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Mitochondrial dysfunction-associated microbiota establishes a transmissible 
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ABSTRACT
Anti-TNF therapy can induce and maintain a remission status during intestinal bowel disease. 
However, up to 30% of patients do not respond to this therapy by mechanisms that are 
unknown. Here, we show that the absence of MCJ, a natural inhibitor of the respiratory chain 
Complex I, induces gut microbiota changes that are critical determinants of the lack of 
response in a murine model of DSS-induced inflammation. First, we found that MCJ expres-
sion is restricted to macrophages in human colonic tissue. Therefore, we demonstrate by 
transcriptomic analysis of colon macrophages from DSS-induced mice that MCJ-deficiency is 
linked to the expression of genes belonging to the FcγR signaling pathway and contains an 
anti-TNF refractory gene signature identified in ulcerative colitis patients. The gut microbial 
composition changes observed upon DSS treatment in the MCJ-deficient mice revealed the 
increased presence of specific colitogenic members, including Ruminococcus gnavus and 
Oscillospira, which could be associated with the non-response to TNF inhibitors. Further, we 
show that the presence of a microbiota associated resistance to treatment is dominant and 
transmissible to responsive individuals. Collectively, our findings underscore the critical role 
played by macrophage mitochondrial function in the gut ecological niche that can substan-
tially affect not only the severity of inflammation but also the ability to successfully respond 
to current therapies.
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Introduction

Ulcerative colitis (UC) is a chronic, heterogeneous 
and severe inflammatory disease that primarily affects 
the gastrointestinal tract. Although its etiology 
remains unknown, evidence suggests a complex inter-
play between microbiota, the immune system, host 
genetics and environmental factors. Whilst there is no 
cure for UC, anti-tumor necrosis factor (TNF) agents 
are the most effective to induce and maintain 
a remission status in intestinal bowel disease (IBD) 
patients as they target the excessive production of 
TNF, a key proinflammatory cytokine produced 
mainly by activated immune cells, improving the 
quality of life of patients. However, there are IBD 
patients that are refractory to anti-TNF treatment 
and they can be categorized into two groups; those 
who never respond to anti-TNF induction therapy 
(primary failure), and 50% of those who initially 
respond to anti-TNF treatment but subsequently 
lose response overtime (secondary failure).1 

Furthermore, the treatment poses risks as serious 
adverse effects including severe infections have been 
reported.2 Therefore, the identification of key factors 
that could allow clinicians to identify patients who will 
respond to anti-TNF therapy seems a priority to pro-
mote personalized treatment to IBD patients.

Recently, a study of the UC mucosal transcrip-
tome revealed a decrease in mitochondrial electron 
transport chain Complex I activity, which was 
found to correlate with disease severity and treat-
ment response in both adult and pediatric 
patients.3 In addition, Mottawea et al. stated that 
host mitochondria-microbiota crosstalk was dis-
turbed in IBD.4 Consequently, mitochondrial dys-
function and microbial composition might play an 
important role in the response to therapy. 
Therefore, microbial-host mitochondria interac-
tions seem to be a milestone in the development 
of effective therapies for UC patients.

Aberrant immune responses against bacteria are 
extensively described in the pathogenesis of UC. 
During UC, macrophages are activated by translo-
cated pathogenic bacteria and are associated with 
the increased proinflammatory status characteristic 
of the disease.5 In this regard, methylation- 
controlled J protein (MCJ, Dnajc15), a natural 
negative regulator of mitochondrial respiration 

that inhibits complex I activity of the electron 
transport chain regulating oxidative phosphoryla-
tion and ATP production,6,7 has been linked to 
macrophages. Deficiency of MCJ in bone marrow- 
derived macrophages leads to the upregulation of 
the tumor necrosis factor α-converting enzyme 
(TACE) inhibitor, tissue inhibitor of metallopro-
teinase 3 (TIMP-3), which inhibits TNF shedding 
from the plasma membrane.8 As macrophages are 
pivotal for coordinating processes in the gut and 
a significant infiltration is produced during colitis, 
we investigated the expression levels of both genes 
in colon samples from UC patients reporting MCJ 
downregulation and TIMP3 upregulation.9 These 
results led us to study the impact of MCJ deficiency 
in acute9 and chronic10 experimental colitis and are 
in line with parameters disrupted during IBD activ-
ity in individuals suffering microbial dysbiosis.11 In 
addition, we have rencently reported that the influ-
ence of MCJ deficiency on microbial composition 
has a detrimental effect on the severity of UC.12

Because of the intimate relationship that is 
reported to exist between mitochondrial dysfunc-
tion and the efficacy of current therapies, particu-
larly anti-TNF treatments, as well as the role played 
by macrophages during UC, we have now investi-
gated the effect of mitochondrial dysfunction on the 
colon response to anti-TNF therapy. Our results 
show that the mitochondrial electron transport 
chain Complex I activity is determinant on the 
response to anti-TNF therapy. Importantly, our 
results link mitochondrial dysfunction with 
a microbiota composition leading to a lack of ther-
apeutic efficacy that is dominant and transferable to 
otherwise responsive individuals. These data high-
light the relevance of the physiological response of 
intestinal macrophages to maintain a homeostatic 
ecological niche that affects both the severity of gut 
inflammation and the response to current therapies.

