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Abstract:

Inflammatory bowel diseases (IBD) are complex disorders characterized by a cycle of
inflammatory perpetuation. Iron accumulates in the inflamed tissue of IBD patients, yet neither a
mechanism for the accumulation nor its implication on the course of inflammation are known. This
study addresses the role of iron homeostasis in IBD using human biopsies, animal models and
cellular systems. It demonstrates inflammation-mediated modifications of iron homeostasis, and
an iron decoupled activation of the iron regulatory protein (IRP)1. To understand the role of IRP1
in the course of this inflammation-associated iron pattern, a novel cellular co-culture model was
established, that reproduced the iron-pattern observed in vivo. Importantly, deletion of IRP1 from
an 1IBD mouse model completely abolished mis-distribution of iron and intestinal inflammation,
suggesting a central role of IRP1 in the coordination of inflammatory response in the intestinal
mucosa. Thus, this work identifies IRP1 as a target for IBD treatment.

One-Sentence Summary: We show that a miss regulated iron homeostasis mediates the
exacerbation of the inflammation in inflammatory bowel diseases.
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Introduction

IBDs are long-term multifactorial inflammations of the gastrointestinal tract with increasing global
prevalence (1). Although the cellular and molecular events initiating and perpetuating the
inflammation are not fully understood, it is clear, that intestinal homeostasis is broadly disrupted,
causing pathological inflammation that leads to tissue injury. lron accumulation has been noticed
in the inflamed tissues of CD and colitis patients (the two most prevalent forms of IBD), compared
to non-inflamed areas of the same patients and of healthy individuals (2), but neither the role nor
the mechanism of this phenomenon is known.

Iron is an essential nutrient, yet unbalanced iron levels lead to inflammation and tissue damage (3-
5). Iron homeostasis is tightly regulated, at the systemic and cellular level, primarily by the peptide
hormone hepcidin (6) and by the iron regulatory proteins (IRP) 1 and 2 respectively (7). Hepcidin
binds to the iron exporter ferroportin, sterically inhibits iron export and causes ferroportin
degradation (8) (9). IRPs regulate numerous transcripts, mostly related to cellular iron import,
storage and export, by binding with high affinity to RNA motifs known as iron-responsive
elements (IREs). IREs are found in the 5” or 3 UTR of mRNAs. Ferritin is a 24-subunit multimer,
composed of two kinds of subunits FTH1 and FTL (10-12). Transcripts of both subunits contain a
5’ IRE and translation is inhibited by active IRPs. The ratio of the subunits differs in various cell
types and pathophysiological conditions, due to transcriptional modifications (13). In contrast the
iron importer transferrin receptor, (TFR1) has IREs in the 3” UTR, and IRP-IRE binding stabilizes
the transcript, leading to increased iron import. The two IRPs each sense and respond to cytosolic
iron and oxygen (and reactive oxygen- and nitrogen- species (ROS/RNS)) in their own specific
ways (14). IRP1 is a bifunctional protein that changes its conformation from a cytosolic iron-sulfur
cluster containing aconitase (cAco) to an RNA (IRE)-binding apoprotein. At physiologic oxygen
conditions, the Fe-S cluster of cAco is relatively stable and IRP1 does not change to its RNA-
binding form, even when iron levels are low (15-17). In contrast, IRP2 is degraded in the presence
of high iron, oxygen and ROS/RNS levels (18), yet maintains its ability to respond to cellular iron
levels over a wide range of oxygen concentrations (19).

Although IRP1 and IRP2 were first identified as iron-sensors that mediate the regulation of iron
homeostasis, studies on inflammation have shown changes in iron homeostasis in macrophages
that were mediated by IRP response to nitric oxide (NO). NO is a gaseous signaling molecule that
plays important roles in pathogen killing, as well as macrophage metabolic and epigenetic
remodeling (20). NO, produced by macrophages, diffuses into proximal cells, allowing for
temporally and spatially complex signaling dynamics in tissues (21). Dysregulation of IRP1 and
IRP2 has been observed in patients with genetic hemochromatosis and was attributed to the release
of NO produced in activated macrophages (22, 23). The opposing biological consequences of NO
mediated IRP1 activation versus IRP2 degradation on cellular iron, TfR1 and ferritin, was
extensively studied in macrophages (23-25), yet in the systemic context of specific inflammatory
diseases they remain unclear.

