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Abstract

Although recent evidence has shown that IL-6 is involved in enhanced alternative

activation of macrophages toward a profibrotic phenotype, the mechanisms

leading to their increased secretory capacity are not fully understood. Here, we

investigated the effect of IL-6 on endoplasmic reticulum (ER) expansion and

alternative activation of macrophages in vitro. An essential mediator in this ER

expansion process is the IRE1 pathway, which possesses a kinase and

endoribonuclease domain to cleave XBP1 into a spliced bioactive molecule. To

investigate the IRE1-XBP1 expansion pathway, IL-4/IL-13 and IL-4/IL-13/IL-6-

mediated alternative programming of murine bone marrow-derived and human

THP1 macrophages were assessed by arginase activity in cell lysates, CD206 and

arginase-1 expression by flow cytometry, and secreted CCL18 by ELISA,

respectively. Ultrastructural intracellular morphology and ER biogenesis were

examined by transmission electron microscopy and immunofluorescence.

Transcription profiling of 128 genes were assessed by NanoString and

Pharmacological inhibition of the IRE1-XBP1 arm was achieved using STF-

083010 and was verified by RT-PCR. The addition of IL-6 to the conventional

alternative programming cocktail IL-4/IL-13 resulted in increased ER and

mitochondrial expansion, profibrotic profiles and unfolded protein response-

mediated induction of molecular chaperones. IRE1-XBP1 inhibition substantially

reduced the IL-6-mediated hyperpolarization and normalized the above effects.

In conclusion, the addition of IL-6 enhances ER expansion and the profibrotic

capacity of IL-4/IL-13-mediated activation of macrophages. Therapeutic

strategies targeting IL-6 or the IRE1-XBP1 axis may be beneficial to prevent the

profibrotic capacity of macrophages.

INTRODUCTION

Recently, the addition of the proinflammatory cytokine IL-

6 was shown to enhance the M2-like macrophage

phenotype, through the induction of IL-4-receptor

expression enhancing the IL-4 response.1 We have also

demonstrated that IL-6 directly regulates macrophage pro-

fibrotic phenotype when combined with IL-4/IL-13 and

substantiates lung fibrosis in the animal model.2 More

recently, we also showed that of the gp130 cytokines IL-6,

oncostatin M, and leukemia inhibitory factor, IL-6 was the

only cytokine to directly mediate M2 macrophage

programming in vitro and was associated with M2

macrophage accumulation in ectopic melanoma tumor

growth in vivo.3 As these macrophages were hyperpolarized

with the addition of IL-6, it provided a unique way to

study mechanisms and organelles involved in the

polarization process. Interestingly, the IRE1/XBP1 arm of
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the unfolded protein response (UPR) is thought to play a

role in the differentiation of various cell types, and this is

believed to include monocyte to macrophage transition,4

eosinophil maturation,5 dendritic cell survival6 and B-cell

to plasma cell differentiation.7 Plasma cell differentiation

has been shown to be dependent on IRE1-XBP1 pathway

and expansion of the endoplasmic reticulum (ER),

required for antibody generation.7 The highly conserved

endonuclease domain of IRE1 performs intracellular

splicing of X-box binding protein 1 mRNA, critical in

determining cell fate in response to ER stress in various cell

types.8 In macrophages, spliced XBP1 has been shown to

regulate the expression of many inflammatory cytokines

such as IL-6, TNFa and others,9,10 while it was shown to be

induced by IL-6 in B cells,7 suggesting varying biological

function of spliced XBP1 and IL-6 in different cell types.

Based on these observations, it would be logical to propose

that the transformation and activation of specific cell types

such as the wound-healing macrophage may involve the

ER expansion program that is mediated by the IRE1-XBP1

pathway. The availability of IRE1 inhibitors would

potentially prevent ER expansion and activation in these

systems. Here, we hypothesized that the addition of IL-6 to

macrophages exposed to the in vitro M2 activation cocktail

IL-4 and IL-13 would lead to increased IRE1-XBP1

activation, leading to abundant ER expansion, associated

with an increased secretory capacity that could be

prevented by specific IRE1 inhibitors. Collectively, our data

suggested that alternative macrophage polarization

(achieved with IL-4/IL-13 stimulation) supplemented with

the addition of IL-6 resulted in a much enhanced ER

expansion associated with a dramatic increase in ER stress-

associated gene expression. Furthermore, inhibition of the

IRE1 pathway through treatment with STF-080310

prevented ER expansion and suppressed the M2

macrophage phenotype. This was observed in vitro through

assessment of CD206 and arginase-1, two strong markers

used to characterize M2-macrophage expression.2,11,12

Combined, the data presented suggest that therapeutic

targeting of the IRE1 pathway or IL-6 signaling

may prevent the profibrotic activity of M2-like

macrophages in vivo.