Results

MCJ deficiency prevents a protective response to 
anti-TNF agents during experimental colitis

Mitochondria dysfunction, including the reduction 
of complex I activity in active patients,3 has been 
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related to disease severity and a refractory response 
to treatment during UC. We have shown that the 
absence of the complex I negative regulator, MCJ, 
results in increased DSS-induced pathology.9 In 
order to evaluate the impact of mitochondrial dys-
function on the responsiveness to anti-TNF ther-
apy during the disease, we evaluated the response 
of MCJ-deficient mice to Infliximab (IFX, anti- 
TNF) treatment. MCJ deficiency diminished the 
therapeutic efficacy of the infliximab biosimilar, 
as evidenced by the absence of a significant 
improvement in body weight (Figure 1(a)) and 
histological scores (Figure 1(b)), in contrast to 
WT mice that responded successfully to the treat-
ment. Moreover, TACE levels within the colon 
only increased in treated WT mice independently 
of TNF (Figure 1(c)) and infiltrated macrophage 
numbers that did not vary (Figure S1a,b). TACE 
activity is responsible for the final release of mature 
TNF protein from cells. MPO levels were signifi-
cantly increased (p ≤ .05) in both MCJ KO groups 

compared to WT groups independently of treat-
ment (Figure S1c).

Transcriptional analysis of colon macrophages 
from MCJ-deficient mice shows overlapping signa-
tures to a refractory response to treatment.

We have shown that MCJ is expressed weakly in 
the intestinal tissue both in mice and humans,9 and 
that macrophages are, together with CD8 T cells, the 
cells of the immune system with the highest expres-
sion levels of the protein.6,8 We, therefore, deter-
mined the expression of MCJ in inflamed and 
healthy colon tissue from IBD patients by immuno-
fluorescence staining. The transmembrane scavenger 
receptor CD163 was also used to identify the macro-
phage population within the tissue. MCJ was readily 
detected in both diseased (Figure 2(a)) and adjacent, 
healthy colon tissue in colocalization with CD163. 
These data indicate that the impact of MCJ in IBD 
patients is primarily associated with macrophages.

We then examined the role of MCJ in the 
immune response during the disease. We 
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Figure 1. In vivo anti-TNF therapeutic response. WT and MCJ-KO mice were treated the first 6 d with DSS and infliximab (IFX) was 
administrated orally from day 3 to day 6, followed by 3 d of recovery period. All groups are positive for DSS. (a) Weight loss (%) (n = 8 
mice per group at minimum). Statistical differences (P value < .05) were observed between WT IFX- and WT IFX+ from day 3 onward 
(asterisks below WT IFX+ line) and between MCJ KO IFX+ and WT IFX+ at day 3 and from day 5 onward (asterisks above WT IFX- line). 
(b) Histological scores and representative images of colon tissue (scale bar size, 100 µm). (c) TACE activity in colonic protein extracts 
(Rfu/mg protein). For statistical analysis two-way ANOVA was performed. Within boxplots, asterisks above boxes versus control 
genotype (IFX+ versus IFX-) and asterisks above line versus different genotypes in the same experimental group. (Wt_ifxn and MCJ 
KO_IFXn: DSS positive and IFX negative; WT_IFXp and MCJ KO_IFXp: DSS and IFX positive).
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performed a transcriptome analysis of colon 
macrophages under DSS-induced colitis. Principal 
component analysis showed changes according to 
the disease status of the animals (Figure 2(b)). The 
analysis of the 50 most regulated genes showed 
different patterns of expression associated with 

the presence/absence of MCJ. MCJ-deficient 
macrophages expressed 305 upregulated genes 
compared to WT controls. Among them, there 
were several confirmed susceptibility-related 
genes for UC such as Irf5, Tnfrsf9, Fcgr2b Slc11a1, 
Itgal, Gpr65, Cd40, and Lsp1, suggesting a relevant 
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Figure 2. Transcriptomic analysis of intestinal tissue macrophages. (a) Immunofluorescence of MCJ (red) and CD163 (green) in 
inflamed and healthy adjacent colon tissue from IBD patients. Colocalization is represented in yellow. (b) Principal component analysis 
showing differences between WT and MCJ-deficient DSS positive colon macrophages´ transcriptomes. (c) HOMER identified several 
transcription factors enriched in DSS-induced MCJ-KO colon macrophages. (d) venn diagram representing 339 differentially expressed 
genes found in colon macrophages due to MCJ-KO and a human core rectal UC gene expression signature consisting of 5296 genes.3 

Out of 305 genes upregulated in colitis induced MCJ-deficient mice colon macrophages, 183 were shared with the human UC gene 
signature. (e) venn diagram showing shared genes between upregulated genes due to MCJ-KO in DSS-induced mice colon 
macrophages and patients refractory to anti-TNF and corticosteroid treatments.
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role of mitochondria dysfunction in immune cells 
such as macrophages during the course of the 
disease.

The HOMER package identified a set of tran-
scription factors putatively responsible for the 
expression changes in macrophages from DSS- 
induced colitis animals.13 The analysis of the 
genes upregulated in MCJ-deficient macrophages 
compared to WT mice identified several transcrip-
tion factors (Figure 2(c), Table S2). Two of them 
(SpiB and Elf5) are related to Fcgr2b expression, 
while Runx is involved in Irf5 expression and Erg in 
the expression of Slc11a1 and Tnfrsf9. Moreover, 
Elf5 and SpiB possess motifs that regulate Il1b 
expression, while Erg showed a motif that regulates 
the expression of Tnf, Il10 and Tgfbi. On the other 
hand, Erg and Runx may regulate Cxcl3 expression 
and therefore be involved in leucocyte recruitment.

