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Abstract
Background While monoclonal antibodies against tumor necrosis factor-α (TNFα) are effective in treating Crohn’s disease 
(CD), approximately one-third of patients lose response. The mechanisms underlying this loss of response remain elusive.
Aim We sought to determine if novel biological pathways, including TNFα-independent inflammatory pathways, emerge in 
those with loss of response to anti-TNFα.
Methods Using RNA microarray technology in 28 patients with CD, we examined the colonic gene expression differences 
between those with active inflammation in the setting of loss of response to TNFα-antagonist therapy (“loss of responders”) 
compared to anti-TNFα naïve patients with active inflammation and those on anti-TNF therapy in disease remission. Pathway 
enrichment analyses were performed.
Results We found that colonic expression of chemokines known to drive inflammation (CXCL20, CXCL9, and CXCL10) was 
elevated in those with loss of response compared to those in remission. Expression of genes critical to modulating oxidative 
stress burden (DUOX2, DUOXA2, and NOS2) was also elevated. Additionally, MMP3, MMP1, and MMP12 were elevated in 
those with continued inflammation. Gene enrichment analysis revealed that loss of responders exhibited dysregulation in the 
cysteine and methionine metabolism pathway, suggesting alteration in oxidative stress burden. There were no differences in 
genes or pathways between loss of responders and those who were TNFα-naïve. However, loss of response occurred despite 
the ability of anti-TNFα therapy to normalize APO gene expression.
Conclusion Our analyses suggest that loss of response to anti-TNFα is not driven by the emergence of pathways that bypass 
the action or induce resistance to anti-TNFα therapy.
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Introduction

Landmark clinical trials for antibodies that target anti-tumor 
necrosis factor-α (anti-TNFα) have demonstrated their effi-
cacy in inducing and maintaining remission in Crohn’s dis-
ease (CD) [1–3]. However, up to a one-third of patients do 

not respond to these agents, and an additional one-third of 
patients experience secondary loss of response [4]. Spe-
cifically, among primary responders to infliximab (IFX), 
37% of patients eventually lose response at the rate of 13% 
per patient-years [4]. In placebo-controlled trials for adali-
mumab (ADA), 17–20% of patients lose response by week 
56 [5]. In the placebo-controlled trials for certolizumab 
(CZP), the rate of secondary loss of response at week 26 
was 38% [6]. Consequently, loss of response represents a 
significant clinical problem.

The mechanism for loss of response, nevertheless, 
remains elusive. Previous investigations into the mecha-
nism of loss of response have focused on drug levels and 
antibody formation. However, development of antidrug 
antibodies or sub-therapeutic trough concentration explains 
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loss of response in only a proportion of patients with CD, 
and many experience breakthrough inflammation despite 
therapeutic drug concentrations and no antidrug antibod-
ies [7]. Furthermore, combined immunosuppression with 
immunomodulators that suppress antibody formation has 
not been consistently shown to improve treatment durability 
or improve efficacy in all studies. Additionally, less immu-
nogenic humanized anti-TNF therapies (ADA, CZP) have 
similar rates of loss of response as the chimeric IFX [8, 
9]. Taken together, these data suggest that alternate TNFα-
independent biological pathways independent of antibody 
formation and drug level may contribute mechanistically to 
loss of response.

Emerging evidence supports a role for TNFα-independent 
pathways in perpetuating inflammation in CD. For exam-
ple, certain patients exposed to anti-TNFα agents para-
doxically experience inflammatory events. This includes 
a higher incidence of psoriasis in patients with rheuma-
toid arthritis receiving anti-TNFα therapy and new onset 
of IBD in patients with ankylosing spondylitis or juvenile 
arthritis being treated with IFX [10]. In addition, prolonged 
anti-TNFα exposure has been shown to upregulate several 
inflammatory pathways, including type I interferon-mediated 
inflammatory pathways [11]. Finally, it is well appreciated 
that many TNFα-independent pathways promote intestinal 
inflammation in CD. Consequently, we performed this study 
with the following specific aims: [1] To define differentially 
expressed genes and pathways in patients experiencing loss 
of response to anti-TNF therapy compared to those with 
inflammation in a TNFα-naïve setting, and [2] to compare 
genes and pathways correlating with remission to anti-TNFα 
therapy.

Methods

Study Approval

Human experimentation conformed to ethical standards and 
was approved by the Institutional Review Board (IRB) at the 
Massachusetts General Hospital.

