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Abstract

Heme metabolism is a key regulator of inflammatory responses. Cobalt protoporphyrin IX 

(CoPP) is a heme analog and mimic that potently activates the NRF2/heme oxygenase-1 (HO-1) 

pathway, especially in monocytes and macrophages. We investigated the influence of CoPP on 

inflammatory responses using a murine model of colitis. Surprisingly, conditional deletion of 

myeloid HO-1 did not impact the colonic inflammatory response or the protective influence of 

CoPP in the setting of dextran sodium sulphate-induced colitis. Rather, we reveal that CoPP 

elicits a contradictory shift in blood myeloid populations relative to the colon during active 

intestinal inflammation. Major population changes include markedly diminished trafficking of 

CCR2+Ly6Chi monocytes to the inflamed colon, despite significant mobilization of this population 

into circulation. This resulted in significantly diminished colonic expansion of monocyte-derived 

macrophages and inflammatory cytokine expression. These findings were linked with significant 

induction of systemic CCL2 leading to a disrupted CCL2 chemoattractant gradient towards 
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the colon and concentration-dependent suppression of circulating monocyte CCR2 expression. 

Administration of CoPP also induced macrophage differentiation toward a MarcohiHmox1hi anti-

inflammatory erythrophagocytic phenotype, contributing to an overall decreased inflammatory 

profile. Such findings redefine protective influences of heme metabolism during inflammation, and 

highlight previously unreported immunosuppressive mechanisms of endogenous CCL2 induction.

Summary:

A heme analog and mimic triggers an anti-inflammatory CCL2 gradient in a model of colitis, 

resulting in contradictory suppressed trafficking of monocytes to the colon relative to the 

systemic circulation, as well as anti-inflammatory erythrophagocytic macrophage differentiation, 

independent of myeloid HO-1.
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Introduction

Heme, otherwise known as iron(II) protoporphyrin IX, is a critical component of oxygen 

carrying hemoglobin. It is also a potent modifier of inflammatory responses partly through 

its regulation of the nuclear factor erythroid 2-related factor 2 (NFE2L2/NRF2) / heme 

oxygenase-1 (HO-1) pathway (1, 2). HO-1 is responsible for the metabolism of heme into 

carbon monoxide, iron and biliverdin. There are several analogs of heme with alternative 

metal atoms (metalloporphyrins) which have both inhibitory and activating influence on 

the NRF2/HO-1 pathway (3, 4). Heme is composed of a protoporphyrin IX ring system 

with a central complexed iron atom while the backbone of the heme analog CoPP 

is also a protoporphyrin IX ring, substituted with a central cobalt atom. Like heme, 

cobalt(II) protoporphyrin IX can reversibly bind oxygen (at much lower affinity) and is 

similarly metabolized by HO-1 (5–7). Unlike heme, the analog cobalt(III) protoporphyrin 

IX (CoPP/Co-heme) is not metabolized by HO-1 and therefore acts as a more potent and 

sustained activator of the NRF2/HO-1 pathway (4, 6, 8). HO-1 induction has been shown 

to be protective in a number of inflammatory disease models, including colitis (9–12). 

HO-1 influences inflammatory cytokine production, is anti-apoptotic and has antioxidative 

properties partly through removal of heme and partly through its metabolic products (9, 

11). In acute and chronic intestinal inflammatory models, the protective influence of CoPP 

has been associated with the activity of monocyte/macrophage HO-1 (11, 13, 14). CoPP-

induced HO-1, and its metabolic product carbon monoxide, have been linked with improved 

macrophage bacterial killing and decreased inflammatory cytokine expression. However, 

recent work has shown that CoPP can effectively mobilize myeloid cells to the circulation 

in the absence of inflammation and independent of NRF2/HO-1 (15). The influence of 

this myeloid mobilization on the protective impact of CoPP in inflammatory disease has 

not been examined. In light of this, we sought to clarify mechanisms responsible for the 

protective influence of CoPP in active inflammation using a murine colitis model.
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In this study we examined anti-inflammatory mechanisms of CoPP in dextran sodium 

sulphate (DSS) induced colitis, a model of intestinal inflammation (16, 17). Oral exposure 

to DSS damages the intestinal epithelium leading to bacterial invasion and activation of the 

innate immune system (16–18). Previous work has shown that CCR2+Ly6Chi inflammatory 

monocytes are recruited to the colonic mucosa in the setting of DSS injury and differentiate 

into inflammatory effector and antigen presenting cells (19, 20). Ablation of these recruited 

monocytes ameliorates colitis (19). Similarly, recruited monocytes are a significant source 

of pro-inflammatory cytokines including IL-1β, TNF, IL-12 and IL-6 (19, 21–24). We 

found that CoPP treatment resulted in dual protective mechanisms in colitis. Namely, we 

reveal that CoPP inhibits trafficking of CCR2+Ly6Chi monocytes to the colon, secondary to 

disruption of the normal chemoattractive CCL2 gradient, culminating in marked suppression 

of monocyte CCR2 expression by its CCL2 ligand. This was associated with contradictory 

shifts in myeloid populations between the circulation and colon. Moreover, CoPP exposure 

led to the development of recently characterized anti-inflammatory erythrophagocytic 

macrophages in the colon, expressing high levels of HO-1 and MARCO mRNA (25). These 

findings unveil a distinctive CCL2 gradient driven anti-inflammatory response resulting in 

altered monocyte trafficking, differentiation and expansion.