In order to discern whether transcriptional pat-
terns associated with mitochondrial dysfunction in 
murine colon macrophages are related to the dis-
ease in humans, UC transcriptomes from human 
rectal samples were compared to experimental coli-
tis macrophage transcriptomes. Out of the 305 
upregulated genes in macrophages isolated from 
the colons of MCJ-deficient mice with induced 
experimental colitis compared to DSS+ controls 
(WT), 183 were shared between both cohorts 
(mouse model and patients) (Figure 2(d), Table 
S3), suggesting a critical role for mitochondrial 
function during disease progression.

A subset of genes obtained from transcriptional 
analyses were linked to treatment response and shifts 
in microbial composition. In this regard, the 305 
upregulated genes due to MCJ-deficiency in macro-
phages from experimental colitis mice were com-
pared to the list of genes proposed to identify 
patients that are refractory to TNF blockade,14 and 
corticosteroids.3 Strikingly, 18 genes were shared with 
these 2 gene signatures (Figure 2(e)), in which Trem1 
and Osm, connected to decreased responsiveness to 
anti-TNF therapy, were shared between the three 
gene signatures. Besides, the high expression of acti-
vating Fcgr1 and Fcgr3 found in inflammatory MCJ- 
deficient macrophages, which are cell surface glyco-
proteins that bind to the Fc portion of IgG antibodies, 
and the high levels of colonic IgG found (Figure 3(f)), 
suggested that the MCJ-deficient genotype might be 
associated with resistance to TNF blockade.

Functional annotation enrichment analysis using 
ToppGene, ToppCluster, and ClueGO mapped 
groups of related genes to immunological 
processes.3 Overview of the ClueGo-derived immune 
system-related pathways (Figure 3(a,b)) comparing 
gene expression based on MCJ deficiency during 
DSS-induced colitis showed 46% enrichment for the 
Fc gamma receptor (FCGR) signaling pathway, fol-
lowed by myeloid cell (13,1%), macrophage (6,7%) 
and dendritic cell activation (6,7%), regulation of 
adaptive immune response (6,7%) and leukocyte dif-
ferentiation (6,7%). The P values for the top specific 
biological processes and pathways were obtained as 
an output from ToppGene. A more detailed 
ToppCluster pathways analysis output showed genes 
related to immunological and biological processes 
(Figure 3(c,d)). MCJ-deficient mice presented higher 
expression of genes involved in immune system acti-
vation and therefore, higher production of cytokines 
and chemokines, and higher transendothelial migra-
tion of leukocytes. Importantly, IgA production was 
upregulated in MCJ-deficient colitis mice. 
Furthermore, the study of microbiota–host interac-
tions along the DSS-induced colitis period showed 
distinct immune response kinetics. Live bacteria and 
immunoglobulin G (IgG)-coated fecal bacteria were 
quantified by flow cytometry. Starting at day 2 after 
the initiation of DSS treatment, the percentage of live 
bacteria was similar in all experimental groups 
(Figure 3(e)). MCJ-deficient DSS-induced mice 
exhibited higher IgG-coated fecal bacteria than WT 
mice increasing gradually until day 8, being signifi-
cantly higher from day 6 (p = 0.022) to day 8 (p =  
0.011) (Figure 3(f)). These data might indicate earlier 
microbial-host cross-talk and a faster activation of the 
immune system. Overall, these data suggest that MCJ 
modifies the kinetics of the immune response.

We then sought to find correlations between 
genes expressed in colon macrophages and specific 
microbial operational taxonomic units (OTUs). 
We analyzed the microbiota composition in MCJ- 
deficient and WT mice, both under homeostatic 
and DSS-induced pathology. As expected,9 MCJ 
deficiency resulted in significant changes in micro-
biota composition (Figure S2(a,b)).

Figure 4 shows the 50 strongest correlations 
between genes differentially expressed due to MCJ 
deficiency in macrophages infiltrated during colon 
inflammation and OTUs present in the 4 
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Figure 3. Functional annotation enrichment analysis of inflamed intestinal macrophages according to MCJ levels. RNA-seq data 
analysis shows 305 upregulated and 34 downregulated genes in MCJ-KO mice treated with DSS compared to control colitis mice (FDR 
<0.05 and fold change ≥1.5). ClueGO charts related to immunological function reveals (a) upregulation of FCγR signaling pathway 
(46,7%) in MCJ-KO colitis mice compared to WT colitis (Log2 > 2, P value < 0.05) and (b) downregulation of chaperone cofactor 
refolding (50%) and microtubule polymerization (50%). Detailed functional annotation enrichment analyses of (c) 305 upregulated 
and (c) 34 downregulated genes in MCJ-KO colitis mice using ToppGene, ToppCluster and Cytoscape are represented. (c) Pathways 
related to upregulated genes; immune system (purple), cytokines (orange), cell adhesion and migration (yellow) and other pathways 
(green). (d) Biological processes enriched by downregulated genes; mitochondrial respiration (blue), cytokines (orange), NOD-like 
receptors, the intracellular sensors of PAMPS (purple) and heat acclimation (red). (e) Fecal live bacteria percentage (n = 3) and (f) fecal 
IgG-coated bacteria percentage obtained by flow cytometer (n = 3). For statistical analysis two-way ANOVA was used.