Patient Selection

Patients 18 years and older with an established diagnosis of 
CD (ileocolonic or colonic), based on clinical, radiologic, 
endoscopic, and pathologic criteria, were eligible for study 
inclusion. For inclusion as the primary study population 
of interest, patients had to demonstrate a secondary loss 
of response to anti-TNFα therapy after achieving an initial 
response. Secondary loss of response was defined by evi-
dence of disease recurrence clinically (Harvey Bradshaw 
Index > 4) and endoscopically in those patients who had 

initial clinical and endoscopic remission after initiation of an 
anti-TNFα for at least 1 year. Patients were not on any con-
current therapy, including steroids or thiopurines. We did not 
have information on serum concentration of the anti-TNFα 
therapy in our patients. Exclusion criteria included lack of 
standard loading regimen for the anti-TNFα therapeutic, 
objective endoscopic evidence of active disease at the time 
of enrollment, isolated ileal Crohn’s disease, and primary 
non-response to anti-TNFα therapy.

We included two control groups into our study. To con-
trol for the effects of inflammation, we recruited patients 
naïve to anti-TNFα therapy who were undergoing colonos-
copy for assessment of disease activity prior to initiation of 
anti-TNFα therapy. To control for the effects of anti-TNFα 
exposure, we also included patients who were on anti-TNFα 
therapy for at least 1 year and had no evidence for active 
inflammation at the time of colonoscopy (Fig. 1).

Sample Collection

Colon biopsy samples were obtained from the mid-descend-
ing colon at a site of active inflammation in the cases of sec-
ondary loss of responders and those naïve to anti-TNFα with 
inflammation. It should be noted that biopsies were taken 
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Fig. 1  Study design. We compared the colonic gene expression 
of Crohn’s disease (CD) patients who developed a loss of response 
(N  =  10 patients), b CD patients with active colonic inflammation 
who had never been exposed to anti-TNFα therapy (N = 10 patients), 
and c CD patients who were in remission while on anti-TNFα therapy 
(N = 8 patients)



740 Digestive Diseases and Sciences (2018) 63:738–745

1 3

while loss of responders were still on anti-TNFα therapy, 
as the decision to alter the medical regimen had not been 
determined prior to colonoscopy. In those with a sustained 
response to anti-TNFα, colonic biopsies were also obtained 
from the mid-descending colon, although no inflammation 
was present in these cases. Collected tissue was used to per-
form histological and mRNA analysis.

Microarray Analysis

RNA was extracted from the biopsy specimens using the 
RNeasy Mini Kit (Qiagen, Valencia, California). The quan-
tity and quality of RNA were assessed using the Nanodrop 
ND-1000 spectrophotometer. Furthermore, fragment size 
and distribution (RIN) were quantified by Agilent Bioana-
lyzer. Total RNA was reverse transcribed into cDNA using 
the SuperScript Choice System (Invitrogen, Carlsbad, 
California), which includes both random hexamers and 
oligo(dT) primers. Nucleotides were hybridized overnight 
into the Affymetrix Human Genome U133 Plus 2.0 Array 
comprising 54,675 probe sets. The 28 samples were run on 
three different chips. Hybridization, washing, staining, and 
scanning were all normal. To ensure consistency, we also 
ran a cluster of all 28 samples and did not find any cor-
relation between the cluster they were put in and the chip 
the samples were loaded on. GenomeStudio software was 
used to perform average normalization, and we exported 
these normalized signal intensities, with values on a linear 
scale, to perform pairwise differential analyses. Pairwise 
differential gene expression was assessed using the moder-
ated (empirical Bayesian) t test implemented in the limma 
package (version 3.14.4) (i.e., creating simple linear models 
with lmFit, followed by empirical Bayesian adjustment with 
eBayes). All microarray analyses were performed using the 
R environment for statistical computing (version 2.15.1). 
We compared the gene expression profile of patients with 
secondary loss of response to those anti-TNFα naïve patients 
with active colonic inflammation and to those with dura-
ble response to anti-TNFα therapy who were in endoscopic 
remission.

Gene Set Enrichment

Gene set enrichment analysis was performed using publicly 
available software from the Broad Institute (http ://www.broa 
dins titu te.org/gsea /inde x.jsp) (Version 6.0) to identify the 
pathways that are most perturbed between the two groups. 
Pathways were classified using the KEGG pathway data-
base. The primary outcome of the analysis is the enrichment 
score (ES). The ES is an estimation of the degree to which a 
gene set is overrepresented at the top/bottom of the ranked 
gene list. The ES is then normalized (NES) for differences 
in gene set size and in correlations between gene sets and the 

expression dataset. A false discovery rate (FDR) of equal to 
or less than 25% was considered significant [12].