RESULTS

IL-6-mediated alternative programming of macrophages

leads to spliced XBP1 induction

To address the hypothesis that IL-6 addition to the

standard alternative polarization cocktail IL-4/IL-13

mediates enhanced polarization and increased IRE1-

XBP1 activation in a time-dependent manner, we

developed a 96-well assay. In this experimental system,

bone marrow-derived macrophages (BMDMs) were

seeded and exposed to different treatments and later

assessed for arginase activity, arginase protein expression

or spliced XBP1 gene expression in the cell lysates. The

conventional cytokine cocktail IL-4/IL-13 or IL-4/IL-13/

IL-6 were administered to BMDMs and assessed at 2, 4,

7, 15, 24 and 30 h. While the standard IL-4/IL-13

polarization cocktail alone resulted in a 2.9-fold increase

in arginase activity at 30 h over naive macrophages

(from 1.8 � 0.36 mM urea per well at 2 h to 5.2 � 4.85

at 30 h), the addition of IL-6 resulted in a 4.6-fold

increase at 24 h and a 12-fold increase at 30 h (from

1.5 � 0.11 mM urea per well at 2 h to 17.6 � 4 at

30 h) (Figure 1a). Control macrophages or IL-6

stimulated macrophages demonstrated no increase in

arginase activity at any of the indicated time points (data

not shown). This increased arginase activity was

associated with a strong arginase-1 protein expression at

the 30-h mark, as demonstrated by western blotting

(Figure 1b, please see Supplementary figure 1 for full

western blot image). Of note, IL-6 alone did not

modulate the expression of arginase-1 protein expression

(Supplementary figure 1). Next, we assessed the activation

of the IRE1-XBP1 axis by RT-PCR in BMDMs exposed

to the IL-4/IL-13 or the IL-4/IL-13/IL-6-polarizing

cocktails. Here, spliced XBP1 was modestly increased at

4 h (twofold) and maintained until later time-points

(Figure 1c). The addition of IL-6 led to increased levels

of spliced XBP1 that reached a 3.5-fold increase at 30 h

(Figure 1c). These data suggest that IL-6 addition leads to

increased polarization and activation of the IRE1-XBP1

pathway. As IRE1-XBP1 has been shown to be required

in the induction of ER membrane biogenesis programs in

various cell types activated toward a secretory

phenotype,5,13,14 we next investigated if the addition

of IL-6 influenced ER expansion in alternatively

activated macrophages.

IL-6 enhances ER expansion in alternatively activated

macrophages

BMDMs were polarized as described above and examined

by transmission electron microscopy. As evaluated

under the electron microscope, BMDMs treated with IL-4/

IL-13 had a prominent stacked ER (Figure 2a and

Supplementary figure 2), suggesting enhanced membrane

biogenesis, as well as accumulation of sizable

mitochondria, suggesting enhanced metabolic activity. In

addition, we used immunofluorescence labeling of KDEL

to quantify ER expansion or size. KDEL is a well-regarded

peptide sequence marker that allows proteins to be

retained in the ER indicative of ER expansion.15,16

Consistent with the transmission electron microscopy data,
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there was an increase in KDEL expression in IL-4/IL-13/IL-

6 stimulated BMDMs (Figure 2b, d). The potent IRE1

inhibitor STF-083010, known to inhibit IRE1 endonuclease

activity and mRNA splicing of XBP1 was added to the

conventional IL-4/IL-13 polarization cocktail and to IL-4/

IL-13/IL-6-mediated hyperpolarizing cocktail. KDEL

expression was abrogated with the addition of the sXBP1

inhibitor, STF-083010 (Figure 2b, d). Of note, Tunicamycin

treatment alone, which is expected to enhance ER

membrane biogenesis because of the accumulation of

unfolded proteins, also induced an increase in KDEL

expression. In the same fashion, we used TOMM20, which

is a major mitochondrial protein receptor that is widely

used as a biomarker to identify and quantitate

mitochondrial density and oxidative phosphorylation.17-19

As expected, TOMM20 was highly augmented, reflecting an

increase in both mitochondrial size and numbers (Figure 2c,

d). These findings combined with transmission electron

microscopy evidence demonstrate that both ER and

mitochondrial membrane expansion occur in macrophages

stimulated with IL-4/IL-13/IL-6 and can be modulated

pharmacologically with the IRE1 inhibitor, STF-083010.

Thus, the data presented in Figures 1 and 2 suggest that the

stepwise increase in macrophage alternative activation, as

mediated by IL-6, is associated with IRE1-XBP1 activation

and increased ER expansion. Based on these observations,

we then examined if ER expansion is associated with the

induction of key UPR-related markers.

IL-6 enhances the expression of select UPR markers

To address the hypothesis that ER expansion in IL-4/IL-13/

IL-6-stimulated macrophages is associated with enhanced

UPR activation, murine BMDMs were exposed to IL-4/IL-

13, IL-4/IL-13/IL-6 alone or with the addition of

STF-083010. UPR activation was assessed by

immunofluorescence staining of the general UPR markers:

cleaved ATF6, p-PERK and ATF4. Quantification of the

percent positive area per cell demonstrated that ATF6 was

highly induced in IL-4/IL-13/IL-6-stimulated cells; which

has been observed to be associated with ER expansion. A

partial but not complete reduction in ATF6 was seen with

STF-083010 treatment, suggesting that sXBP1 inhibition

could indirectly affect ATF6 cleavage or activation

(Figure 3a, d). Although we did not observe a significant

alteration of p-PERK in all conditions compared to

control, we saw a marked downregulation of the

downstream target, ATF4, which was partially restored

with STF-083010 treatment (Figure 3b–d).

IRE1-XBP1 inhibition prevents IL-6-mediated

alternative activation of macrophages

Based on the observations in Figures 1–3, we examined

whether pharmacological inhibition of the IRE1-XBP1

pathway affected IL-6-mediated polarization of

alternatively activated macrophages. Arginase activity and

spliced XBP1 mRNA were measured in cell lysates after

incubation with STF-083010. Figure 4a shows IL-4/IL-13-

mediated polarization of murine BMDMs for 30 h led to

Figure 1. IL-6 addition promotes macrophage M2 polarization and

spliced XBP1 induction. BMDMs were exposed to the M2 polarization

cocktail IL-4/IL-13 alone (open circles) and with the addition of IL-6

(closed circles). Cell lysates were assessed for (a) arginase activity at

2, 4, 7, 15, 24 and 30 h, values were expressed as mM urea per well

and (b) arginase-1 protein. (c) In a separate experiment, mRNA was

extracted from cell lysates and assessed for the appearance of spliced

XBP1 at 2, 4, 7, 15, 24 and 30 h. A one-way ANOVA was used to

assess the effect of each treatment and to identify at which time

point each treatment was different from their respective controls

(2 h) and indicated with *. Data are presented as mean � s.e.m.,

each time point was assessed in quadruplicates. *; # indicates

P < 0.05; **; ## indicates P < 0.01; ***; ### indicates P < 0.001;

where * represents a difference between any sample relative to the

control sample within the same group; # represents a difference

between the two different groups at the indicated time point.
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an increase in arginase activity, that was reduced by the

addition of STF-083010 at a non-toxic concentration of

60 lM (Supplementary figure 3). The prevention of

arginase activity was associated with a decrease in spliced

XBP1 mRNA (Figure 4b), suggesting that the IRE1-XBP1

axis is involved in alternative programming of

macrophages. As a positive control, Tunicamycin was used

to stimulate sXBP1 induction, which was attenuated with

the addition of STF-083010 (Supplementary figure 4).