Here, using human biopsies of CD patients, animal models for CD and colitis and a cellular co-
culture model that mimics the interaction between intestinal epithelium and -immune cells, we
studied the inflammatory iron homeostasis in IBD. We found that IRP1 is activated by the
inflammation, that this activation mediates an inflammatory regulation of iron homeostasis and
participates in the propagation of inflammation in IBD. Most importantly, targeted deletion of
IRP1 minimizes the inflammation, making it a novel target for the treatment of IBD.


https://doi.org/10.1101/2023.01.27.525690
http://creativecommons.org/licenses/by-nc-nd/4.0/

10

15

20

25

30

35

40

45

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.27.525690; this version posted January 28, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Results

IRP1 activation is inconsistent with a newly identified inflammatory iron pattern in 1BD
mouse models.

To evaluate the effect of inflammation on iron homeostasis and IRP activity in vivo, we used a
genetic mouse model for CD, the tumor necrosis factor alpha-overexpressing mice (Tnf44%*) and
the chemical DSS model for colitis (26). Tnf“*2* mice develop spontaneous inflammation in the
terminal ileum at the age of 12-14 weeks and rheumatoid arthritis later in life (27). Intestinal
sections of Tnf4RE mice were stained for ferritin, a sensitive indicator of cellular iron status (10).
Ferritin accumulated in the immune cells, and was significantly reduced in intestinal epithelial
cells (IECs) of the inflamed terminal ileum of Tnf***mice compared to wild-type (WT) controls
(Fig. 1A, Fig.S1A). Similar results were obtained in sections from mice with DSS induced colitis
(Fig. 1A, Fig. S1A). These observations suggested that the inflammation in these tissues caused a
unique pattern of iron distribution, involving iron accumulation in the immune cells and iron
deficiency in the IECs. To test if other iron-related proteins respond similarly, an IEC- and immune
cell-enriched (lamina propria-LP) fraction was prepared from the terminal ileum of Tnf*4RE"* mice
and various proteins, known to respond to cellular iron levels, were analyzed. Consistent with the
inflammatory ferritin-response, IEC-TFR1 levels were increased and LP-TFR1 levels reduced,
when compared to the WT fractions (Fig.1B), supporting the modified iron pattern discovered in
these two cell fractions. In addition, IRP2, which similarly to TFR1, is elevated in iron deprivation
(28, 29), was increased in the inflamed IECs and decreased in the inflamed LP (Fig. 1C). However,
IRP1-IRE-binding activity, which was assessed via electromobility shift assay (EMSA), was
significantly elevated in both fractions of the inflamed ileum compared to WT. This result
suggested, that the regulation of IRP1 activity is independent of the intracellular iron state (Fig.
1D).

In a cell-culture model, physical contact is required between macrophages and epithelial
cells, to mimic the inflammatory regulation of iron homeostasis

To elucidate what drives the iron independent activation of IRP1 and the intestinal inflammatory
iron pattern observed in mice, we searched for a suitable cell-model. Several co-culture models of
epithelial cells (EC) with immune cells, that use filter inserts have been successfully employed to
reproduce various aspects of inflammation (30-32), yet none of these models could reproduce the
inflammatory iron pattern. We hypothesized that NO produced by macrophages diffuses and
activates IRP1 in neighboring ECs, and that this activation mediates the inflammatory iron pattern.
Thus, we tested co-cultures with direct cell-to-cell contact between ECs and macrophages. To
differentiate between proteins such as IRP1, IRP2, ferritin and TfR1 in the ECs and the
macrophages, we developed co-cultures of the human epithelial enterocyte-like Caco2 cells, with
either murine primary bone marrow-derived macrophages (BMDM) or the murine macrophage-
like cell line Raw 264.7 (33). Lipopolysaccharide (LPS) was applied to elicit inflammation, which
was validated by the activation of key markers of signaling pathways involved in inflammation,
including MAP kinase pathways and NFkB-p65 (Fig. S2A). In addition, downstream
proinflammatory cytokines, including 118 and Icam1l in ECs (Fig. S2B) and Tnfa, lcam1, 111b and
116 in macrophages (Fig. S2C), were all activated in both co-cultures and the time-course of the
LPS-triggered inflammatory response was nearly identical to that reported for in vivo and in vitro
models of LPS induced inflammation (34-36).

The LPS-triggered response was identified in both, macrophage mono-cultures and macrophage-

EC co-cultures, but not in EC mono-cultures (Fig. S3A), further supporting the necessity of
macrophage vicinity for the epithelial inflammatory response. Significantly, the NO donor S-nitro-
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N-acetyl-D, L-penicillamine (SNAP) elicited an inflammatory response in EC monocultures (Fig.
S3B). Further, in SNAP-treated ECs, intracellular iron was reduced and extracellular iron
increased (Fig. S3C), supporting the notion that NO generated in macrophages (Fig S3A) diffuses
to the ECs in the co-cultures and that NO contributes to the inflammatory iron pattern.