Results

Patient Demographics

Our study included twenty-eight patients with CD—ten 
patients each with secondary loss of response to anti-TNFα 
therapy and anti-TNFα naïve patients with active colonic 
inflammation, and eight patients with durable response to 
anti-TNFα therapy who were in endoscopic remission. The 
three groups were similar in gender, age, race, smoking his-
tory, and distribution of disease (Table 1). Those with anti-
TNFα loss of response were more likely to have stricturing 
or penetrating phenotype of their CD. No patients were on 
steroids or thiopurines in addition to anti-TNFα therapy. We 
did not have information on the serum concentration of anti-
TNF in our patients.

Upregulation in the Expression of Chemokines, 
Genes Involved in Oxidative Stress, and Intestinal 
Metalloproteinases in Loss of Responders Compared 
to Anti‑TNFα Responders

First, to identify genes associated with active inflamma-
tion, we compared colonic expression profiles from those 
who were in endoscopic remission on anti-TNFα therapy 
compared to those with secondary loss of response on 
this treatment. Several genes were overexpressed in those 

Table 1  Patient demographics

Loss of anti-
TNFα response
(N = 10)

Anti-TNFα 
naïve
(N = 10)

Anti-TNFα 
responder
(N = 8)

Sex (% female) 60 60 62.5
Age at diagnosis 19.2 24.9 24.3
Race (% Caucasian) 90 80 100
Ileal involvement (%) 100 100 100
Disease behavior (%)
 B1 10 10 37.5
 B1P 10 10 37.5
 B2 20 30 12.5
 B2P 30 10 0
 B3 20 20 0
 B3P 10 20 12.5

Smoking (%)
 Never 70 60 75
 Prior 30 40 25
 Active 0 0 0

http://www.broadinstitute.org/gsea/index.jsp
http://www.broadinstitute.org/gsea/index.jsp
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with secondary loss of response and active inflammation, 
and the top ten are listed in Table 2. The most upregulated 
gene in those with secondary loss of response was CCL20 
(fold change 10.71, adjusted P value 0.01), a gene which 
influenced by TNFα for its production [13]. Multiple other 
chemokines were also upregulated, including CXCL9 (fold 
change 6.30, adjusted P value 0.06) and CXCL10 (fold 
change 6.13, adjusted P value 0.05).

Second, three of the top ten genes that were overex-
pressed in loss of responders are involved in modulating 
oxidative stress burden, including DUOX2 (fold change 6.30, 
adjusted P value 0.06), NOS2 (fold change 8.01, adjusted P 
value 0.008), and DUOXA2 (8.43, adjusted P value 0.02).

Finally, we found that multiple metalloproteinases, such 
as MMP3 (fold change 5.57, adjusted P value 0.04), MMP1 
(fold change 5.33, adjusted P value 0.08), and MMP12 
(fold change 5.05, adjusted P value 0.04), were signifi-
cantly upregulated in those with secondary loss of response, 
accounting for three of the top 10 overexpressed genes.

Although not in the top ten list of genes, we observed an 
association in genes that have been demonstrated to track 
with Crohn’s activity, including IL1-beta, IL-8, and IL-6. We 
did not observe a significant increase in oncostatin M (fold 
change 1.7, adjusted P value 0.55), which has recently been 
shown to track with primary response [14].

Downregulation of Genes in Those with Loss 
of Response Compared to Anti‑TNFα Responders

Several genes were underexpressed in those with loss of 
response, the top ten of which are listed in Table 3. The most 
downregulated gene, based on fold change, was FAM151A 
(fold change − 5.18, adjusted P value 0.17), while the most 

significantly reduced gene, based on P value, was CNTFR 
(fold change − 5.12, adjusted P value 7.6 × 10−5).

Alteration in Cysteine and Methionine Metabolism 
in Loss of Responders

We next performed gene set pathway enrichment analyses 
from genome-wide colonic expression data in those with 
loss of response versus those who responded to anti-TNFα to 
identify inflammatory pathways that associate with second-
ary loss of response. We found the cysteine and methionine 
metabolism pathway to be significantly altered in those with 
loss of response (NES 1.64, FDR 0.25) (Fig. 2). Other path-
ways linked to CD pathogenesis and independent of TNFα, 
such as the JAK-SAT pathway, which is associated with a 
type I interferon response, were unchanged (NES 1.11, FDR 
1.0).

