEM, Two-tailed 

Student’s t test * p value<0.05).  

(D) and (E) Phospho-eIF2α and total eIF2α levels were determined by western blotting from 

cell lysates of samples treated with GSK2606414 (GSK) for WT (D) and GRASP55-/- (E) 

cells. 

(F) Ratio p-eIF2α/eIF2α assessed by band densitometry is represented in the graph 

(n=3±SEM). 

BMDMs isolated from WT (G) and G55-/-(H) mice were stimulated with LPS or LPS and 

ATP in the presence of increasing concentrations of IRE1α RNase activity inhibitor (4µ8C) 

as indicated in the figure. Intracellular and secreted fractions of proteins were separated by 

SDS-PAGE and immunoblotted for IL-1β, actin, GRASP55 as indicated in the figure.  

(I) Band intensity of images presented in (C) was measured, ratio of secreted/total IL-1β was 

calculated represented in the graph (n=1).  

BMDMs isolated from WT (J) and G55-/-(K) mice were stimulated with LPS or LPS and 

ATP in the presence of both IRE1α RNase activity inhibitor (4µ8C-10 µM) and PERK kinase 

inhibitor (GSK2606414-1 µM). Intracellular and secreted fractions of proteins were separated 

by SDS-PAGE and immunoblotted for IL-1β, actin, GRASP55 as indicated in the figure.  

 

  



 

 



 

 

Figure S4 related to figure 3: 

(A) WT peritoneal macrophages stimulated with LPS/ATP in the presence or absence of 

inhibitors (4µ8C-middle panel and GSK-lower panel respectively) were processed to detect 

the co-localization of PSMD9 (red) with Proteostat (green) by immunofluorescence 

microscopy. Scale bar is 5µm for the main images and scale bar for zoom is 1µm. Co-

localization between PSMD9 and Proteostat was evaluated by calculating Mander’s 

correlation coefficient using JACoP plugin (mean of n=27± SEM). Two-tailed Student’s t test 

was used to determine the statistical significance. (***, p value < 0.001, ns, statistically non-

significant). 

(B) GRASP55-/- peritoneal macrophages stimulated as in (A) were processed for 

immunofluorescence to detect the co-localization of PSMD9 (red) with Proteostat (green). 

Scale bar is 5µm for the main images and 1µm for the zoom image. Mander’s correlation 

coefficient was calculated using JACoP plugin to evaluate the co-localization of PSMD9 

(mean of n=25± SEM). Two-tailed Student’s t test was used to determine the statistical 

significance. (*, p value < 0.05, ns, statistically non-significant). 

 
 

 

 