However, induction of ER stress by tunicamycin treatment

alone did not induce macrophage M2 polarity, as assessed

by arginase activity (Supplementary figure 5). As shown

above, the addition of IL-6 to the standard IL-4/IL-13

polarization cocktail resulted in a 5.4-fold increase in

Figure 2. IL-6 addition to IL-4/IL-13 promotes ER expansion and mitochondrial membrane biogenesis. After exposing BMDMs to the M2

polarization cocktail IL-4/IL-13 alone, and with the addition of IL-6, for 30 h, transmission electron microscopy was performed. In a separate

experiment, the same conditions were repeated with the addition of IL-4/IL-13/IL-6+STF-083010 and tunicamycin, as a positive control. Here, cells

were subjected to immunofluorescence staining and quantification of KDEL and TOMM20. (a) Transmission electron microscopy images showing

BMDMs polarized with IL-4/IL-13 and IL-14/IL-13+IL-6. The red and blue arrowheads show mitochondria and endoplasmic reticulum, respectively;

the yellow asterisks indicate the location of the nucleus. Scale bar = 100 nm. (b, c) Immunofluorescence quantification of KDEL (green) and

TOMM20 (red) and (d) representative images showing the staining. Scale bar = 5 µm. Bar graphs represent mean � s.e.m. from at least 50 cells

per condition. * indicates P < 0.05; ## indicates P < 0.01; ***; ### indicates P < 0.001; where * represents a difference between any sample

relative to the control unexposed group; # represents a difference between the indicated groups.
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arginase activity (from 2.0 � 0.88 mM Urea per well to

10.7 � 2.44, expressed as mean � s.e.m.). The addition of

IRE1-XBP1 inhibitor led to a 55% decrease in arginase

activity as well as a robust inhibition of spliced XBP1 at

60 lM STF-083010, confirming the likely involvement

of the IRE1-XBP1 pathway in IL-6-mediated

hyperpolarization of macrophages. Furthermore, we

examined phagocytic capacity of macrophages by assessing

the uptake of fluorescently labeled nanoparticles. We

observed that STF-083010 (60 lM) addition to IL-4/IL-13/

IL-6 significantly reduced the phagocytic ability of these

cells (Supplementary figure 6).

To further consolidate the finding that XBP1 inhibition

prevents IL-4/IL-13-mediated alternative programming of

macrophages and IL-6-mediated hyperpolarization, we

performed flow cytometric analysis of the well-established

alternative macrophage flow markers arginase-1 and

CD206 to the different cocktails and treatments shown

above. A figure exemplifying the gating strategy of the

target population is presented in the online supplement

(Supplementary figure 7). Arginase-1/CD206 levels were

increased from less than 20% to 52.8% after IL-4/IL-13

exposure and further increased to 73.6% when IL-6 was

added (Figure 4c), which is consistent with recently

Figure 3. IL-6 addition to IL-4/IL-13 induces the expression of key UPR-related markers. BMDMs were cultured for 30 h with IL-4/IL-13 or IL-4/IL-

13+IL-6, alone or in combination with STF-083010 (60 lM). Cells were then subjected for immunofluorescence staining of ATF6, p-PERK and

ATF4. Immunofluorescence quantification was performed to show the percent positive area per cell for (a) ATF6 (b) p-PERK and (c) ATF4. (d)

Representative images are shown from the three assessed markers. Scale bar = 5 µm. Bar graphs represent mean � s.e.m. from at least 50 cells

per condition. # indicates P < 0.05; ***; ### indicates P < 0.001; where * represents a difference between any sample relative to the control

unexposed group; # represents a difference between the indicated groups.
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published observations.2 The addition of the IRE1-XBP1

inhibitor STF-083010 prevented both IL-4/IL-13 and IL-

4/IL-13/IL-6-mediated polarizations with less than 10%

arginase-1/CD206 positive macrophages detected

(Figure 4c). These findings collectively suggest that the

induction of ER stress alone in macrophages is

insufficient to drive M2 macrophage programming and

that XBP1 blockade markedly inhibit both conventional

IL-4/IL-13-mediated alternative programming as well as

IL-6-mediated hyperpolarization of macrophages. To

better understand the functional effect of IL-6-mediated

hyperpolarization of alternatively activated macrophages

and the effect of IRE1 inhibition, we next examined more

broadly the gene expression pattern as well as the

cytokine production of the different polarization cocktails

described above.