Results and discussion:

Cobalt protoporphyrin protects against development of intestinal inflammation

To examine the protective influence of CoPP on intestinal inflammation we examined the 

response in DSS colitis. Exposure of WT mice to a course of oral DSS led to weight 

loss, diarrhea and hematochezia, summarized in a disease activity index (DAI) score, which 

typically peaks with DSS exposure at 5 days (Fig. 1A). IP administration of CoPP to WT 

mice during the course of DSS significantly decreased clinical manifestations of intestinal 

inflammation as well as histological measures of inflammation (Fig. 1B–C). Analysis of 

whole colon protein expression at day 5, the peak of DSS induced injury, using a mouse 

exploratory proteomics panel (Olink) revealed significant differences in protein expression 

patterns between mice that received and did not receive CoPP (Fig. 1D–E). This includes 

key cytokines such as TNF, IL-1β, CSF2, IL-10 and CXCL9 (Fig. 1F).

Colonic transcriptome profile reveals anti-inflammatory mechanisms of CoPP

To clarify the colonic response to CoPP exposure, we performed RNA-seq analysis on whole 

colon tissue. We used healthy non-colitic WT mice that received water and were given 

CoPP or vehicle IP. Figure 2A shows a heat map representing significant colonic differential 

gene expression results. As expected, we observed elevated log2 fold change expression 

of Hmox1 (4.17; adj. p = 1.07×10−11) in the CoPP exposed mice relative to vehicle. It is 

notable that, the most highly induced gene was Marco (7.80; adj. p = 2.92×10−08), which 

is typically expressed by lung alveolar and splenic marginal zone macrophages (26–29). 

These findings were validated using qPCR of whole colon tissue (Fig. 2B). While Marco 
expression has not previously been described in colonic myeloid populations, recent work 

has shown that Marco mRNA is expressed in a population of liver F4/80+ macrophages 

(including Kupffer cells) in the setting of hemolytic stress and NRF2 activation (25). These 

liver macrophages are described as MarcohiHmoxhiMHC class IIlo erythrophagocytes and 
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have a distinct anti-inflammatory and anti-oxidant phenotype. In vitro macrophages exposed 

to heme developed a similar phenotype with a discrete gene signature separate from the 

well-known M1 (IFN-γ/LPS–polarized) and M2 (IL-4–polarized) macrophages (25). Using 

immunohistochemistry, we found strong expression of HO-1 in healthy WT mouse colon 

in response to CoPP (Fig. 2C). We also found co-expression of F4/80 and HO-1 after 

CoPP exposure (Fig 2D) suggesting that F4/80+ macrophages are the main source of HO-1. 

To further validate this finding, we used fluorescence-activated cell sorting (FACS) to 

isolate CD11b+CX3CR1+CD64+MHCII+Ly6C− macrophages from WT mice two days after 

treatment with CoPP or vehicle (Fig. S2A) (30, 31). We found that macrophages from 

CoPP treated mice exhibited lower surface expression of MHC class II, similar to the 

previously described erythrophagocytic macrophages in the liver. We then recovered mRNA 

from the macrophages to assess expression patterns, which further validated our RNA-seq 

findings. By qPCR we observed a NRF2 associated mRNA expression pattern comparable 

to the recently described erythrophagocytic liver macrophage phenotype (increased Hmox1, 

Marco), with similarity to splenic erythrophagocytic red pulp macrophages that express Spic 
(Fig. 2F) (25, 32). Moreover, when we treated these macrophages ex-vivo with LPS we 

noted a similar inhibition of LPS induced inflammatory gene expression in these CoPP 

exposed intestinal macrophages (Fig. 2G) (25). We examined the response to CoPP in vitro 

using M-CSF differentiated WT bone marrow-derived macrophages (BMMs). Pretreatment, 

>85% of the cells were CD11b+CX3CR1+F4/80+CD64+ (Fig. S2B). We treated these 

BMMs with CoPP and after 48h, we observed significant surface expression of MARCO 

in response to CoPP treatment, more than LPS, a positive control (Fig. S2B) (26). These 

M-CSF differentiated BMMs also expressed other erythrophagocytic genes in response to 

CoPP (Fig. S2C). However, as previously reported, the induction of inflammatory genes in 

BMMs in response to LPS was much more robust than intestinal macrophages (33), while 

CoPP again led to lower levels of inflammatory gene expression relative to vehicle controls 

(Fig. S2D).

Protective influence of cobalt protoporphyrin is independent of myeloid HO-1

To examine the importance of HO-1 to the development of intestinal inflammation in 

DSS colitis, we bred C57BL/6 Hmox1fl/fl mice with LysMcre mice to produce myeloid 

specific HO-1 deficient mice (Hmox1fl/fl/LysMcre). The expression of HO-1 is high 

in the monocyte-macrophage lineage given their role in clearance of aged or damaged 

erythrocytes, especially in the spleen and liver (34, 35). Myeloid HO-1 has been shown to 

regulate innate immune responses in murine models of inflammation and efficient deletion 

of HO-1 in macrophages in this setting has been previously described (36, 37). M-CSF 

cultured bone marrow-derived macrophages (BMMs) were derived from our Hmox1fl/fl/

LysMcre mice and Hmox1fl/fl controls, then Hmox1 mRNA expression was examined by 

qPCR; it was decreased in the Hmox1fl/fl/LysMcre BMMs compared to controls (85–95%). 

After differentiation of BMMs into M1 macrophages, we observed that the Hmox1fl/fl/

LysMcre BMMs manifested a more pro-inflammatory phenotype in response to LPS. We 

observed markedly increased mRNA expression of Il1β (9.5 fold), Nos2 (7.6 fold), Tnf (1.6 

fold) and Ccl2 (3 fold) compared to controls (Fig. S3A), confirming the anti-inflammatory 

role of HO-1 in macrophages (37). Given the increased inflammatory response with the 

loss of HO-1 expression, we expected that Hmox1fl/fl/LysMcre mice would develop more 
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severe colonic inflammation than controls in response to DSS. Surprisingly, we found 

no significant differences in measures of disease activity compared to controls (Fig. 3A). 