6 A. PEÑA-CEARRA ET AL.



experimental groups. Those included associations 
between Oscillospira and Ruminococcus gnavus, 
often increased with disease activity, and Cst7 that 
may play a role in immune regulation through the 
hematopoietic system. Akkermansia muciniphila 

presence, often regarded as an immunomodulator, 
correlated with Jak2 expression. Jak2 is involved in 
the production of key pro-inflammatory cytokines 
and consequently, Jak inhibitors are currently being 
investigated as therapeutic agents for UC. 
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Figure 4. Heatmap of Spearman´s rank correlation coefficients. Bacterial abundances from the 4 experimental groups that were not 
treated with antibiotic and genes modified by the level of MCJ in colon macrophages upon intestinal inflammation (DSS+) were used. 
To find associations hierarchical all against all association (HAIIA) was performed. A. muciniphila correlates with Jak2 and R. gnavus 
with Cst7. The numbers indicate the highest correlation between bacteria and gene expression, having number 1 the highest 
correlation. Red color illustrates positive correlation and blue negative. In the x axis each column shows a different gene and in the 
y axis each row shows different bacterial species; Firmicutes (black font), Proteobacteria (red), bacteroidetes (blue), actinobacteria 
(green) and Verrucomicrobia (purple).
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Enterococcus abundance, which is associated with 
disease severity, correlated with the expression levels 
of Lsp1, a gene involved in neutrophil transmigra-
tion. Different OTUs belonging to the genus 
Bacteroides, unbalanced in IBD patients, were linked 
to Ly6c1 (marker of resident macrophages) and Il1b 
gene expression. On the other hand, the Bacteroides 
S24–7 family showed a negative correlation with 
Il10 expression, which is related to gut homeostasis. 
These correlations suggest that the lack of MCJ 
provides the optimal environmental conditions for 
specific bacteria that may act as immunomodulators 

contributing to UC severity and the response to 
specific treatments, such as anti-TNF therapy.

Anti-TNF treatment alters the microbiota balance

To assess the effect of anti-TNF agents on micro-
bial composition and the impact on the therapeutic 
response, luminal bacterial communities were stu-
died. They yielded a total of 1.189.812 paired and 
merged sequences, ranging from 56.923 to 101.477 
sequences per sample after quality filtering. The 
good’s coverage was over 98%. Remarkably, the 

1

a b

Days

2 3 4 5 6 7 8 9

Figure 5. Microbiota composition impact on the anti-TNF therapeutic efficacy. (a) stacked bar plot representation of the relative 
abundances of colon content taxa at phylum level. (b) differentially abundant OTUs identified through DESeq2 testing (p.Adj <0.05) 
between WT and MCJ-KO mice treated with anti-TNF agents (WT_P vs MCJ-KO_P). Each point represents a single OTU colored by 
phylum and grouped by taxonomic family, and point´s size reflect the mean abundance of the sequenced data. To allow microbial 
transmission between genotypes, WT and MCJ-KO animals were cohoused during 4 weeks prior to colitis induction. (c) weight loss 
percentage shown as means ± SEM. Asterisks (*) above the line indicate statistical differences between WT and MCJ-KO mice housed 
alone. Asterisk (*) below the line shows significant differences between WT mice housed alone or cohoused. (d) colonic length (cm). 
Within boxplots, asterisks above boxes versus control genotype (cohoused versus alone) and asterisks above line versus different 
genotypes in the same experimental group. Two-way ANOVA (c, e, f) and (d) Mann-Whitney U test were used for statistical analysis. All 
experimental groups are DSS+ and IFX+.
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taxa barplot showed the significant enrichment of 
the Verrucomicrobia phylum (p = 0.01) and the 
reduction (p = 0.02) of Proteobacteria in WT mice 
treated with anti-TNF therapy compared to MCJ- 
deficient mice (Figure 5(a)). Although alpha diver-
sity was not significantly altered, DESeq2 and 
LEfSe identified Akkermansia and OTUs from the 
S24–7 family augmented in the WT group (Figure 
5(b) and S1d) pointing to these microorganisms as 
critical in the primary response to the therapy. 
Overall, these data show that in contrast to their 
MCJ-deficient counterparts, WT mice group par-
tially restore their gut microbiota in response to 
anti-TNF treatment. This microbial restoration 
may play a critical role in therapy response.

Cohousing affects IFX treatment efficacy in WT but 
not MCJ-deficient animals

Then, we studied the link between gut microbiota 
and the therapeutic response. WT and MCJ- 
deficient mice were cohoused for 4 weeks prior to 
DSS and IFX administration. As before, WT mice 
housed alone effectively responded to IFX since 
they lost significantly less body weight (Figure 5 
(c)) and they had longer colons compared to the 
other experimental groups (Figure 5(d)). As 
expected, MCJ-deficient mice housed alone did 
not respond to IFX treatment. Surprisingly, while 
MCJ-deficient, cohoused mice did not respond to 
IFX, cohoused WT mice displayed greater weight 
loss percentages from day 7 onward (Figure 5(c)) 
and shorter colons (Figure 5(d)) compared WT 
housed alone. These results indicate that micro-
biota changes induced by mitochondrial dysfunc-
tion are responsible for the refractory response to 
anti-TNF treatment. They also show that these 
changes are transmissible to otherwise responders, 
independently of their genotype. Furthermore, we 
have observed that after cohousing of WT and 
MCJ-deficient and treating them with DSS (not 
anti-TNF agents), colitis-induced MCJ-deficient 
mice had lower levels of Prevotella, Oscillospira 
and R. gnavus and increased Lactobacillus abun-
dance compared to the MCJ-deficient mice housed 
alone.12