To assess whether LPS-induction of inflammation in the co-cultures follows the in vivo pattern of
modified iron homeostasis in the two cell populations, the RNA-binding activity of IRP1 was
determined by EMSA. Due to slight differences in molecular weight between human and mouse
proteins as well as the primer specificity to human or mouse genes, protein- and mRNA- levels
from each cell type could be distinguished. Indeed, RNA binding activity of macrophage IRP1
was significantly increased after LPS stimulation (Fig. 2A lane 3 and 4), similar to the observation
in the Tnf*%2* mice (Fig. 1D). Yet, epithelial IRP1 could not be similarly evaluated, as it migrated
together with macrophage IRP2. Therefore, IRP1 aconitase activity was evaluated using the in-gel
aconitase-assay, as decreased CAco-aconitase-activity correlates with increased IRP1 RNA-
binding-activity (37). Gel conditions were optimized to enable differentiation of human from
mouse cAco-aconitase-activity in ECs and macrophages (Fig. 2B lane 1 and 4). A decrease in
CAco activity in response to LPS treatment was observed in both cell types, which is consistent
with an increase in the RNA-binding-activity of IRP1. Moreover, LPS treatment led to a significant
decrease in mitochondrial aconitase (mAco) activity in both cell types, suggesting a metabolic shift
to glycolysis, as previously reported (38, 39). Taken together, we developed a direct interspecies
co-culture model, that upon induction of inflammation with LPS, activated a broad range of
inflammatory signaling pathways. Most importantly the cell-model mimicked the inflammatory
iron pattern and the increased IRP1 mRNA-binding activity in both, ECs and macrophages as seen
in vivo (Fig.1D).

Inflammatory pathways support the activation of IRP1-IRE binding activity

To further elucidate the mechanism driving the increased IRP1-IRE-binding activity in each cell
type, and considering that Fe-S cluster assembly proteins Nfs1 and IscU mRNA and protein levels
were reported to be low in BMDM in response to inflammation (40), several genes involved in Fe-
S cluster assembly were evaluated. In macrophages, the transcription levels of all four tested iron-
sulfur cluster biogenesis proteins were significantly decreased, in agreement with the decrease in
aconitase activities in mAco and cAco. However, in epithelial cells, transcripts of iron-sulfur
cluster biogenesis proteins did not change (Fig. 2C). In IBD, the epithelial transcription regulator
HIF2a is increased (41), and given that HIF2a is a key regulator of iron transport through epithelial
cells (42), cytosolic and nuclear HIF2a levels were assessed and found to be significantly
increased, beginning 4h after LPS stimulation (Fig. 2D). In line with this, 4h after LPS stimulation
levels of both the apical iron importer DMT1 and the basolateral iron exporter FPN gradually
increased (Fig. S4), likely promoting increased iron flux through the epithelial cells. This can
explain the observed epithelial iron deficiency and consequential increase in IRP1 RNA-binding
activity. Altogether, increased NO production, decreased iron-sulfur cluster assembly proteins and
increased HIF2a support the inflammatory activation of IRP1-IRE binding activity in both,
macrophages and epithelial cells. Next, we tested the response of IRP regulated genes, to the
increased IRP1-activity.
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Increased IRP1-activity mediates changes in TfR1 and ferritin levels and ferritin subunit
composition