Moreover, Hmox1fl/fl/LysMcre mice that received CoPP showed significant improvement in 

DAI scores compared to vehicle treated Hmox1fl/fl/LysMcre mice, similar to the protection 

seen in WT mice (Fig. 3A and S3B–C). These results suggest that myeloid HO-1 does 

not regulate the response to acute DSS colitis including in the setting of CoPP treatment. 

Given the unexpected findings we examined Hmox1 expression in intestinal macrophages 

from our Hmox1fl/fl and Hmox1fl/fl/LysMcre mice. We isolated intestinal macrophages 

(CD11b+CX3CR1+CD64+MHCII+Ly6C−) using FACS (Fig. S2A). We saw a significant 

decrease in Hmox1 expression in our intestinal macrophages (~94%) from our Hmox1fl/fl/

LysMcre mice compared to Hmox1fl/fl controls (Fig. 3B). This suggests efficient Cre 

recombinase activity in our target population and supports the observation that the protective 

benefit of CoPP in these mice is not dependent on intestinal macrophage Hmox1 expression. 

An examination of relative populations of inflammatory monocytes, transitional monocytes 

(Ly6C+CCR2+MHCII+) and macrophages (Fig. S3C) in the Hmox1fl/fl and Hmox1fl/fl/

LysMcre mice did not show any differences. When macrophages were isolated at the peak 

of DSS injury, we did not observe differences in select inflammatory cytokines in the 

macrophages from the Hmox1fl/fl/LysMcre mice, unlike what was observed with in vitro 

M-CSF cultured macrophages exposed to LPS (Fig. 3C). This suggests that macrophage 

HO-1 alone is not critical in the more complex colonic inflammatory response to DSS 

injury. In contrast, when intestinal macrophages were isolated from at the peak of DSS 

injury in WT mice, there was significantly less Il1β and Il12b expression in CoPP treated 

mice compared to vehicle controls (Fig. 3D) confirming prior ex-vivo findings that CoPP 

leads to anti-inflammatory differentiation of intestinal macrophages. Interestingly, at this 

specific timepoint Tnf expression was not different.

Protective influence of CoPP is associated with contradictory shifts in myeloid 
populations

We examined the influence of CoPP on the colonic gene expression profile in active 

colitis. RNA-seq analysis of whole colon tissue in the setting of DSS injury demonstrated 

significant differences in gene expression in CoPP treated mice compared to controls (Fig. 

4A). Similar to our findings in non-colitic mice, we observed upregulated log2 fold change 

gene expression of Marco (2.54; adj. p < .05) and Hmox1 (2.68; adj. p = 9.16×10−12) 

in colitic mice exposed to CoPP (Fig. 4A). This is consistent with differentiation of 

erythrophagocytic macrophages in the setting of inflammation. We also observed a decrease 

in the expression of Tnf, Il1β and Cxcl2 in CoPP treated mice, consistent with observed 

decreased inflammation in these mice (Fig. 4A). Interestingly, a gene ontology analysis 

suggested there were differences in leukocyte migration within the overall regulation of the 

immune response (Fig. 4B). CoPP has recently been demonstrated to mobilize myeloid cells 

into the bloodstream in a G-CSF dependent manner in mice (15). We therefore examined 

the influence of CoPP on leukocyte mobilization during active intestinal inflammation 

using our colitis model (Fig. 4C). Total and relative populations of blood leukocytes were 

characterized using flow cytometry in healthy mice and at the height of DSS-induced injury 

(Fig. 4D). We confirmed that there was a marked increase in myeloid mobilization to the 

bloodstream in CoPP treated mice compared to controls (Fig. 4E). This finding was also 

Schaefer et al. Page 5

Mucosal Immunol. Author manuscript; available in PMC 2022 June 16.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



observed in colitic mice that received CoPP, where we observed a significant increase 

in blood myeloid populations including Ly6G+ neutrophils, CCR2+Ly6Chi and Ly6CLo 

monocytes (Fig 4E).

In parallel to blood leukocyte analysis, colonic lamina propria leukocytes were isolated 

from the colon and characterized by flow cytometry (Fig 5A). Interestingly, despite the 

significant mobilization of myeloid cells to the bloodstream in response to CoPP, this did 

not translate into increased trafficking to the colon in active inflammation (Fig. 5B). Instead, 

we observed a significant numerical decrease in CD11b+ myeloid cells in colitic mice 

treated with CoPP and a non-significant numerical decrease in CD45+ leukocytes. Despite 

being greatly expanded in the blood, monocytes were markedly diminished in the colon of 

the colitic mice treated with CoPP (Fig. 5C). In colitic mice, we observed a reversal of 

macrophage expansion in CoPP treated mice compared to vehicle treated mice (Fig 5C), 

likely secondary to decreased monocyte precursors. We further examined the significance of 

disrupted monocyte trafficking towards the colon by comparing numbers of isolated colonic 

monocytes with measures of clinical inflammation, using our disease activity index (Fig 

5D). We found a strong correlation between monocytes and disease activity, consistent with 

their reported importance in driving inflammation in this model (19, 20, 38). Infiltrating 

monocytes are also a major source of key inflammatory cytokines (e.g. IL-1β and TNF), 

with the former reported as a major contributor to inflammation in DSS and other colitis 

models (21, 22, 39–41). Importantly, in our CoPP treated mice, we observed a marked 

reduction of these key regulators of inflammation at the height of DSS injury correlating 

with diminished monocyte (r = .77, p = .0001) and macrophage (r = .79, p < .0001) 

populations (Fig. 5E).

These findings were similarly observed in the Hmox1fl/fl/LysMcre mice (Fig. S4) where we 

observed a parallel decrease in the numbers of colonic myeloid cells in the colitic mice 

treated with CoPP (Fig. S4A). These populations included monocytes, macrophages and to a 

lesser extent dendritic cells (Fig. S4B–C). Opposite shifts in myeloid populations were again 

seen in the circulating leukocytes (Fig. S4D), a development which has been shown to be 

independent of HO-1 (15).