Taken together, our study indicates that the 
mitochondrial dysfunction in macrophages from 
DSS-induced colitis mice affects a wide range of 

signaling pathways critical in the response to anti- 
TNF therapy. These data confirm a regulation of 
mitochondria and microbiota, and a pivotal role of 
the microbial community in macrophage immune 
responses during colitis. Our results show that 
around two-thirds of genes impacted by MCJ defi-
ciency are conserved between the murine model 
and human colitis. They also support the use of 
animal models in order to avoid the heterogeneity 
observed in patients and focus on those genes that 
are relevant and contribute to intestinal 
inflammation.

Discussion

Previously, other research groups have shown evi-
dence that support the relevance of the reduction in 
mitochondrial genes and associated energy produc-
tion pathways during the disease.3,4 However, the 
individual variability related to therapy response is 
still unclear. Here, we uncover mitochondrial dys-
function as an important factor to identify UC 
patients at baseline that will not benefit from the 
TNF inhibitors’ therapeutic response.

Tissue samples are highly heterogeneous, and 
the amount of different cell types in a biopsy will 
have a certain impact on gene expression profiles. 
Here, we determined that MCJ is expressed in gut 
macrophages from IBD patients. Therefore, we 
isolated macrophages from mice colon tissue in 
order to improve the quality of the results obtained 
by RNA-seq technology and to characterize the 
role of MCJ in the early immune response. In 
agreement with a recent work from Czarnewski 
et al. that demonstrated a conserved transcriptomic 
profile between mouse and human colitis, our data 
show that the DSS mouse model is relevant to study 
mitochondrial dysfunction in UC patients.15 MCJ 
deficiency in macrophages had a strong impact on 
the expression of susceptibility genes identified in 
UC. Previous studies analyzing mucosal transcrip-
tomes revealed mitochondriopathy in a cohort of 
UC patients. Among the genes differentially regu-
lated, they observed 13 genes associated with 
reduced ATP production and complex I activity 
in addition to the master regulator of mitochon-
drial biogenesis PPARGC1A (PGC-1α).3 

Altogether, this evidence supports the implication 
of a colonic mitochondriopathy in the course of 
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UC suggesting that approaches targeting the mito-
chondrial electron transport axis could represent 
potential therapeutic strategies improving the 
response to those currently in use.

Lamina propria macrophages are strongly phago-
cytic for live microorganisms.16 MCJ deficiency in 
colon macrophages revealed a high impact on Fc- 
gamma receptor signaling pathways. They recognize 
the Fc portion of IgG, triggering the engulfment and 
destruction of opsonized microorganisms. Our 
results are in agreement with previous reports17 

using a chronic DSS mouse model and mirror obser-
vations in human UC patients. As described in the 
MCJ-deficient murine model, a higher proportion of 
luminal commensals bound by IgG were observed in 
UC stool samples, correlating with disease severity 
and pointing to anti-commensal IgG as a key player 
in the intestinal inflammatory response. This work 
shows that MCJ deficiency in macrophages isolated 
from the colon during colitis significantly increased 
the expression of Fcgr3 and Fcgr2b in line with Il1b 
and Cxcl2 levels. The former was found to play 
a critical role in determining the extent of inflamma-
tion in an in vivo model of UC deficient in FCGR2B.5 

In addition, Cxcl2 has been shown to control mucosal 
lymphocytes and neutrophil migration.18 Altogether, 
these data suggest that anti-commensal IgG might 
contribute to intestinal inflammation via FCGR- 
dependent induction of Il1b.

Moreover, it was reported that elevated FCGR2A 
expression in mucosal UC biopsies taken prior to 
infliximab intervention was associated with disease 
refractory to treatment and predictive of subsequent 
resistance to TNF blockade.17 Our results confirm 
that elevated FCGR expression in colon macrophages 
associated with mitochondrial dysfunction and high 
colonic IgG levels predicted non-responder indivi-
duals to anti-TNF therapy. Noteworthy, the overlap-
ping between upregulated genes in UC patients and 
alterations due to MCJ levels in colon macrophages 
including tumor necrosis factor receptor superfamily 
members (Tnfrsf9, Tnfsf14, Cd40), cytokines and che-
mokines (Jak2, Cxcr4, Ccr5, Ccr3, Ccr2 and Cxcl2, 
Cxcl3), eosinophil-associated gene Alox15 (linked to 
corticosteroid response), related to anti-TNF resis-
tance such as oncostatin M (Osm), Trem1 or cycloox-
ygenase-2 (Cox2 [Ptgs2]), could provide a new 
research line to understand the basis of disease in 
order to guide trials of new strategies for treatment- 