To test the effect of inflammation-mediated modifications of IRP-activity on iron status and IRP-
regulated proteins in the co-culture, we analyzed changes in ferritin-iron content upon LPS-
stimulation. Epithelial ferritin iron was reduced and macrophage ferritin iron was elevated 24 hr
after LPS-stimulation (Fig. 3A lanes 10 and 11), suggesting that similarly to the observation in
vivo, epithelial cells of the co-culture take on an iron-deficiency phenotype, while macrophages
take on an iron-loaded phenotype. In addition, a strong increase in macrophage ferritin protein,
especially of the FTH1 subunit, was detected in the co-cultures (Fig. 3B), consistent with the
observations in macrophage mono-cultures (43). Considering the activation of IRP1, and thus
inhibition of ferritin translation, we thought that the ferritin increase in macrophages could be due
to an inflammation-mediated decrease in ferritin degradation. Pulse-chase analysis of co-cultures
that were metabolically labeled with S just before stimulation with LPS showed that macrophage
ferritin subunit-degradation was slower in LPS-treated co-cultures (Fig. 3C lane 9 and 11),
compared to untreated controls (Fig. 3C lane 8 and 10). A decrease in ferritin degradation was
further suggested by a decrease in transcript levels of the ferritinophagy-mediating Ncoa4 in the
inflamed BMDM (Fig. 3D). After 24 hr of LPS stimulation, macrophage ferritin migrated slightly
faster in the native gel (Fig. 3A lane 11), compared to its non-treated counterpart (Fig. 3A lane
10), suggesting a shift in subunit composition of ferritin towards H-rich heteropolymers (Fig.
S5A). Indeed, the transcript levels of Fth1 were markedly increased after LPS stimulation, whereas
transcript levels of Ftl remained relatively unchanged (Fig. S5B). A similar increase of FTH1 was
reported in monocytes exposed to inflammatory conditions (44). In agreement, the FTH1:FTL
protein ratio shifted from approximately 1:1 in the control macrophages to around 3:1 after LPS
stimulation (Fig. S5C). In epithelial cells in contrast, LPS stimulation led only to a slight increase
in Fthl transcript-levels, alongside a significant increase in Ftl transcript levels (Fig. S5B).
Nevertheless, epithelial ferritin protein concentration remained below detectable levels in
immunoblots; only epithelial ferritin-iron could be detected and this was decreased after 24 hr of
LPS stimulation, as mentioned above (Fig 3A). In summary, the complex dynamics of ferritin
synthesis and degradation during inflammation led to an increase in macrophage ferritin and
ferritin-iron, and a decrease in epithelial ferritin-iron, in agreement with the observations in the
inflamed lesion of Tnf“4*Emice (Fig. 1A).

To further validate the observed inflammatory iron pattern in the epithelial-macrophage co-culture,
changes in mRNA levels of the iron importer TFR1 were evaluated following LPS induction
(Fig.3E). We found that Tfrl mRNA levels decreased in the macrophages and increased in the
Caco? cells 24 hr after LPS exposure, consistent with the iron accumulation in the macrophages
and the iron decrease in the IECs of the Tnf*#%* mice. The Tfr1 mRNA decrease in macrophages
was preceded by an increase in Tfrl transcripts, identified 2h after LPS stimulation, suggesting an
early inflammation-mediated increase in iron import that contributes to iron accumulation in the
macrophages (Fig.3E). Protein levels of TFR1 could be differentially analyzed for epithelium and
macrophages, due to the slight differences in the migration of human and mouse TFR1 in SDS-
PAGE. 24 hr after LPS stimulation, TFR1 protein was increased in the epithelium and decreased
in macrophages, aligning with the differential iron status of the two cell types (Fig.3F).

Taken together, in epithelial cells, the decrease in ferritin and increase in TFR1 are in line with the
activation of IRP1. In the macrophages however, where high iron makes us expect low IRP1-
RNA-binding activity, the IRP1 activation was decoupled from cellular iron status, and ferritin
and TFR1 regulation were dominated by the iron loaded phenotype.
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IRP1-activity mediates the inflammatory iron homeostasis and contributes to the
propagation of inflammation