CoPP elicits a selective anti-inflammatory CCL2 gradient response

Based on the unexpected population shifts of monocytes between blood and colon, we 

hypothesized the likely disruption of chemotactic signaling by CoPP. CCR2 expression on 

Ly6Chi monocytes and binding of the ligand, CCL2, create a signaling axis that is critical to 

monocyte mobilization and recruitment from the bone marrow to the tissue (42). To address 

this signaling axis in relationship to CoPP, we collected colonic tissue and blood serum at 

the height of DSS injury and measured CCL2 concentration. In response to DSS injury, we 

observed significant increases in colonic expression of CCL2 (Fig. 6A). In CoPP treated 

mice we observed a similar increased level of CCL2 (Fig. 6A) in the healthy and the colitic 

mice. Prior work has noted an increase in serum CCL2 in healthy mice treated with CoPP 

(15). Our results replicated this finding (Fig. 6A).

Chemokine signaling is complex and involves sequestration of tissue chemokines by 

glycosaminoglycans to establish gradients, as well as binding and presentation by 
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endothelial cells to trigger leukocyte attachment and extravasation (43, 44). The magnitude 

of the concentration gradient dictates the efficiency of leukocyte migration towards the 

source. We utilized a simple measure of the magnitude of the concentration gradient 

between the colon lamina propria and blood by dividing our CCL2 (per mg total protein) 

levels in the colon by the same in the blood. We found that there was a significant increase 

in the CCL2 concentration gradient in vehicle treated colitic mice, but this increase was 

suppressed in colitic mice treated with CoPP (Fig. 6B). We found a strong correlation 

between the magnitude of this gradient and DAI score (Fig. 6C). We examined a limited 

panel of other pertinent chemokines regulating myeloid traffic to the colon such as CXCL1, 

CXCL2, and CCL11 and did not see a significant change in the chemoattractant gradient 

in response to CoPP treatment (Fig. S5), although decreased colonic CXCL1, and to a 

lesser extent CXCL2, likely contribute to the less significant decreased colonic neutrophil 

recruitment (Figure 5C).

Interestingly, we found that in CoPP treated mice, there was significantly decreased surface 

expression of CCR2 in blood Ly6Chi monocytes as measured by flow cytometry (Fig. 6D). 

This CCR2 expression also strongly correlated with disease activity in our colitis model 

(Fig. 6E). Given a recent report demonstrating a fine balance between CCR2 and CCL2 

levels in the blood (45), we hypothesized that the decreased CCR2 expression was likely 

secondary to internalization of the receptor in the setting of sustained high levels of blood 

CCL2 (Fig. 6A). To examine this, we obtained fresh whole blood leukocytes from WT mice 

and exposed them to similar concentrations of CCL2 seen in serum taken from our vehicle 

and CoPP treated colitic mice (Fig. 6F). Gating on Ly6Chi monocytes we saw that within 30 

minutes there was significantly reduced surface CCR2 in a CCL2 concentration dependent 

manner (Fig. 6G). A strong in vivo correlation between serum CCL2 and CCR2 expression 

on Ly6Chi monocytes analyzed in our colitis experiments further confirmed this relationship 

(Fig. 6H).

To determine a source for the increased circulating CCL2 we looked at CCL2 production 

in the spleen and liver where it has been previously described in the setting of 

erythrophagocytosis (46). While there was a modest increase in liver CCL2 in response 

to CoPP exposure, this was not markedly higher than the production from vehicle treated 

mice (Fig. 6I). However, we found markedly higher splenic levels of CCL2 in all CoPP 

treated mice compared to controls, and even more so in mice that received DSS (Fig. 6I). 

Systemic CoPP also elicited increased CCL2 in the lung, suggesting a more universal tissue 

response.

We attempted to neutralize circulating CCL2 in our CoPP treated mice using an IP delivered 

anti-CCL2 antibody, to determine if this could restore the natural gradient towards the colon. 

However, as previously described in human and murine studies, antibody neutralization of 

CCL2 is effective only transiently as it is followed by a robust and compensatory increase 

in CCL2 production that is not well understood (47–49). We observed the same increase in 

serum CCL2 levels (>4 fold increase at DSS day 5 comparing CoPP vs CoPP + anti-CCL2) 

in this setting and therefore saw no clinical difference from antibody neutralization.
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Discussion

Overall, our findings identify novel protective mechanisms for CoPP in intestinal 

inflammation. In the setting of colitis, the anti-inflammatory mechanism of CoPP was 

mostly understood to be through its influence on monocyte/macrophage HO-1. Our work 

examines this question head-on, and we reveal that myeloid HO-1 does not regulate the 

response to acute colitis. More complex heme-regulated pathways appear to be active in 

the context of CoPP treatment. CoPP appears to act as a mimic of heme, similar to results 

observed in the liver in the setting of hemolysis/erythrophagocytic stress, activating NRF2 

associated differentiation of macrophages into anti-inflammatory erythrophagocytes (25). 

These liver macrophages can reportedly be identified by markers including high expression 

of Hmox1, Marco and reduced expression of MHC class II, which we now report is also the 

case in the colon and in M-CSF cultured BMMs in response to CoPP. In this setting, HO-1 

is not the critical effector protein but rather a functional marker of a distinctive population of 

anti-inflammatory macrophages. The anti-inflammatory influence of HO-1 in macrophages 

is supported by our findings in HO-1 deficient BMMs and ex vivo colonic macrophages 

in response to LPS, but in vivo, its importance is apparently less significant in the more 

complex colonic inflammatory environment and likely depends on the inflammatory model 

and tissue studied (36, 37). Other anti-inflammatory pathways may be concurrently active 

and predominate. Indeed, myeloid HO-1 dependent and independent factors are active in 

response to treatment with heme in similar settings (50, 51). Alternatively, it’s also possible 

that sources of non-myeloid HO-1 may contribute to the anti-inflammatory influence of 

CoPP (52).