Figure 4. Inhibition of IRE1-XBP1 splicing reduces macrophage alternative activation following their hyper-polarization with IL-6. BMDMs were

cultured for 30 h with IL-4/IL-13 or IL-4/IL-13+IL-6, alone or in combination with STF-083010 (6 and 60 lM). (a) Arginase activity, which is reflective

of the M2 macrophage phenotype, was assessed in cell lysates, and later accompanied with (b) RT-PCR of sXBP1. (c) Representative flow cytometric

plots of selected samples showing the frequency of arginase-1/CD206 positive cells during macrophage polarization with/without STF-083010. Bars

represent mean � s.e.m. from four replicates per group and graph is representative of two independent experiments. Two black-filled columns were

included, in which one serves as reference control for IL-4/IL-13 stimulated groups and other for IL-3/IL-13/IL-6 stimulated groups. * indicates

P < 0.05; *** indicates P < 0.001; where * represents a difference between white-filled columns and the reference control.
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IRE1-XBP1 inhibition reduces the profibrotic- and

chaperone-expressing capacity of IL-6-mediated

alternative activation

Murine BMDMs were exposed to IL-4/IL-13 and IL-4/IL-

13/IL-6 and STF-083010 for 30 h as described above. RNA

was extracted from the cell lysates and subjected to

NanoString(R) assessment of 128 inflammatory, UPR and

fibrotic related genes (see Supplementary table 1 for

information about all genes investigated). Principal

component analysis and hierarchical clustering of the

samples demonstrated a unique transcriptional signature of

IL-4/IL-13/IL-6 stimulated macrophages compared to

other treatment conditions (Figure 5a). Upon examination

of the plots of the assessed samples as evidenced by the

cluster dendrogram, the data show that samples treated

with STF-083010 plus the IL-4/IL-13/IL-6 cocktail cluster

in a similar fashion to IL-4/IL-13 exposed samples,

suggesting that STF-083010 might have normalized the

transcriptional signature of IL-4/IL-13/IL-6-exposed

macrophages to IL-4/IL-13-exposed macrophages (Figure

5b). To quantitatively and qualitatively understand the

meaning of the assessed transcriptional signature,

differentially regulated genes were presented as a table

showing pair-wise comparisons of interest (Figure 6a)

demonstrating the number of upregulated and

downregulated genes within the specified groups.

Functional networks were then established based on the

assessed gene signature, and processes were illustrated by

ellipses, with multiples genes of interest comprising eight

modules (Figure 6b, c). For an enlarged functional

network detailing the different pathways, please see

Supplementary figure 8. As we have recently shown that

exogenous adenoviral administration of IL-6 potentiates

the alternative activation of macrophages and the enhanced

response to bleomycin-induced lung fibrosis in vivo and

that the in vitro addition of STF-083010 to IL-4/IL-13/IL-6

abolished the expression of Fn1, Mcp1 and Timp1 to

almost control levels,2 we next examined if the enhanced

profibrotic/alternatively activated phenotype was

associated with an increase in the expression of the ER-

resident molecular chaperones; Xbp1, Grp78 and

Calreticulin (Figure 6d). As with our earlier

observation with Fn1, Mcp1 and Timp1, the addition of

STF-083010 prevented IL-4/IL-13/IL-6-mediated increase

in the expression of Xbp1, Grp78 and Calreticulin. Overall,

these findings suggest that STF-083010 reduces the hyper-

profibrotic M2-like phenotype as well as the ER-chaperone

expressing capacity of macrophages elicited by

IL-4/IL-13 and IL-6.

STF-083010 prevents IL-4/IL-13/IL-6-mediated CCL18

secretion and hyperpolarization of human macrophages

To examine whether our findings in murine BMDMs could

be replicated in a human setting, we investigated the effect

of IL-4/IL-13+IL-6 polarization in the well-characterized

PMA-activated THP-1 macrophage cell line. During

Figure 5. Principal component analysis plot and hierarchical clustering of the samples showing the ability of STF-083010 to normalize the

transcriptional signature of hyper IL-4/IL-13/IL-6 stimulated macrophages to IL-4/IL-13 stimulated macrophages. IL-6 BMDMs were cultured for

30 h with IL-4/IL-13, IL-4/IL-13+IL-6 and IL-4/IL-13+IL-6+STF-083010 and subsequently subjected for RNA isolation and NanoString gene

expression. (a) Principal component analysis (PCA) plot, presenting the four groups. (b) Dendrogram, obtained from hierarchical clustering of the

same samples (using euclidean distance and average linkage).
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Figure 6. Significantly regulated gene numbers and functional networks with different modules and comparisons of interest showing downregulation

of certain profibrotic related genes in hyper M2 macrophage treated with STF-083010. BMDMs were treated for 30 h with IL-4/IL-13, IL-4/IL-13+IL-6

and IL-4/IL-13+IL-6+STF-083010 phenotype and subsequently subjected for RNA isolation and NanoString gene expression.

(a) Comparison of regulated and unregulated genes between different pairwise comparisons of interests. (b) Functional network and its regulation and

(c) Gene list within each module. The network is consistent across all comparisons, while the regulation is marked by colors: upregulated genes are

shown in red, downregulated—in green, and genes that were not found to be differentially expressed in the comparison of interest are shown in white.

Functional network with different modules shown in different colors and marked by ellipses. Each ellipse contains the module ID and functional

annotation. (d) Selected significantly regulated profibrotic related genes. * indicates P < 0.05; ## indicates P < 0.01; ***; ### indicates P < 0.001;

where * represents a difference between any sample relative to the control unexposed group; # represents a difference between the indicated groups.

[To see the full details shownwithin this figure, please go to the online version at https://onlinelibrary.wiley.com/doi/10.1111/imcb.12212.]
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macrophage polarization, the endoplasmic reticulum was

quantitatively visualized and tracked using the ER tracker

dye and transmission electron microscopy, respectively. In

the living cells, ER distension was observed during IL-4/IL-

13/IL-6-mediated polarization (Figure 7a). These findings

were further supported by transmission electron

microscopy, which showed enhanced ultrastructural

changes of the ER (Figure 7b and Supplementary figure 9).