Since IRP1 RNA-binding activity was increased in inflamed macrophages, regardless of their iron-
loaded phenotype (Fig. 1-3), we hypothesized that this activation may play a role in the course of
the inflammation. Thus, the effect of IRP1 knockout in macrophages on inflammatory markers
was assessed. The classical inflammatory response of the co-culture with Irp1”7- macrophages was
reminiscent of the co-cultures with WT macrophages in all inflammatory parameters tested,
including the levels of secreted epithelial cytokine IL8 and transcript levels of the macrophage
inflammation markers Tnfo, Icaml and 116 (Fig.S6A and B). In parallel, levels of the macrophage
inflammatory mediator NO in the medium of both co-cultures were similarly increased in response
to LPS stimulation (Fig. S6C). Next, the effect of IRP1 knockout in macrophages on the
inflammatory iron pattern was assessed. Co-cultures of WT-epithelial cells with either IRP17- or
WT macrophages responded similarly to LPS stimulation. Specifically, FTH1 was significantly
increased in macrophages of both genotypes in inflamed co-cultures (Fig.4A). Further, aconitase
activities were significantly decreased in both co-cultures (Fig.4B), indicating that deletion of
IRP1 in the macrophages alone did not reverse the inflammatory changes in iron-homeostasis.
Taken together, these results suggest that the noncanonical activation of macrophage-IRP1 is not
solely responsible for the generation of the inflammatory iron pattern. As epithelial cells have
been shown to play a critical role in the pathophysiology of IBD (45, 46), and epithelial iron
deficiency has been associated with an inflammatory response (47), the effect of epithelial IRP1
activation on the inflammation was assessed. To this end, IRP1 was activated by addition of a
stable aminoxyl radical Tempol, to the co-culture (48). LPS stimulation, of co-cultures with
Tempol pretreated epithelial cells, elicited a greater inflammatory response in the epithelial cells
compared to epithelial cells in co-cultures without Tempol pretreatment (Fig. 4C). Without LPS
stimulation, tempol treatment alone did not elicit a significant inflammatory response in the co-
cultures (Fig.S6D). These results suggested that epithelial IRP1 contributes to the course of the
inflammation. Thus, we tested whether IRP1 also contributes to the course of inflammation in vivo.
To do this, a targeted deletion of IRP1 was introduced to Tnf#RE* mice. To visualize iron in the
terminal ileum sections, systemic iron overload was necessary. The systemic iron overload did not
affect the histological inflammation score (Fig S7A). Ferric iron levels in iron-loaded mice were
significantly increased in the lamina propria of the terminal ileum of Tnf*AR¥* mice compared to
WT mice, whereas in terminal ileum sections of the of Tnf#4*E*IP1 mice jron levels resembled
the level of non-inflammatory WT mice (Fig.5A). This suggested that the deletion of IRP1 may
also result in a reduction in intestinal inflammation. Indeed, Tnf44RE*I"1-- mice showed no signs
of histologically assessed inflammation (Fig. 5B-C). Furthermore, the pro-inflammatory response
was significantly minimized, as indicated by reduced 7Tnfa and Icaml levels (Fig. 5D). These
results indicated that the activation of IRP1-RNA binding activity is required for the propagation
of the terminal ileum inflammation in Tnf#RE* mice.

Modified iron homeostasis is observed in the inflamed lesions of CD patients

Finally, to evaluate if the iron homeostasis in CD patients is modified by the inflammation in a
similar manner as observed in the mouse- and cell-models, we labeled sections of intestinal
biopsies from CD patients for ferritin by IF. Comparing inflamed to non-inflamed sections from
the same patients, we found that ferritin levels were significantly reduced in IECs of inflamed,
compared to non-inflamed areas from the same patients (Fig. 6A, Fig. S7B).

In summary, we found an inflammation-mediated activation of IRP1, that in macrophages is
decoupled from the cellular iron level. IRP1 activation modifies iron homeostasis to an
inflammatory iron pattern that includes a decrease in epithelial- and an increase in macrophage-
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iron. We detected this modified iron-pattern in human biopsies from CD-patients, and in mouse
models for CD and colitis and we were able to mimic it in cellular co-cultures. Targeted deletion
of IRP1 in Tnf*RE"* mice completely reversed the inflammatory iron pattern and no inflammation
was detected, despite the genetically engineered overexpression of TNFa in these mice.

Discussion

Inflammation is a response to structural or functional insults, and also an integral part of animal
physiology, particularly as a means to correct homeostatic instability (49). Both genetic and
environmental factors contribute to the development of IBD, yet what triggers the inflammatory
process that is characterized by modifications of the intestinal microbiota, impaired intestinal
barrier function and the recruitment of the immune system, remains unclear. It is known though,
that early on in the process, local immune cells are activated and secrete nitric oxide, other
proinflammatory molecules and cytokines (50).

The present work shows that cellular iron homeostasis is modulated in IBD. We show a
pathological iron distribution manifested by decreased iron stores in IECs and increased iron stores
in LP macrophages. This establishes a homeostatic instability that eventually perpetuates an
inflammatory process, as both increased and decreased iron levels were shown to mediate
inflammation (3-5). Our work suggests, that the inflammation-associated iron pattern was driven
by the activation of IRP1. Similarly, in a model of non-alcoholic fatty liver disease, elevated IRP1
RNA-binding-activity was found on the background of high iron in rat livers (51), demonstrating
activation of IRP1 in an inflammatory context, decoupled from iron status. In IBD, increased
ROS/RNS release from activated macrophages and reduced cluster assembly can explain the IRP1
activation (24, 52, 53). Our results demonstrated iron decoupled activation of IRP1 in
macrophages, and suggest that this activation signals a pseudo-iron deficiency, contributing to
further iron influx. Increased iron-levels were shown to promote a proinflammatory phenotype of
macrophages (5).