Regarding other anti-inflammatory pathways, our findings suggest that regulation of 

monocyte mobilization and trafficking plays a major role in the protective benefit of CoPP 

observed. Prior studies support a foremost role for monocytes in driving inflammation 

in DSS colitis (19, 20, 38). Reduced monocyte recruitment to the colon would therefore 

result in improved measures of disease/injury, which we observed. While the protective 

influence of CoPP may also derive from the distinct anti-inflammatory differentiation of 

colonic macrophages, we observed that the overall number of macrophages was diminished 

relative to vehicle treated colitic controls. Our analysis of the lamina propria monocyte and 

macrophage populations in the setting of CoPP treatment is consistent with the observation 

that circulating Ly6Chi monocytes replenish the intestinal macrophage pool (53, 54). In the 

setting of inflammation, these monocytes differentiate into inflammatory antigen presenting 

effector cells with macrophage and dendritic cell phenotypes (19, 24). Diminished monocyte 

recruitment therefore is expected to impact monocyte-derived downstream populations as 

well as contribute to diminished levels of cytokines they produce, which we observed. 

Our findings clearly support that CoPP diminishes colonic inflammatory monocyte and 

macrophage populations despite the robust recruitment of the former to the bloodstream.

Chemokines and chemokine receptors are key to the recruitment of myeloid populations to 

the colon in response to injury (55–58). The importance of this signaling is seen in CCL2-

deficient and CCR2-deficient mice, where decreased colonic inflammation was observed 

in colitis models along with altered monocyte-macrophage populations (19, 38, 59). The 

sustained high levels of blood CCL2, in our CoPP treated mice, explain the significant 
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mobilization of monocytes from the bone marrow to the circulation, which is CCR2 

dependent (42). Similar to other chemokine receptors CCR2 is a 7-transmembrane helical 

G-protein-coupled receptor that is rapidly internalized upon binding of its ligand, CCL2 (45, 

60). It is rapidly cycled back to the plasma membrane to allow for optimal responsiveness 

to changes in the CCL2 gradient (60). Prior work has clearly shown decreased chemotactic 

responsiveness of mouse monocytes to CCL2 after significant internalization of CCR2, 

despite receptor recycling (61, 62). We found that high blood CCL2 levels mechanistically 

clarify the reduced recruitment of monocytes to the colon through a combination of 

diminished chemoattractant gradient strength towards the colon and decreased monocyte 

surface CCR2 expression. A weaker gradient and less receptors to perceive that gradient 

would be expected to impact the chemotactic response. Elevated concentrations of CCL2 

also increase the number of recycled and less responsive CCR2 receptors (61, 62). This 

highlights the disruption by CoPP of a very important and interesting balancing act for blood 

CCL2 levels with regards to recruitment and subsequent tissue delivery of monocytes (45).

Phagocytosis of aged or damaged red blood cells by RPMs in the spleen elicits the 

production of CCL2 and CCL7 by splenic Ly6Chi monocytes as the red blood cells 

are metabolized. This results in the recruitment of bone marrow monocytes to assist in 

replenishing dead or dying RPMs (46, 63). A proposed signal for this production of CCL2 

is free heme elaborated from red cell degradation and breakdown of hemoglobin (63). Given 

the similar signaling between heme and CoPP, we examined splenic production of CCL2 in 

the setting of CoPP treatment and inflammation. We found markedly increased production 

of splenic CCL2 after CoPP exposure and a similar response was seen in organs such as 

lung and to a lesser extent, liver. These results further implicate CoPP as a mimic of heme 

observed in the setting of hemolysis/erythrophagocytic stress, in this case leading to a potent 

CCL2 response resulting in an anti-inflammatory impact in the setting of inflammation.

One limitation of this work is that we focused on acute inflammation while the contribution 

of protective mechanisms of myeloid HO-1 and CoPP may differ in models of chronic 

mucosal inflammation where leukocyte recruitment patterns differ. However, DSS colitis 

is a good model for evaluating the contribution of the innate immune system to intestinal 

inflammation. Additionally, there are potentially different mechanisms underlying the potent 

protective influence of the HO-1 metabolic product carbon monoxide vs CoPP, which we 

did not assess. For example, in strong contrast to our findings, it has been shown that 

CO suppresses tissue CCL2 production and inhibits monocyte CCR2 internalization in a 

murine model of acute pancreatitis (64). Given the efficacy of CoPP and heme in a wide 

range of acute and chronic inflammatory murine models of disease, identifying specific 

and consistent mechanisms may facilitate better translation of experimental findings to 

therapeutic applications in humans.

Materials and methods

DSS colitis.

C57BL/6 Hmox1fl/fl mice were kindly provided by Dr. H. B. Suliman (65). HO-1ΔMyeloid 

mice, which have been previously described (36), were made by crossing Hmox1fl/fl 

mice with Lyz2-cre/LysMcre mice (JAX) (66). Both Hmox1fl/fl and LysMcre mice served 
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as controls given they were phenotypically identical in preliminary experiments. Lavage 

recovery of peritoneal cells showed an 86.5% average reduction in Hmox1 expression 

comparing controls (n=3) to HO-1ΔMyeloid mice (n=3; p = .0005). All mice were maintained 

and handled in accordance with Institutional Animal Care and Use Guidelines. Littermate 

controls were used for all colitis experiments in WT and transgenic mice with regard to 

treatment groups. Hmox1fl/fl mice were caged separately from Hmox1fl/fl/LysMcre mice. 