resistant patients. Moreover, the presence of R. gnavus 
in MCJ-deficient mice might serve as a potential bio-
marker for predicting the severity and non-response 
to anti-TNF treatment.11,19,20 On the contrary, the 
augmented abundance of A. muciniphila and several 
OTUs of the family S24–7 within the WT genotype 
indicated induction of a healing gut microbiota. 
Microbial changes in patients with Crohn’s Disease 
after IFX therapy displayed a significant gain in short- 
chain fatty acids (SCFA),21 the main metabolite of 
A. muciniphila. SCFA may mitigate intestinal inflam-
mation through both intestinal epithelial barrier 
maintenance and immune regulation.22 Accordingly, 
previous studies reported that a murine 
A. muciniphila strain improved chronic colitis disease 
severity parameters probably due to the release of 
anti-inflammatory cytokines.22 In this sense, the 
Bacteroidales S24–7 family was negatively correlated 
with the expression of several proinflammatory genes 
in the colon, suggesting its beneficial role in inflam-
matory conditions.9 Interestingly, there seems to be 
a negative association between R. gnavus and 
A. muciniphila abundance, although no molecular 
mechanisms to explain these correlations have been 
developed. Meanwhile, A. muciniphila resides in the 
mucus layer of the large intestine, where it is involved 
in maintaining intestinal integrity, R. gnavus colonizes 
the intestinal mucosal surface, where it can use sialic 
acid from mucin glycans as a carbon source. 
Therefore, since A. muciniphila utilizes mucin as the 
unique carbon, nitrogen and energy source, the pre-
sence of R. gnavus might affect A. muciniphila growth 
by limiting the mucus availability in MCJ-deficient 
mice. Indeed, a reduced abundance of A. municiphila 
was reported in IBD patients, while the total mucosa- 
associated bacteria, including R. gnavus and 
R. torques, increased.23 In this sense, stable coloniza-
tion of A. muciniphila has been shown to drive anti- 
inflammatory macrophage polarization in the gut, 
which correlated with improved therapeutic 
efficacy.24 Given that it was shown that IL-10 signaling 
in macrophages is critical to achieve a good response 
to anti-TNF treatment,25 A. muciniphila supplemen-
tation to MCJ deficient individuals might be helpful to 
improve anti-TNF treatment outcome.

Recent studies have revealed the potential role of gut 
microbiota to affect and predict the anti-TNF response 
or relapse.20 For instance, decreased Firmicutes levels, 
specially, F. prausnitzii was predictive of relapse after IFX 
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treatment in CD patients.26 Therefore, microbial trans-
plant by cohousing was performed in our murine model. 
Interestingly, we found that WT mice failed to respond 
properly to IFX treatment after microbial transplant 
from MCJ-deficient mice. We reported that MCJ- 
deficiency regulates microbiota composition and pro-
motes specific proinflammatory bacteria during the 
course of UC.9 The transmission of these pro- 
inflammatory bacteria to WT mice gut community 
may enhance pro-inflammatory cytokine production 
and counteract the effect of anti-TNF antibodies. 
Nevertheless, MCJ-deficient mice failed to respond to 
anti-TNF therapy after microbial transplant, suggesting 
that mitochondria dysfunction is determinant for treat-
ment failure, independently of the gut microbiota 
composition.

In light of these results, MCJ may emerge as 
a valuable biomarker for non-response in UC 
patients, particularly when its expression is 
reduced. These findings might promote the adop-
tion of personalized medicine, ultimately leading to 
reductions in treatment costs and time required.

Conclusions

Our results point to a relevant role of MCJ deficiency 
during colon inflammation. The high impact of MCJ 
deficiency on immune cell activation, Fc-gamma 
receptor signaling pathways, and colonic IgG indicate 
important implications in disease severity. The data 
on MCJ-deficient mice implicates mitochondria dys-
function in UC pathogenesis mirroring the colonic 
mitochondriopathy described in UC patients that is 
also associated with anti-TNF therapy success. We 
also show that mitochondrial deficiency influences 
transmissible changes in the gut microbiota ultimately 
leading to an impaired response to anti-TNF treat-
ments. These findings open up new research lines to 
predict disease outcome and the response to anti-TNF 
therapy at baseline in UC patients, and might inform 
the search for new treatments to improve immune 
therapies based on rational microbiota manipulation.

Methods

Animals and experimental design

MCJ-deficient mice on a C57BL/6 background and 
wild-type B6 mice (8–10 wk) were used under the 
approval of the Animal Research Ethics Board of 

CIC bioGUNE (Spain; permit number CBBA- 
0615).27 Mice were maintained under specific 
pathogen-free conditions, applying standard hous-
ing conditions (21–23°C temperature and 12/12-h 
light/dark cycles) and were fed ad libitum on stan-
dard mouse chow diet (Global diet 2914, Harlem, 
Madison, USA).

Colitis was promoted administering dextran sodium 
sulfate (DSS) (36–50 kDa; TdB Consultancy) in the 
drinking water (3%) for 6 d followed by 
a 2-d recovery period with autoclaved water. Once 
DSS administration started, DAI (disease activity 
index) was evaluated daily in all mice by a blind tech-
nician. This index is a score based on animal body 
weight loss percentage, stool consistency and the pre-
sence of blood in feces. The criteria proposed by 
Camuesco et al. were used to assign scores.27 Weight 
loss percentage alone is an adequate and sufficient 
method to assess DSS-induced colitis in mice and it 
was calculated by dividing the total weight loss 
throughout the experiment by the initial weight and 
multiplied by 100.

Response to anti-TNF therapy

To evaluate the response to anti-TNF treatment, 
all experimental mice were administered 2% of 
DSS ad libitum in drinking water for 6 d, fol-
lowed by 3 d of recovery period. Mice from each 
genotype were divided into two groups, with 
one group receiving an intraperitoneal adminis-
tration of Infliximab (IFX+) (7.5 mg/kg Inflectra, 
Pfizer, Brussels, Belgium), an Infliximab biosi-
milar proven to be effective for UC and able to 
bind murine TNF,28 while the second group 
received saline solution (IFX-). The mouse/ 
human chimeric monoclonal IgG1 antibody 
against TNF was provided from day 3 to 6 
during DSS administration.