In epithelial cells, HIF2a was activated (Fig 2D.), in line with activated NFkB-p65 eliciting the
activation of HIF2a (54). HIF2a activation is possibly further supported by NO mediated iron
efflux (55) that leads to prolyl-hydroxylase deactivation (56). HIF2a activation induces an
increased iron flux that includes iron import through the apical membrane and iron export from
the basolateral membrane, securing the repletion of body iron levels in iron deficiency (57). This
increased iron flux may further contribute to the reduced iron levels in the epithelial cells and the
activation of IRP1. In addition, drug induced activation of IRP1 in epithelial cells, increased the
production of proinflammatory cytokines by these cells (Fig. 4D). Thus, the activation of IRP1
RNA binding activity plays a role in the establishment of an inflammatory iron-homeostasis that
supports the exacerbation of the inflammatory process, as summarized in a cartoon in figure 6B.
This model is supported by our key finding that deletion of IRP1 abolished the inflammation of
the Tnfa overexpressing mice (Fig. 5A-D). An inflammation-driven regulation of iron homeostasis
is thus a factor that plays an active role in the series of events that contribute to the course of
inflammation.

Direct interference with systemic iron levels, by administering a low iron diet, can reduce
inflammation in Tnf*&E* mice (58). Local regulation of iron homeostasis was also demonstrated
to play an important role in the pathophysiology of IBD. For example, hepcidin, which is generally
regarded as a systemic iron regulator and is locally produced by conventional dendritic cells in the
colon, regulates luminal iron content and supports local tissue repair (59). Further, the
pathophysiology of IBD is closely connected to the microbial homeostasis of the gut. Decreased
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iron content in the intestinal lumen triggers lactobacillus-mediated reduction of iron uptake by
decreasing HIF2a activity (60), thus possibly connecting the microbial composition also with
epithelial IRP1 activity.

Our data of opposing inflammatory regulation of iron homeostasis, that included iron increase in
macrophages and iron decrease in epithelial cells in the same tissue, complicated studying
mechanisms that drive this redistribution of iron. We therefore looked for a cellular co-culture
system featuring the same inflammation-associated iron pattern. Upon activation, many of the
published co-culture setups mimicked well-established inflammatory parameters, however did not
replicate the inflammatory iron pattern (unpublished data). We showed, that the inflammatory iron
homeostasis was only established, when epithelial cells and macrophages were in direct contact.
The cell-to-cell contact enabled us to mimic the same iron and ferritin distribution in cell-cultures,
that we observed in the Tnf**E* and DSS mouse models and the IBD patients. Inter-species co-
cultures of Caco2 cells and Raw264.7 cells were successfully used to analyze inflammatory
pathways (33) and human grafts of fetal intestine in SCID mice were used to study fistulae in IBD
(61), supporting the functionality of human-mouse interspecies systems. The use of interspecies
co-cultures had many advantages, especially, as it enabled differential analysis of iron-related
proteins such as TFR1 and IRP1 from epithelial and macrophage origin. Using this model, we
found that in response to the induction of inflammation, TFR1 was regulated by the iron status of
the specific cell types (increased in epithelial cells and decreased in macrophages), as seen in the
TnfRE* animal-model. The interspecies co-culture also enabled analysis of inflammation-
mediated changes in ferritin. In the macrophages, a significant increase in both ferritin-protein and
ferritin-iron was measured in response to inflammation, as well as a significant shift in the ferritin
subunit composition. In light of the recent findings that ferritin-NCOA4 complexes generate
liquid-phase condensates (62, 63), and the specificity of NCOA4 for the H-subunit of ferritin (64),
the change in subunit composition may have important implications on ferritin trafficking and
tissue iron distribution.