Alternative activation was assessed by measuring the

secreted M2 marker, CCL18, in supernatants by ELISA as

described earlier.20 The addition of the IL-4/IL-13

polarizing cocktail resulted in a significant increase in

CCL18 (from 5 � 0.5 to 181.6 � 15.6 pg mL�1),

consistent with previously published data,21 while the

addition of IL-6 resulted in a sevenfold further increase

in CCL18 (1283.0 � 72.6 pg mL�1) (Figure 7c). The

addition of STF-083010 at 6 lM normalized the effect of

IL-6 and reduced the amount of CCL18 released to levels

Figure 7. STF-083010 reduces ER size and the IL-6-mediated M2 phenotype of human macrophages. Human monocytic cell lines were

differentiated into macrophages using PMA and then stimulated with IL-4/IL-13 and IL-4/IL-13+IL-6, alone or in combination with STF-083010 (for

72 h). (a) ER tracker (blue dye) and (b) transmission electron microscopy displaying the ER compartment. (c, d) In a separate experiment, CCL18

secretion and transcription was assessed as well as (e) the profibrotic related marker, FN1. Gene expression by NanoString is presented as

normalized counts. A one-way ANOVA was used to assess the effect of each treatment. Data are presented as mean � s.e.m., each time point

was assessed in quadruplicates. *; # indicates P < 0.05; **; ## indicates P < 0.01; ***; ### indicates P < 0.001; where * represents a difference

between any sample relative to the control unexposed group; # represents a difference between the indicated groups.
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comparable to IL-4/IL-13-mediated polarization cocktail

(208.3 � 12.6 pg mL�1). Gene expression analysis

indicated that CCL18 mRNA expression was increased in a

similar manner, mimicking the protein observations by IL-

4/IL-13 exposure and highly upregulated by the addition of

IL-6 (Figure 7d). Additionally, FN1 was quantitated to

reflect the profibrotic macrophage phenotype (please see

Supplementary table 2 for information about the genes

investigated). Consistent with our findings in murine-

derived alternatively activated macrophages, STF-083010

also reduced the levels of secreted CCL18 as well as FN1

expression, reflecting its ability to prevent the “hyper”

polarization mediated by IL-6 (Figure 7c–e). Overall, these
findings are consistent with a critical role of an IL-6-

mediated ER expansion program in macrophages that are

alternatively activated both in murine and human systems.

DISCUSSION

Profibrotic, alternatively activated “M2” macrophages have

been implicated in the pathogenesis of many different

fibrotic diseases and cancers.22 Their interaction with

fibroblasts and the fibrotic process has only been recently

documented in literature.23-25 The “M2” phenotype can be

induced by the binding of the pleiotropic cytokine IL-4 to

its receptor, IL-4Ra, which induces rapid tyrosine

phosphorylation of STAT6, leading to the upregulation of

the profibrotic M2-related phenotype.26 Similar to ex vivo

isolated macrophages, which are involved in pathological

wound repair, IL-4/IL-13 stimulated macrophages may also

share many of the factors involved in tissue repair.

Therefore, to learn more about the behavior and phenotypic

profibrotic functions of alternatively activated macrophages,

it is important to understand: (1) the cellular organelles/

mechanisms underlying macrophage polarization (IL-4/IL-

13-mediated) and hyperpolarization (IL-4/IL-13/IL-6-

mediated); (2) the profibrotic phenotype associated with

these polarization states; and (3) whether the profibrotic

phenotype of M2 macrophages can be attenuated.

It has been proposed that the IRE1-XBP1 axis is

involved in the differentiation of many cell types that

possess high secretory capacity through the activation of

ER expansion programs.14,27 For instance, UPR-mediated

XBP1 production and splicing has been implicated in B-

cell to plasma cell differentiation,7 the differentiation of

eosinophils5 as well as proper production of mucin from

goblet cells.28 Furthermore, IL-4 is one of the main Th2

cytokines that drives B cell differentiation into antibody-

secreting plasma cells via an XBP1 dependent

mechanism.29 This led to the logical speculation that IL-4

and XBP1 might also be involved in ER membrane

biogenesis and in the polarization of macrophages to the

profibrotic M2 phenotype.

Interestingly, recent data have implicated IL-6 in

augmenting the responses of macrophages to IL-4, and in

subsequently enhancing the alternatively activated

macrophage phenotype.1 The inclusion of IL-6 with IL-4/

IL-13 therefore provided a compelling model to study the

hyper-polarization process of macrophages in relation to

XBP1 induction and the profibrotic signature. Overall

our data support the hypothesis that IL-6 can act

synergistically with IL-4/IL-13 to augment spliced XBP1,

leading to ER membrane expansion and the generation of

a hyper profibrotic macrophage phenotype. With the use

of bioinformatics analysis, we have been able to

demonstrate the distinct transcriptional signatures

induced by UPR-dependent macrophage polarization.

These data provide evidence to the concept that IL-6 may

act synergistically with IL-4 and IL-13 to increase

the profibrotic capacity of alternatively activated

macrophages. Additionally, our study suggests that

targeting IRE1-endonuclease activity prevents the IL-6

dependent “hyper” profibrotic phenotype observed.

Although STF-083010 was nontoxic to macrophages

based on the cellular viability assay, we cannot fully

exclude off-target effects of the drug. For example, the

reduced phagocytic ability of the macrophage by STF-

08010 can be one of these effects but it may establish a

new link between XBP1 splicing, ER expansion and

phagocytosis. However, more molecular and functional

studies need to be designed to further dissect this

phenomenon. In addition to the demonstrated role of the

IRE1-XBP1 pathway, we also observed that ATF6 was

highly induced in the IL-4/IL-13/IL-6 macrophage

phenotype suggesting that the ATF6 pathway may be

involved in regulating the expression of ER resident

proteins, further enhancing ER membrane biogenesis.