Age-matched male and female mice were used between age 7 and 14 weeks. Mice were 

given 2.5% colitis grade dextran sodium sulfate (DSS, MP Biomedical) in drinking water, 

changed every 2 days, for 5 days. DSS was removed on day 5 from all colitis experiments 

and mice were sacrificed on day 5 or day 7, where noted. Mice were injected with 7.5mg/kg 

cobalt(III) protoporphyrin IX chloride (CoPP, Frontier Scientific) where noted, on days 0, 2, 

and 4 of treatment. Mice were weighed daily, and fecal pellets scored for stool consistency 

and presence of blood; all measured on a scale of 0–3 and blinded as to treatment. Disease 

Activity Index (DAI) was then calculated by taking the summation of weight change, stool 

consistency and hematochezia scores (maximum score of 9). At experiment end, colons 

were embedded and processed for histology. H&E stained tissue was scored by a histo-

pathologist blinded to the treatments and groupings of animals using described methods 

(67). To block CCL2 we used an InVivoMAb anti-CCL2 antibody (2H5 clone; BioXCell) 

at 75 μg every 48 starting day 0 in a 5 days DSS experiment with InVivoMAb polyclonal 

Armenian hamster IgG control.

Leukocyte isolation.

Isolation of colonic lamina propria cells was adapted from a previously described protocol 

(68). After dissociation of the epithelial layer for 10 minutes x3 at room temp, remaining 

colon tissue was minced using scissors and digested in media with 500ug/mL of DNASE I 

(Sigma Aldrich) and 1mg/mL of Collagenase type IV (Worthington Biochemical Company). 

Digested tissue was filtered sequentially through 100 μm and 40 μm filters followed by 

centrifugation and resuspension in buffer for subsequent staining. Blood leukocytes were 

isolated after retro-orbital collection of whole blood, followed by RBC lysis and staining 

for flow cytometry. In one experiment, fresh blood leukocytes were exposed to recombinant 

mouse CCL2 (Biolegend) in RPMI complete media (RPMI-1640, 10%FBS, 1%Pen/Strep) 

and incubated in 95% air with 5% CO2 at 37°C for 1 hour.

Chemokine assays.

Whole colon tissue isolated from the distal colon was homogenized in MSD lysis buffer 

(150mM NaCl, 20mM Tris pH 7.5, 1mM EDTA, 1mM EGTA, 1% Triton X-100) with 

1x phosphatase and protease inhibitors (Thermo Fischer Scientific). Portions of whole 

spleen, liver and lung were also isolated and processed in the same manner for chemokine 

assays. Serum for chemokine assays was isolated from whole blood collected through 

retro-orbital bleed. All tissue chemokine concentrations were normalized against total 

protein using Pierce™ BCA Protein Assay kit (Thermo-Fisher Scientific). Initial ELISA 

was performed using custom mouse U-Plex Assays (Meso Scale Discovery). Additional 

ELISA assays performed included CCL2/JE/MCP1 (DuoSet ELISA assay, R&D Systems), 

and Mouse CCL11 Legend Max™ Elisa (Biolegend) all normalized to total protein. In a 

select experiment distal colon tissue was collected and homogenized in MSD lysis buffer/
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protease inhibitor for a 92-plex proteomic analysis of which 75 targets were detected (Olink 

Proteomics) (69).

Flow cytometry.

Flow cytometry was used to characterize leukocyte populations in the blood and colon 

based on total cell counts. Cell isolations for flow cytometry were stained with antibodies 

purchased from Biolegend. All cells were stained with Biolegend 7AAD Viability 

Staining Solution prior to flow analysis. Biolegend TruStain FcX (anti-mouse CD16/32) 

antibody was used for blocking. The following anti-mouse antibodies were used for 

colonic leukocyte or blood myeloid leukocyte staining: anti-CD64 (clone X54–4/7.1), anti-

CD170/Siglec-F (S17007L), anti-MHC-II (M5/114.15.2), anti-CD11c (N418), anti-CD45 

(30-F11), anti-Ly6C (HK1.4), anti-CD11b (M1/70), anti-Ly6G (1A8), anti-CD192/CCR2 

(SA203G11), anti-CX3CR1 (SA011F11). Bone marrow-derived macrophage cultures were 

stained with the following antibodies from Biolegend: anti-F4/80 (BM8), anti-CD11b 

(M1/70), and mouse anti-Marco (579511) from Bio-Techne/R&D Systems. Flow cytometry 

was performed on a FACSCanto™ II (Becton Dickinson), or a BD FACSAria™ Fusion and 

resulting data was analyzed with De Novo’s FCS Express 7 software.

In vitro/ex vivo macrophage experiments.

Bone marrow-derived macrophages (BMMs) were isolated as follows: Mouse femoral and 

tibial bone marrow was flushed out using a 25g needle and syringe with RPMI-1640 media 

onto a 70uM filter. Cells were centrifuged and washed with RPMI-1640 after RBC lysis. 

Cells were cultured in RPMI complete media (RPMI-1640, 10%FBS, 1%Pen/Strep) and 

incubated in 95% air with 5% CO2 at 37°C. Recombinant murine M-CSF (PeproTech US) 

was at 20 to 40ng/mL to differentiate to macrophages from day 0 to day 6. M1 macrophages 

were further differentiated by exposure of BMMs to 24 hours of 1ng/mL LPS (Millipore 

Sigma) and 10ng/mL of recombinant mouse IFNɣ (Biolegend). After M1 differentiation, 

25uM CoPP and 10ng/mL of LPS was added to the BMMs for another 24 hours. For some 

BMM experiments, cells were treated with 25uM CoPP for 24 hours and then stimulated 

with 50ng/mL LPS for 2 hours. For flow cytometry, BMMs were treated with 25um COPP 

or 10ng LPS for 24 hours. For ex vivo colonic macrophages, 2h culture was performed 

with LPS 25ng/mL in the same media used for BMMs but without M-CSF or cytokine 

stimulation.

Reverse transcription-quantitative PCR (qPCR).