Taken together, the presented findings demonstrate that an inflammation-induced shift in the
regulation of cellular iron homeostasis is mediated by the activation of IRP1, and that this shift
plays an active role in the propagation of inflammation in IBD. Reduction of IRP1 protein and
activity in the non-inflammatory setting of superoxide dismutase 1 knock-out mice was previously
reported to have no effect on iron homeostasis (65). However, when IRP1 is activated by
inflammatory signals, it turns into a dominant regulator of iron homeostasis of inflammation. This
is in contrast to the physiologic, non-inflamed state, where IRP2 plays a dominant role in iron
regulation (16, 19). The interspecies co-culture model developed here, facilitated the analysis of
interactions between intestinal epithelium and macrophages during inflammation and of the
molecular details of the inflammation-associated iron pattern. Finally, correction of the iron
homeostasis by interfering with IRP1 activity, halted the self-perpetuation of the inflammation.
Thus, IRP1 may serve as a target for the treatment of IBD, inhibiting a pathway that is not directly
involved in the immune system and may be manipulable with minimal side effects.
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Figure 1: Inflammation drives a characteristic pattern of iron distribution. (A) Sections from
terminal ileum (T1) of 12-14-week-old wild type (WT) and Tnf**RE* mice on C57BL/6
background mice (n=3 each), or C57BL/6 mice exposed to 4% Dextran Sulfate Sodium (DSS) in
their drinking water for 7 days, were immuno-stained for ferritin (green). Representative images
show decreased ferritin levels in the inflamed intestinal epithelial cells (IEC) (arrows). Lamina
propria (LP) cells show increased ferritin levels (arrow heads) in both inflammation models. Scale
bars 50pum. B-D Tl was harvested from 12-14 WT or Tnf**RE* mice. IEC- and LP- enriched
fractions were isolated and lysates further analyzed. Quantifications were done, using Image J. (B)
Representative immuno-blot of Transferrin receptor-1 (TFR1) in LP and IEC fractions (mean £
SD (n=4)). TFR1 levels were decreased in the LP fraction of Tnf**R¥* compared to WT mice. (C)
Representative immuno-blot of IRP2 in LP and IEC fractions (mean £ SD (n>16)). IRP2 levels
were increased in IEC and decreased in LP fractions of the inflamed TI. (D) Representative
radiograph of electromobility shift assay (EMSA) and quantification of IRP1-RNA-binding
activity of the IEC and LP fractions of the TI. Addition of 2-mercaptoethanol (2-ME) to the lysate
removes all Fe-S cluster from cAco/IRP1 and thus shows total IRP1-RNA-binding capacity.
Values were normalized to +2-ME (mean £ SD (n>4)). IRP1 is activated in IEC and LP fractions
of the inflamed TI of Tnf**"¥*mice. IRP2 bands were detected just under the IRP1 band of the
inflamed IEC fraction, consistent with the immunoblot data.
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Figure 2: An interspecies co-culture model mimics the inflammation-associated activation of
IRP1. Co-cultures of epithelial cells (EC) and macrophages (M®) were treated with 200 ng/ml
LPS for 24 hr. Cells were harvested and lysed. (A) Lysates were subjected to EMSA for the
detection of IRP-RNA (iron responsive element-IRE) binding activity (n= 4). Representative
radiograph showing a significant increase in M® IRP1 RNA-binding activity upon LPS treatment.
(B) Lysates were subjected to In-gel aconitase assay (n=4). Representative gel showing decreased
cytosolic and mitochondrial aconitase activities in EC and M®s, upon LPS treatment. (C) RNA
expression levels of key proteins associated with iron-sulfur cluster biogenesis were measured by
RT-qPCR. Expression decreased significantly in M®s and did not change in ECs. (D)
Representative immunoblots of lysates after subcellular fraction. Protein levels were quantified
with Image J. Values presented as mean £ SD (n=4). * 100 uM Desferrioxamine (DFO) for 24 hr.
HIF2a levels increased significantly in ECs of LPS-stimulated co-cultures. In co-cultures, EC are
always Caco2 cells. M®s are as follows: Raw264.7 in A, B and D, and BMDM in C.
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Figure 3: Iron-regulated proteins sense the inflammatory iron state of reduced epithelial and
increased macrophage iron and respond accordingly. Co-cultures of epithelial cells (EC) and
macrophages (M®) were treated with 200 ng/ml LPS as indicated. (A) Co-cultures were pretreated
with %°Fe-labeled human transferrin for 16 hr, washed and treated with LPS as indicated. Cell-
lysates were separated on a native gel (n=2). Representative radiograph shows increased ferritin-
iron in M®s and decreased ferritin-iron in epithelial cells 24 hr after LPS stimulation. (B)
Representative immunoblot of the ferritin H-subunit (FtH) and ferritin L-subunit (FtL). EC ferritin
was not detected (except in FAC treated ECs), thus the bands are M® ferritin only. Anti-FtL
antibody detects both subunits (FtH is the lower band just above the 17kD Mw-marker) n=2. M®
Ft-H was significantly increased, and the FtH degradation product (*FtH) decreased after LPS
stimulation. (C) Metabolic labeling (**S) pulse-chase experiment of LPS-stimulated EC-M®
(BMDM) co-cultures as indicated, followed by ferritin immunoprecipitation (IP) (n=2). M®
ferritin undergoes less degradation following LPS stimulation. (D) RNA expression levels of
Ncoad4 were measured in co-cultures by RT-gPCR (n=4). Levels of Ncoa4 were significantly
decreased in inflamed M®s, but not in ECs. Co-cultures were treated with 200 ng/ml LPS for
indicated times E and 24 hr F. (E) Transferrin receptor-1 (Tfrl) RNA expression levels were
measured by RT-gPCR (n=4). Tfrl expression levels showed dynamic changes throughout the
course of LPS stimulation and were decreased in M®s and increased in ECs at the 24 hr time point.
(F) Representative immunoblot of TFR1 (n=12). Tfrl levels were decreased in M®s (visible
strongly in co-cultures grown at 1:1 EC:M® ratio, as in these conditions the Raw 264.7 cells that
proliferate faster than Caco?2 cells are the dominating cells) and increased in ECs (visible strongly
in co-cultures grown at 2:1 EC:M® ratio, where ECs remain dominant and a faint murine Tfrl
band is visible above the human TFR1). In co-cultures, EC are always Caco2 cells. M®s are as
follows: BMDM in A — E, and Raw264.7 in F.
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Figure 4: Macrophage and epithelial IRP1-IRE-binding-activity play different roles in
intestinal inflammation. (A) Co-cultures of EC with wt-BMDM or with BMDM with targeted
deletion of IRP1 (M® Irp17") were stimulated with 200 ng/ml LPS for 24 hr. Co-culture of EC-
M® Irpl1” did not restore iron homeostasis upon LPS stimulation. Representative immunoblot of
FtH (*FtH-degradation product) (n=8). M® FtH was significantly increased in both EC-M®wt and
EC-M®Irp1” co-cultures upon LPS stimulation. (B) In-gel aconitase assay (n= 4). Representative
gel showing decreased cytosolic and mitochondrial aconitase activities in EC-M® wt and EC-M®
Irp1”- co-cultures, upon LPS treatment. (C) ECs (Caco2) were pretreated with 3mM tempol for 16
hr, washed, and then co-cultured with M®s (Raw 264.7). After M®s adhered, LPS and/or tempol
was added for 6 hr as indicated. RNA expression levels were measured by RT-gPCR (n=6). Pre-
treatment of ECs with tempol significantly increased the expression levels of selected epithelial
pro-inflammatory markers, compared to LPS-only stimulated co-cultures.
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Figure 5: Deletion of IRP1 restores iron homeostasis and inhibits the inflammatory process
in the TnfARE* mouse model. (A) Representative image of terminal ileum (T1) section of iron-
overloaded mice stained with Perls stain. (B) Representative hematoxylin and eosin-stained TI
sections illustrating normal histology in Tnf*RE* [rp17- mice, compared to Tnf*ARE* mice. The
arrows highlight the width of the submucosal layer. (C) Blind histological evaluations (n= 6). (D)
RNA expression levels of selected proinflammatory cytokines were measured by RT-gPCR (n=4-
7) and were significantly decreased in the TI of Tnf**RE"* '1rp1-mice, compared to Tnf*ARE*mice.