To study the effect of microbiota composition on 
the response to anti-TNF response in mice, 
a previous microbiota transplantation was made. 
For this purpose, WT and MCJ-deficient female 
mice between 3 and 5 weeks of age were cohoused 
for 4 weeks before inducing colitis. Then, colitis was 
induced by administrating 3% of DSS in the drink-
ing water for 6 d, followed by 3 d of recovery period. 
IFX was provided intraperitoneally from day 3 to 6 
to all mice during the DSS administration period.
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Myeloperoxidase activity assay

One centimeter of the distal colon was used to 
measure the enzymatic activity as described pre-
viously by Pascual-Itoiz et al.9

FACS analysis to quantify IgG coated faecal bacteria

Faeces of each mouse were collected and homoge-
nized in sterile PBS at a concentration of 100 mg/ml. 
Faeces debris was removed after several centrifuga-
tions and the pellet was resuspended in sterile PBS 
and stained with anti-mouse IgG-FITC (Sigma- 
Aldrich) or LIVE/DEAD™ BacLight™ Bacterial 
Viability Kit (ThermoFisher scientific) to check bac-
terial viability. BD FACSCanto II flow cytometer and 
BD FACSDiva software were used to obtain data that 
were analyzed with FlowJo software (TreeStar).

Histology, immunohistochemistry, and 
immunofluorescence

Colon tissue from mice was fixed in 10% formalin 
fixative, dehydrated, embedded in paraffin, and cut 
into 5 μm-thick sections. For histopathology, sec-
tions were deparaffined, hydrated, and stained with 
hematoxylin and eosin according to standard pro-
tocols. Stained sections were analyzed and given 
a score by a blinded pathologist. For F4/80 staining, 
tissue sections were deparaffined, hydrated and 
subjected to antigen retrieval using proteinase 
K for 15 min. Endogenous enzymes were first 
blocked with 3% hydrogen peroxide and then 
with goat serum. Sections were incubated with rat 
anti-mouse F4/80 primary antibody (1:50) for 2 h 
at 37°C (Biolegend), followed by 30 min incubation 
with ImmPRESS HRP Goat Anti-Rat IgG second-
ary antibody (Vector). Detection was performed 
with DAB substrate (Vector). Images were cap-
tured with a Zeiss Axioimager A1 microscope and 
analyzed with ImageJ software.

Colon samples from inflamed and healthy areas 
were obtained after surgery from IBD patients 
under the approval of the Clinical Research Ethics 
Board of Euskadi (CEIC-E; code 16–12). 
Colocalization of MCJ with CD163 in inflamed 
and adjacent healthy colon tissues was determined 
by immunofluorescence. Colon tissues were 

embedded in paraffin, cut, rehydrated, and 
unmasked with proteinase K for 15 min. Then, 
tissues were incubated with anti-human MCJ anti-
body at 4°C overnight and a Cy3-conjugated sec-
ondary antibody was added for 30 min. After the 
first staining, tissues were incubated with anti- 
human CD163 antibody for 1 hr at 37°C followed 
by the addition of FITC-conjugated secondary 
antibody (30 min). Photographs were taken with 
a fluorescence microscope (Axioimager.D1 Zeiss). 
The area of each color was quantified using the 
CellProfiler tool and Frida software was used to 
analyze the colocalization of MCJ with CD163.

TACE activity

Colon protein extracts were subjected to fluori-
metric SensoLyte 520 TACE (α-Secretase) activity 
assay kit (AnaSpec). Enzyme activity was moni-
tored using a BioTek Synergy HT microplate fluor-
escence reader (BioTek, Winooski, VT) at an 
excitation wavelength of 355 nm and an emission 
wavelength of 500 nm. Results are expressed as 
RFUs per mg of protein.

Colon macrophages RNAseq

Intestinal cells from murine colon tissues were 
extracted by several washing steps in 25 ml of 
Hank’s Balanced Salt Solution (HBSS) and by collage-
nase type IV-mediated cleavage (Gibco) in 2% FBS- 
RPMI media, a matrix-degrading enzyme. For 
macrophage isolation, extracted cells were labeled 
with 10 µl of anti-F4/80-Biotin antibody (Miltenyi 
Biotec) for 30 min followed by the addition of 10 µl 
of anti-biotin microbeads (Miltenyi Biotec). 
A multistand magnet and LS columns from 
Miltenyi Biotec were used to isolate macrophages by 
positive selection. RNA from eluted macrophages was 
purified using DEAD™ Reagent (ThermoFisher), and 
the pellet was resuspended in 10 µl of HyClone water 
(ThermoFisher). Finally, an off column DNAse treat-
ment was performed with RNase-Free DNase Set kit 
from Qiagen and resulting RNA was stored at −80°C. 
The quantity and quality of the RNAs were evaluated 
using Qubit RNA HS Assay Kit (Thermo Fisher 
Scientific), and Agilent RNA 6000 Nano and Pico 
Chips (Agilent Technologies), respectively.
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Sequencing libraries were prepared using the 
NuGEN Universal Plus mRNA-Seq kit (PART 
NO. 0508) following the user’s guide (M01442 
v2). Libraries were visualized on an Agilent 2100 
Bioanalyzer using Agilent High Sensitivity DNA kit 
(Agilent Technologies), quantified using Qubit 
dsDNA HS DNA Kit (Thermo Fisher Scientific) 
and sequenced in a HiSeq2500 with single-reads 
of 50 nucleotides.