RNA was isolated from snap frozen tissue samples and BMMs using the Qiagen RNeasy 

Mini kit with the addition of the gDNA-eliminator columns as per manufacturer’s 

protocol. First-strand complementary DNA synthesis was performed with 1 μg of total 

RNA using iScript reverse transcription super-mix from Bio-Rad. Real-time qPCR 

was performed using SYBR green on an ABI 7900HT fast real-time PCR system 

(both from Applied Biosystems). β-Actin (ACTB) was used as the housekeeping gene. 

The primer sequence for beta-actin purchased from Invitrogen was: ACTB, sense 5′-
CACTCTTCCAGCCTTCCTTCC-3′, antisense 5′-CAGGTCTTTGCGGATGTCCACG-3′. 
All other mouse primer sets were purchased from Sigma-Aldrich’s line of KiCqStart™ 

Primers: Ccl2, Hmox1, Il1b, Il6, Marco, Nos2 (iNos), Slc40a1, Spic, Tnf, Il12b and Cxcl10.
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RNA-Seq.

RNA was isolated using TRIzol reagent (Invitrogen) and Qiagen RNeasy kit was also 

utilized subsequently to improve purity. Eukaryotic RNA-sequencing was carried out on 

the Illumina NovaSeq 6000 system (Novogene Corporation Inc.). Reference genome and 

gene model annotation files were downloaded from genome website browser (NCBI/UCSC/

Ensembl) directly. Indexes of the reference genome was built using STAR and paired-end 

clean reads were aligned to the reference genome using STAR (v2.5). HTSeq v0.6.1 was 

used to count the read numbers mapped of each gene. And then FPKM of each gene was 

calculated based on the length of the gene and reads count mapped to this gene. Alignments 

were parsed using Tophat program and differential expressions were determined through 

DESeq2/EdgeR. GO and KEGG enrichment were implemented by the ClusterProfiler. 

Additional analysis was performed using iDEP, a web-based tool for analyzing RNA-seq 

data (70). Parameters for DEG analyses (DESeq2) included FDR cutoff of 0.1 and minimum 

fold change of 2.

Immunohistochemistry.

Paraffin embedded tissues were deparaffinized using two 100% xylene washes for 5 minutes 

followed by sequential 3 minute washes in 1:1 xylene:Ethanol, 100%, 95%, 70%, and 50% 

ethanol. Tissues were then rinsed and placed in a staining box with Tris-EDTA buffer pH 

9.0 (10mM Tris Base, 1mM EDTA solution, 0.05% TWEEN®20). Heat induced epitope 

retrieval was performed at 95°C in a pressure cooker for 25 minutes. After rinsing in 

1x TBST buffer (Tris-buffered saline, 0.2% TWEEN®20) slides were blocked with 10% 

normal goat serum (Thomas Scientific) in PBS for 1 hour. After 1x TBST rinse, staining was 

performed with rabbit polyclonal HO-1 antibody (Enzo Life Sciences), and rat monoclonal 

[CI:A3–1] F4/80 antibody (Abcam) 4°C overnight in a humidified chamber. After rinsing, 

secondary antibodies goat anti-rabbit AF-555 and goat anti-rat AF-488 (Invitrogen), were 

applied for 2 hours at room temperature in a humidified chamber. Slides were rinsed then 

sealed with Molecular Probes™ ProLong™ Diamond Antifade Mountant with or without 

DAPI (Fischer Scientific). Imaging was done on an Olympus IX83P2F microscope equipped 

with a DP80 camera. Additional images were obtained on an AxioImager A1 microscope 

(Zeiss) equipped with an AxioCam MRc5.

Statistical analyses:

Where appropriate, unpaired, two-tailed Student’s t test or one-way ANOVA (for more than 

two groups) with correction for multiple comparisons (two-stage linear step-up procedure 

of Benjamini, Krieger and Yekutieli) was performed using Prism version 9 (GraphPad 

Software). DAI scores were analyzed using a mixed-effects model. Results were considered 

statistically significant when p < .05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cobalt protoporphyrin protects against DSS induced intestinal inflammation.
(A) Percent weight loss, stool bleeding scores and combined disease activity index (DAI), 

from WT mice that received 2.5% DSS in their drinking water for 5 days. Mice were treated 

with vehicle or CoPP IP (n = 4 – 5 per group) on days 0, 2 and 4. (B) Histopathological 

score and select components from colon tissue harvested at day 7. (C) Representative 

microscopic images of hematoxylin and eosin stained colon tissue at day 7 of the DSS 

experiment. Results are representative of two or more independent experiments. (D) WT 

mice received 2.5% DSS for 5 days and were treated with PBS or CoPP IP. Whole 

colon tissue was recovered for proteomic analysis (n = 5 – 6). Heat map representation 

of protein expression encompassing 75 detectable targets. (E) Principal component analysis 
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with samples plotted based on the first and third principal components. (F) Normalized 

protein expression (NPX) of select individual genes with significant differences. *p < .05, 

**p < .01, ***p < .001, ****p < .0001
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Figure 2. Colonic transcriptome profile in response to CoPP exposure.
WT mice received drinking water for 5 days along with either PBS or CoPP treatment 

IP (n = 3 per group). Whole colon tissue was collected and processed for RNA-seq 

analysis. (A) Heat map representation of log2 tansformed readcount data for significant 

differentially expressed genes with a log2 fold change >1. (B) Analysis of mRNA expression 

for validation of RNA-seq results using qPCR of processed whole colon tissue samples. 

(C) Representative fluorescent microscopy images (200x total magnification) of embedded 

mouse colon tissue from WT mice 24h after receiving PBS or CoPP IP. (D) Representative 

fluorescent microscopy image (200x magnification) of mouse colon stained for F4/80 

and HO-1, 24h after receiving CoPP. (E-H) WT mice were treated with PBS or CoPP 
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and CD11b+CX3CR1+CD64+MHCII+Ly6C- colonic macrophages were recovered after two 

days. Results reflect combined data from three independent experiments, each with 3–5 

pooled mice per group. (E) Percentage median fluorescence intensity (MFI) values of MHC 

class II staining on colonic macrophages isolated from WT PBS vs CoPP treated mice. 