22


https://doi.org/10.1101/2023.01.27.525690
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.27.525690; this version posted January 28, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 6
A

CD patient

Non-inflammed Inflamed

IRP2A FtH
TFR1! FtL

LPS i TNFa

“‘ MAP kinase
s | NF-kB
‘\
*: 1
A
| ¥
ROS/RNS-~
TNFa

IRP2 | FtH
TFR1V FtL

23



https://doi.org/10.1101/2023.01.27.525690
http://creativecommons.org/licenses/by-nc-nd/4.0/

10

15

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.27.525690; this version posted January 28, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Figure 6: Modified iron homeostasis is observed in the inflamed lesions of CD patients

(A) Sections from non-inflamed and inflamed intestinal areas of Crohn’s disease patients (n=8)
were immuno-stained for ferritin (green). Representative images show that the inflamed epithelial
cells (IEC) (arrows) have decreased ferritin levels. Scale bars 50um. (B) A schematic presentation
of the involvement of IRP1 in the self-accelerating inflammatory process. Description.
Macrophages activated to a proinflammatory response secrete nitric oxide (NO) and
proinflammatory cytokines, such as Tnfa to their immediate environment, both reaching
neighboring cells, including epithelial cells. In epithelial cells, Tnfo activates the hypoxia
inducible factor HIF20, which mediates increased iron flux from the intestinal lumen to the lamina
propria and NO activates IRP1, which inhibits ferritin translation and thus inhibits ferritin storage,
which further increases the iron flux. In macrophages NO activates IRP1 and thus maintains a
certain level of increased iron influx that continues to promote iron overload, which supports the
pro-inflammatory polarization of the macrophage. The inflammation-mediated reduction of iron
sulfur cluster assembly in macrophages and increase of HIF2a in epithelial cells continue to
support the activity of IRP1 and the iron flux from epithelial cells to macrophages, which maintains
the inflammatory iron pattern and perpetuates the inflammation.
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