Consistent with this observation, Bommiasamy et al.

reported that UPR-mediated ATF6a activation could also

promote ER expansion and phospholipid biosynthesis,

independent of XBP1-splicing.30 The mechanisms acted

by ATF6a could be distinct from those previously shown

by XBP1, suggesting a redundant pathway executing a

vital cellular task. While this process was investigated in

stromal cells such as NIH-3T3 and CHO, it remains

unclear whether it applies to the myeloid compartment—
or whether activated ATF6a is also involved to promote

macrophage profibrotic activation. Further investigations

revealed no significant alteration in the translational

control arm of the UPR (p-PERK induction) even though

there was a marked reduction in ATF4, a downstream

marker of the PERK pathway.31 It has been recently

reported that deleting ATF4 increases mitochondrial

function and that ATF4 expression and mitochondrial

function or density were inversely correlated in healthy

tissues.32 Thus, it is tempting to speculate that the
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enhanced mitochondrial mass could serve as a negative

feedback loop to further downregulate their ATF4

expression, consistent with our observations when IL-6 is

added to the M2 polarizing cocktail IL-4/IL-13.

Furthermore, previous work done by Soto-Pantoja et al.

showed that inhibition of IRE1 resulted in macrophages

with increased mitochondrial oxygen consumption and

extracellular acidification rate. This work may suggest

that the increased mitochondrial mass seen in IL-4/IL-13/

IL-6 macrophages may be a consequence of the increased

mitochondrial demand needed because of XBP1 splicing

induced by IL-6.33 Although additional studies are

required to assess how ATF4 and IRE1 influence

mitochondrial and ER expansion and whether they are

directly implicated in propagating the IL-4/IL-13/IL-6

macrophage, our findings collectively suggest that

multiple UPR arms could devote a concerted effort into

activating macrophage-ER expansion program, leading to

enhanced profibrotic capacity.

The link between the relatively late timing of IRE1-

XBP1 induction and the process of M2 polarization could

suggest a late functional effect on macrophage profibrotic

polarization. Our data demonstrate that the induction of

spliced XBP1 correlated with the production of

macrophage arginase activity during their polarization

with IL-4/IL-13/IL-6. We did not find evidence for IL-6

alone to upregulate spliced XBP1 transcript counts, nor

did we find evidence for IL-6 alone to modulate

macrophage arginase activity, suggesting a true synergistic

effect of IL-6 with IL-4/IL-13. Intriguingly, we observed

that in the absence of M2 inducers, ER stress alone is

insufficient to drive M2 macrophage polarity. This

suggests that TH2 signals play more of a direct role in

mediating the profibrotic as well as the ER and

mitochondrial expansion phenotype observed in our

studies. As IL-6 is increased during chronic tissue injury

and some infections,34 the finding that IL-6 may

potentiate XBP1 induction in the presence of a Th2

milieu could have functional relevance to disease

pathogenesis, and this remains to be precisely explored in

future studies. Furthermore, given the observation that

spliced XBP1 was not robustly increased during the first

10 h of polarization suggests that it may not be essential

for initiation the M2-like phenotype but rather

propagating the phenotype. It has been previously

determined that IL-4/STAT6 axis is indispensable for the

induction of alternative macrophage activation both

in vivo and in vitro.35 Thus, the precise mechanism by

which XBP1 influences IL-4 dependent pathway activation

and whether XBP1 selective inhibition is sufficient to

ablate the macrophage profibrotic phenotype in vivo are

valid approaches that remain under investigation.

Although IL-4/IL-13/IL-6-stimulated macrophages

could represent a unique in vitro macrophage phenotype,

in vivo macrophages are highly plastic and can

continually alter their activation state and function

depending on the cytokines and signals in their

microenvironments.36,37 Using BMDMs and THP1-

derived human macrophages, our data provide evidence

that the IRE1-XBP1 pathway is modulated during ER

expansion and profibrotic macrophage polarization.

However, additional future experiments are needed to

examine this pathway in tissue macrophages and

monocyte-derived macrophages during disease

pathogenesis and progression. Moreover, our data

showed that the hyper profibrotic and molecular

chaperone gene expression of IL-4/IL-13/IL-6-stimulated

macrophages can be rescued with IRE1 inhibition. To

further establish a functional profibrotic effect of the ER

expansion pathway in these macrophages, future studies

will need to take into consideration co-culture

experiments with fibroblasts. Additionally, future work

should be performed with IRE1-deficient macrophages, to

identify a definitive mechanism between XBP1 and IL-6.

Interestingly, it is thought that soluble mediators

produced by M2 programmed macrophages enhance

fibroblasts fibrogenicity by promoting their proliferation,

collagen production and fibroblasts-to-myofibroblast

differentiation.24,38 It is difficult to speculate if any or all

of these processes are impacted by targeting ER

expansion in macrophages. These experiments will yield

novel and exciting data allowing for the better

understanding of mechanisms underlying macrophage

profibrotic activities. In addition, although it is

acknowledged that ER stress may overwhelm the KDEL

retrieval system and result in these proteins to migrate to

the cell membrane and potentially limit the validity of

KDEL assessment as an ER marker,39 the data presented

here were consistent with transmission electron

microscopy quantifications of ER abundance.

In conclusion, the data presented suggests that the

addition of IL-6 to the alternatively activated cocktail

resulted in UPR activation as observed through ER

expansion, and expression of profibrotic products. During

this process, XBP1 splicing occurs to promote the

expansion process and further enhance UPR activation to

support the protein folding load within the ER. When IL-

6 is present, it acts concurrently with IL-4 to synergize the

above effects, thus further augmenting the UPR, ER

expansion and profibrotic potential of the macrophage.