(F) Gene expression of erythrophagocytic markers from intestinal macrophages isolated 

from WT PBS vs CoPP treated mice. (H) Inflammatory gene expression from colonic 

macrophages recovered from individual WT mice treated with PBS vs CoPP and analyzed at 

baseline or 2h after LPS treatment (n = 3 for controls and 4 – 6 for LPS treated). *p < .05, 

**p < .01, ***p < .001.
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Figure 3. Protective influence of CoPP is independent of macrophage HO-1.
(A) Percent weight loss, stool bleeding scores and combined disease activity index after 7 

days from Hmox1fl/fl and Hmox1fl/fl/LysMcre mice that received 2.5% DSS in drinking 

water x 5 days, and were treated with vehicle or CoPP IP (n = 5 – 6 per group 

and are representative of two or more independent experiments). (B-C) At day 5 of a 

DSS colitis experiment CD11b+CX3CR1+CD64+MHCII+Ly6C- colonic macrophages were 

isolated from Hmox1fl/fl and Hmox1fl/fl/LysMcre mice (n = 4 – 5 per group) using FACS. 

(B) Gene expression was evaluated for Hmox1, which is normalized to Hmox1fl/fl mouse 

macrophage expression levels. (C) Relative mRNA expression of inflammatory cytokines 

from isolated colonic macrophages. Results reflect combined data from two independent 

experiments. (D) Gene expression evaluated in colonic macrophages isolated from vehicle 

or CoPP treated WT mice at day 5 of a 3% DSS experiment. *p < .05, **p < .01, ***p < 

.001, ****p < .0001 (in panel A, the comparisons are between the two Hmox1fl/fl/LysMcre 

groups).
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Figure 4. CoPP influences leukocyte mobilization during inflammation.
Colon tissue was collected and processed for RNA-seq analysis from WT mice that received 

2.5% DSS in drinking water for 5 days along with either PBS or CoPP treatment IP (n = 3 

per group). (A) Heat map representation of log2 tansformed readcount data for significant 

differentially expressed genes with a log2 fold change >1. (B) Enrichment analysis for 

DEGs using GO biological process approach. (C) Combined disease activity index (DAI) 

from WT mice that received water, or 2.5% DSS in their drinking water, for 5 days and were 

treated with PBS or CoPP IP (n = 8 – 13 per group). Combined results from 3 independent 

experiments (*p < .05, ***p < .001 reflecting PBS/DSS vs CoPP/DSS comparison). (D) 

Blood leukocytes were isolated and quantified using flow cytometry by assessing for CD45, 

Ly6G, Siglec-F, CD11b, Ly6C and CCR2 expression with representative contour plots of 

live/singlet/CD45+ cells shown. (E) Cell counts of blood leukocyte populations represented 

as cells per μL. Combined results from 3 independent experiments (n = 8 – 13 per group). *p 
< .05, **p < .01, ***p < .001, ****p < .0001.
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Figure 5. Contradictory colonic myeloid trafficking in response to CoPP.
Colon tissue was isolated from WT mice receiving water or DSS for 5 days along with IP 

PBS or CoPP. (A) Colon lamina propria cells were isolated and assessed for the expression 

of CD45, Ly6G, Siglec-F, CD11b, Ly6C, CD64, CD11c and MHCII with representative 

flow cytometry contour plots of live/singlet/CD45+ cells shown. (B) Cell counts of colon 

total leukocytes and myeloid cells based on CD45 and CD11b staining. (C) Proportion of 

colon leukocyte populations as a percentage of total CD45+ cells. (D) Pearson correlation 

of colonic monocyte population compared with disease activity index (PBS treated, black; 

CoPP treated, white). (E) Colonic concentration of inflammatory cytokines on a per mg total 

protein basis. *p < .05, **p < .01, ***p < .001, ****p < .0001.
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Figure 6. CoPP elicits anti-inflammatory CCL2-CCR2 signaling in the setting of colitis.
WT mice received water or 2.5% DSS in their drinking water for 5 days and were treated 

with PBS or CoPP IP (n = 3 – 7 per group). (A) Whole colon tissue and blood serum was 

recovered and concentration of CCL2 was measured using ELISA detection, and presented 

as normalized to per mg total protein. (B) CCL2 concentration gradient strength calculated 

as chemokine level in the colon (per mg total protein) divided by corresponding serum level 

(per mg total protein). (C) Pearson correlation of CCL2 gradient strength compared to DAI 

score. (D) Representative flow cytometry histogram (WT mice) and median fluorescence 

intensity (MFI) values of CCR2 staining in Ly6Chi blood monocytes isolated at day 5 of 
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a DSS colitis experiment from WT and Hmox1fl/fl/LysMcre mice treated with vehicle or 

CoPP. (E) Pearson correlation of CCR2 MFI readings compared to DAI score from WT 

colitic mice treated with vehicle or CoPP at day 5. (F) Serum CCL2 concentration from WT 

colitic mice treated with PBS or CoPP at day 5 (n = 12 – 13 per group). (G) CCR2 MFI 

of blood Ly6Chi monocytes exposed ex-vivo to recombinant CCL2 for 1 hour, normalized 

to vehicle exposed monocytes. (H) Pearson correlation of CCR2 MFI from WT mouse 

blood Ly6Chi monocytes compared to serum CCL2 concentration from day 5 of a colitis 

experiment. (I) Segments of WT mouse spleen, lung and liver isolated and processed for 

CCL2 ELISA at day 5 of a DSS colitis experiment, presented as normalized to per mg total 

protein. Representative of duplicate experiments with similar results. *p < .05, **p < .01, 

***p < .001, ****p < .0001.
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