Quality control of sequenced samples was per-
formed with FASTQC software (http://www.bioin 
formatics.babraham.ac.uk/projects/fastqc/). Reads 
were mapped against the mouse (mm10) reference 
genome with the STAR program to account for 
spliced junctions.29 The resulting BAM alignment 
files were then used to generate a table of raw 
counts using Rsubread.30 The raw counts table 
was the input for the Differential Expression (DE) 
analysis, carried out by DESeq2 to detect differen-
tially expressed genes among the different 
conditions.31 To analyze the functional GO anno-
tation enrichment of immunological and biological 
functions, and the pathways involved in colon 
macrophages, the Database for Annotation, 
Visualization and Integrated Discovery 
(DAVID),32 ToppGene33 and ToppCluster34 were 
used. Visualization of networks was obtained using 
Cytoscape.v3.0.2 software.35 Related genes to 
immunological processes were mapped with the 
ClueGO tool.36 For enriched motif discovery in 
colon macrophages genomic regions, the HOMER 
software was used using the findMotifs.pl script. 
Motifs of lengths between 10 and 12 nucleotides 
were considered in this analysis. RNAseq was vali-
dated by Real Time-PCR with Il10, Il1b, Lcn2 and 
Reg3b genes, which were chosen according to their 
log2 fold change. For that purpose, we synthesized 
cDNA with M-MLV reverse transcriptase 
(ThermoFisher Scientific). RT-PCR was performed 
on 384 well plates with the QuantStudio 6 Flex 
Real-Time PCR system (Thermo Fisher Scientific, 
Waltham, MA, USA) with PerfeCTa SYBR Green 
SuperMix Low ROX (Quantabio, Beverly, MA, 
USA) and amplification was analyzed by 
QuantStudio RT PCR software v1.3. Primers for 
Il10, Il1b, Lcn2, Reg3b and Rpl19 genes were opti-
mized (see annealing temperature in 
Supplementary Table S1) and to normalize colonic 
mRNA expression, the murine Rpl19 gene was 

used. mRNA relative quantification was calculated 
using the ΔΔCt method,37 and PCR efficiency was 
always between 90 and 110%.

DNA extraction and microbiome analysis

Colon contents from dysbiosis and anti-TNF 
experiments were collected at sacrifice, stored at 
−80°C, and freeze-dried. DNA was isolated using 
the FavorPrep Stool DNA Isolation Mini kit 
(Vienna, Austria). Eluted DNA concentration and 
quality was determined spectrophotometrically 
with a NanoDrop ND-100 Spectrophotometer 
(NanoDrop Technologies, Wilmington, DE, USA).

Microbial community composition of samples 
taken from colon content was determined using 
amplicon sequencing of the 16S rRNA gene as 
described in Pascual-Itoiz et al.9 The V3-V4 hyper-
variable region of the 16S rRNA gene of colonic 
bacteria was amplified using Illumina Miseq on 
a standard protocol from the manufacturer. 
Bacteria communities were grouped as OTUs 
(Operational Taxonomic Units) based on 16S 
rRNA similarities. Data processing was performed 
using QIIME (v.1.9.0),38 and sequences were clus-
tered as OTUs of 97% similarity with UCLUST.39 

As a final step, OTUs were checked for chimeras 
using RDP gold database, and taxonomy was 
assigned with the Greengenes database (version 
4feb2011).40 Differential abundance of OTUs was 
obtained using the DESeq2 tool31, and Rbase was 
used to create graphs.

Human RNAseq samples

Rectal gene expression signature composed of 5296 
genes differentially expressed (FDR <0.001 and fold 
change ≥1.5) between UC and control individuals, 
were obtained from Supplementary Dataset 1 from 
Haberman et al.3 Corticosteroid response asso-
ciated genes were presented by Haberman et al.3, 
and anti-TNF response data by West et al.14

Statistical analysis

Statistical analysis was performed using GraphPad 
software (GraphPad Software, San Diego, CA, 
USA). Results were graphed as box and whisker 
plots with median, quartiles, and range. The 
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significance was assessed by two-way ANOVA sta-
tistical test determined as *P value < 0.05, **P value  
< 0.01, ***P value < 0.001, and ****P value < 0.0001. 
Significance is represented by an asterisk or aster-
isks upside the box to indicate differences within 
the same genotype in different experimental con-
ditions, infliximab negative (IFX-) versus inflixi-
mab positive (IFX+), and cohoused infliximab 
positive (Coh) versus alone infliximab positive 
(Alone). Asterisks above the lines indicate differ-
ences between the different genotypes in the same 
experimental group.

Abbreviations

DSS Dextran sulfate sodium
FcγR Fc gamma receptor
HRP Horseradish Peroxidase
IBD Inflammatory bowel disease
IFX Infliximab
MCJ Methylation-controlled J protein
OTU Operational taxonomic unit
SCFA Short-chain fatty acid
TACE Tumor necrosis factor α-converting enzyme
TIMP3 Tissue inhibitor of metalloproteinase 3
TNF Tumour necrosis factor
UC Ulcerative colitis
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