Targeting ER expansion and IL-6 signaling in alternatively

activated macrophages could be a valid strategy to lower

the profibrotic cellular activity in diseases where M2-

macrophages are known as primary cellular contributors.
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METHODS

Isolation and polarization of bone marrow-derived

macrophages

Bone marrow-derived macrophages were isolated and cultured
as described previously (25). Briefly, bone marrow cells from
C57BL/6 mice were isolated and treated with 20 ng mL�1

M-CSF for 7 days. Following 7 days in culture, macrophages
were exposed to recombinant murine IL-4 (20 ng mL�1),
IL-13 (50 ng mL�1) and where applicable, IL-6 (5 ng mL�1),
for 24–120 h to induce alternative programming. Polarization
to the M2-like phenotypes was assessed by arginase activity
in cell lysates and by Arg1 and CD206 protein expression by
flow cytometry. STF-083010 drug (Axon Medchem LLC,
Reston, VA, USA) was solubilized in DMSO and used at 6
and 60 lM.

Arginase activity assay

The arginase activity assay on BMDMs was performed in-
house, as shown previously.2

Western blotting

Western blotting of arginase-1 protein was performed as
described previously.3

Phagocytosis assay

BMDMs were plated onto a 96-well tissue culture microplate
(black with clear bottom plates, Falcon cat# 353219; Corning,
New York, NY, USA) at a concentration of 100 000 cells per
well. After 2 h, cells were induced with IL-4/IL-13, IL-4/IL-
13/IL-6 and IL-4/IL-13/IL-6 plus STF-083010 (60 lM). After
30 h, the cytokines were washed off the cells and 1 lL of
fluorescently tagged nanoparticles (Polysciences, Inc,
Warrington, PA, USA; Cat# 17151) in 100 lL of media were
added to each well and placed in an incubator for 3 h. Of
note, wells of the same condition but with no beads served
as internal controls. After 3 h, excess nanoparticles were
washed off with warm PBS and fresh media was placed in
each well. Uptake of the nanoparticles was determined by
analyzing the plate in i3 SpectraMax plate reader (molecular
devices). The nanoparticles were excited at 441 nm and the
excitation photons were captured at a wavelength of 485 nm.
Data were presented as ratio of nanoparticle treated well:
no nanoparticle well, and denoted as Fluorescence
(phagocytosis) index.

Immunofluorescence staining and quantification

BMDMs were isolated and cultured as previously described. Cells
were lifted and plated on glass cover slips for polarization and
treatment. Cells were fixed with 4% paraformaldehyde and

permeabilized using 0.1% Triton X. Immunofluorescence was
completed for KDEL and TOMM20 to examine ER expansion
and mitochondrial content, respectively. A FITC-labeled
monoclonal mouse antibody was used against KDEL Dylight 488
conjugate (1:100) (Enzo Life Sciences, Burlington, ON, Canada;
Cat# ADI-SPA-827-488-D). Following this, an antibody against
TOMM20 (1:250) (Abcam, Toronto, ON, Canada; Cat# ab78547)
was used with a donkey anti-rabbit secondary antibody (1:1000)
(Abcam, Cat# ab150075). Immunofluorescence was performed to
investigate the activation of the UPR. Cells were incubated with
appropriate primary antibodies including anti-ATF4 (1:100)
(Proteintech, Rosemont, IL, USA; Cat # 10835-1-AP), rabbit anti-
pPERK (1:100) (Cell Signaling Technology, Danvers, MA, USA;
Cat # 3179) with a donkey anti-rabbit-AF647 secondary antibody
(1:1000) (Abcam, Cat # ab150075). Staining for ATF6 was also
completed using a mouse anti-ATF6 primary antibody (1:100)
(Novus Biologicals, Littleton, CO, USA; Cat # 70B1413.1) and a
goat anti-mouse-AF647 secondary antibody (1:1000) (Thermo
Fisher Scientific, Burlington, ON, Canada; Cat # A-21240).
Images were taken at 409 magnification. ImageJ software
(National Institutes of Health, Bethesda, MD, USA) was used to
analyze and quantify antibody expression. All parameters were
kept constant during imaging. Number of cells were counted and
thresholding was used to detect percent positive area per cell.
KDEL was analyzed at a threshold level of 80, TOMM20 was
analyzed at 45 with DAPI at 32. ATF4, ATF6 and p-PERK were
analyzed at a threshold level of 60, 50 and 50, respectively, while
DAPI was set to 50, 35 and 35, respectively. DAPI was used to
identify the nucleus of the cell which was used to identify the
percent positive area of staining. This was completed using a
blinded approach. Percent area of staining per cell was averaged
for each experimental group.

Flow cytometry

Following polarization of BMDMs, ~1–2 9 106 cells were
subjected to FACS surface and intracellular staining protocol.
Briefly, cells were initially suspended in FACS buffer solution
(0.3% BSA in PBS; McMaster University, Hamilton, ON,
Canada). Non-antigen-specific binding of immunoglobulins
to Fcc II/III receptor on BMDMs was blocked using purified
rat anti-mouse CD16 (Mouse FC Block) (BD Pharmingen,
Mississauga, ON, Canada; Cat#553142). Next, cells were
subjected to surface antibody staining solution, containing a
mix of anti-mouse F4/80 and anti-mouse CD206 (MMR)
(BioLegend, San Diego, CA, USA; Cat#123133 and 141723).
Cells were then fixed and permeabilized using BD Cytofix/
Cytoperm solution (BD Biosciences, Mississauga, ON,
Canada; Cat#554722) prior to performing intracellular
staining with anti-mouse/human arginase-1 (1:5) (R&D
Systems, Toronto, ON, Canada; Cat#IC5868A). Intracellular
staining antibody solution was made up in 19 BD Perm/
Wash buffer solution (BD Biosciences, Cat#554723). Cells
were finally resuspended in FACS buffer for FACS and data
were collected using BD LSRFortessa and FACSDiva software
from BD Biosciences. Data were analyzed using FlowJo
Software from Treestar.
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Generation and treatment of THP-1-derived

macrophages

The THP-1 human monocytic cell line was purchased from the
American Type Culture Collection (ATCC#TIB-202). These
suspended cells were grown in RPMI-1640 medium
supplemented with 2 mM L-glutamine, 1% penicillin
streptomycin and 10% FBS. THP-1 monocytes were
differentiated into macrophages using phorbol myristate acetate
(ATCC- 202152) at 10 ng mL�1 for 48 h.40 Macrophages were
skewed toward the M2 phenotype using recombinant human
IL-4 and IL-13 (20 and 20 ng mL�1, respectively) and where
applicable, recombinant human IL-6 (20 ng mL�1; Peprotech,
Montreal, QC, Canada) and STF-083010 (6 lM) were added.
Exposure to the above cocktails lasted for 72 h before collection
of supernatant and RNA isolation.

Transmission electron microscopy

BMDMs and THP-1-derived macrophages were seeded onto a
six-well plate and polarized toward the macrophage
phenotypes using the cytokine concentrations mentioned
previously. Following their polarization, supernatant was
collected and cells were washed twice with ice-cold PBS. Cells
were then fixed in 2% glutaraldehyde in sodium cacodylate for
24 h. Cells were then post-fixed in osmium tetroxide,
dehydrated in alcohol, lifted off the plate by propylene oxide,
spun down into pellets and further processed for pellet
embedding in epoxy resin. After polymerization, sections were
stained with uranyl acetate and lead citrate and observed
under a transmission electron microscope (Jeol TEMSCAN,
Tokyo, Japan) by trained personnel in the Faculty of Health
Sciences Electron Microscopy Core Facility at McMaster
University. Image analysis was completed using ImageJ. ER
was visualized as stacked cisternae membrane. The diameter of
the cell was calculated using ImageJ, and the average distance
from the nuclear membrane to the most distal portion of the
ER was calculated. Percentage of ER was measured per
macrophage, which was presented as the mean � s.e.m., from
five or more cells.

ER tracker assay

Following stimulation of THP1-derived macrophages, cells
were washed twice with room temperature PBS and incubated
with ER-Tracker Blue-White DPX at 1 lM (Thermo Fisher
Scientific, Cat#E123533) for 30 min at room temperature. The
cells were washed twice with cold PBS and images were taken
with the EVOS FL Cell Imaging System.

ELISA

Human CCL18/PARC protein was assessed in the cell culture
supernatant using the commercially available CCL18 ELISA,
according to the manufacturer’s protocol (R&D Systems,
Cat# DCL180B).

RNA extraction and assessment of RNA quality

Total RNA from BMDMs and THP-1-derived macrophages
was isolated using Nucleospin RNA plus [D-Mark BioSciences,
Toronto, Canada (Catalog No. MN-740984.250)].
Concentrations and RNA purity were measured using a
NanoVue spectrophotometer (V1.7.3). The integrity and
quantity of the RNA were examined using the Agilent
Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA)
before NanoString gene expression analysis.

Real-time polymerase chain reaction

mRNA isolated from BMDMs reverse-transcribed using
Superscript II RT (Invitrogen, Carlsbad, California, USA) to
obtain cDNA for gene expression analysis. A 7500 Real-Time
PCR Machine (Applied Biosystems, Foster City, CA, USA) with
fast SYBR green mix (Applied Biosystems, Foster City, CA, USA,
Catalog No. 4385612) were employed. The PCR protocol used
was a 20-s initiation at 50°C, followed by 10 min at 95°C, 40
cycles of 15 s amplification at 95°C and 1 min at 60°C. SYBR
green primers, including spliced Xbp1, forward, 50-
TCCGCAGCAGGTGCAGG-30, and reverse, 50-GCCCAAA
AGGATATCAGACTCAGA-30 and for 18S, forward, 50-AGTC
CCTGCCCTTTGTACACA-30, and reverse, 50CGATCCGAGGG
CCTCACT-30 were produced by the DNA Sequencing and
Oligo Synthesis Facility at McMaster University (MOBIX Lab).
18s was used as reference gene to assess spliced X-box binding
protein 1 mRNA gene expression. Candidate genes were
analyzed using semi-quantitative gene expression analysis
(DDCT method) and expressed as fold change relative to the
gene expression of the control untreated BMDMs.

Nanostring analysis

Nanostring gene expression profiling was performed on murine
BMDM as well as THP-1-derived macrophages (only selected
genes for THP-1 cells). We performed multiplexed target profiling
of inflammation- and immune-related transcripts on Control, IL-
4/IL-13, IL-4/IL-13+IL-6 and IL-4/IL-13+IL-6+STF-083010
samples. Pre-processing and normalization was performed with
nSolver 2.5 software (www.nanostring.com) using six negative
controls for background subtraction and six positive controls for
normalization. Next total counts normalization was performed.
All genes were used to perform PCA and visualize the first 3
components (Bioconductor, rgl package; https://cran.r-project.
org/web/packages/rgl/index.html, The R Foundation for Statistical
Computing, Vienna, Austria), and to perform hierarchical
clustering (using euclidean distance and average linkage). The
“limma” package and differential expression in microarray
experiments were performed as described previously.

Network analysis of nanostring data

Networks were constructed using Cytoscape software.41 Reactome
FI plugin was used to build functional networks, which were then
analyzed for the presence of significant modules (gene clusters).42
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These modules were further examined with Pathway enrichment
and Gene Ontology (GO) tools in Cytoscape. Functional networks
contain the differentially regulated genes within the indicated
biological process and do not necessarily include all other
significantly regulated genes.

Statistical analysis

Results are expressed as mean � s.e.m. A one-way analysis of
variance (one-way ANOVA) followed by Tukey’s post hoc test
were used to determine significance when more than two groups
were compared. A Student’s t-test was used to determine
significance between two conditions. All statistical tests were
performed using GraphPad Prism 7.0c (GraphPad Software, La
Jolla, CA, USA). A P < 0.05 was considered statistically
significant.

Data availability

The datasets generated during and/or analyzed during the
current study are available from the corresponding author on
reasonable request.
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