Comparison of Anti‑TNF Secondary Non‑responders 
to Anti‑TNF Naïve Inflammation

Next, we compared the colonic expression profile in patients 
with secondary loss of response to those with CD naïve to 
anti-TNFα who exhibited colonic inflammation to identify 
unique genes and pathways that are associated with second-
ary loss of response in the setting of anti-TNF use. There 
was no significantly differentially expressed gene between 
the two groups, using an adjusted P-value of 0.05 or less. 
The top 10 genes are listed in Table 4. The three genes most 
associated with loss of response to anti-TNFα therapy were 
APOC3 (fold change 10.71, unadjusted P value 5.0 × 10−4), 
APOA1 (fold change 8.43, unadjusted P value 7.0 × 10−4), 
and APOA4 (fold change 8.01, unadjusted P value 0.01) 
(Table 4). All three of these genes were upregulated in 
the colonic mucosa of CD patients who lose response to 

Table 2  Increased expression of genes from colonic biopsies in 
Crohn’s patients with loss of response to anti-TNFα therapy versus 
those who respond

*Boneferroni corrected; **calculated by weighing of fold change and 
P value

Gene Fold change P value Adjusted P 
value*

Rank**

CCL20 10.71 3.7 × 10−6 0.01 1
DUOXA2 8.43 3.0 × 10−5 0.02 2
NOS2 8.01 2.4 × 10−6 0.008 3
SERPINA3 7.31 7.0 × 10−4 0.07 4
UBD 7.15 1.4 × 10−3 0.10 5
MMP1 5.34 5.1 × 10−6 0.01 6
CXCL9 6.30 5.0 × 10−4 0.06 7
CXCL10 6.13 3.0 × 10−4 0.05 8
DUOX2 6.02 1.0 × 10−4 0.05 9
MMP3 5.57 7.0 × 10−4 0.04 10

Table 3  Decreased expression of genes from colonic biopsies in 
Crohn’s patients with loss of response to anti-TNFα therapy versus 
those who respond

*Boneferroni corrected; **calculated by weighing of fold change and 
P value

Gene Fold change P value Adjusted P value* Rank**

FAM151A − 5.18 0.005 0.17 1
CNTFR − 5.13 1.6 × 10−9 7.6 × 10−9 2
SULT2A1 − 4.81 0.006 0.19 3
G6PC − 4.39 0.0004 0.05 4
CDHR1 − 3.30 0.0001 0.03 5
TNC22 − 2.96 0.0003 0.05 6
ESRRG − 2.40 0.0004 0.05 7
SLC25A34 − 2.23 0.0004 0.05 8
FZD7 − 2.14 9.1 × 10−5 0.03 9
MYOM3 − 2.10 6.2 × 10−5 0.03 10
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anti-TNFα therapy compared to those with active inflam-
mation naïve to anti-TNFα therapy.

We also performed gene set enrichment analyses compar-
ing the expression profiles between these two groups. There 
were no differences in the examined pathways between the 
groups, including the cysteine and methionine pathways.

Discussion

Secondary loss of response is an important clinical prob-
lem in Crohn’s disease and is associated with significant 
morbidity. While sub-therapeutic dosing and development 
of antidrug antibodies explain this mechanism in some, 
many patients with loss of response have breakthrough of 
their inflammation despite adequate drug levels suggesting 
alternative mechanisms including upregulation of non-TNF-
dependent pathways may contribute to this phenomenon. In 
this study, we demonstrate that loss of response to anti-TNF 
therapy is associated with upregulation of several inflamma-
tory genes that may partially depend on TNFα for their pro-
duction, drive inflammation, or cleave anti-TNFα, compared 
to those with sustained responders. However, there were no 
pathways that were uniquely different between those with 
anti-TNF loss of response and anti-TNF naïve inflammation, 
suggesting that emergence of non-TNF-dependent pathways 
may not be the mechanism underlying loss of response.

Loss of response to anti-TNFα represents a significant 
clinical problem, with estimates suggesting one-third of 
patients receiving anti-TNFα therapy will lose response after 
achieving an initial response. Although the mechanism for 
loss of response is likely multifactorial, the preponderance of 
work to date has focused on correlating serum levels of anti-
TNFα drugs or the presence of antibodies directed against 
the medications to loss of response. However, clinical trials 
have identified patients who exhibit loss of response despite 
adequate drug levels and no antibodies [7], suggesting other 
pathways may be involved. One hypothesis offered by our 
findings is that loss of response to anti-TNF therapy may 
be due to oxidative stress. In our analysis, the cysteine and 
methionine pathway was dysregulated in those with anti-
TNF loss of response compared to those with sustained 
response. This pathway plays an important role in the pro-
duction of critical mediators of oxidative stress, including 
nicotinamide adenine dinucleotide phosphate (NADPH) and 
s-adenosylmethionine (SAM). These proteins contribute to 
the production of free oxygen radical scavengers, which 
defend the host against oxidative stress. Its dysregulation 
suggests an increased oxidative stress burden in loss of 
responders. We also found expression of MMP3 to be higher 
in responders. Notably, higher levels of oxidative stress have 
been demonstrated to induce expression of MMP3 [15]. 
MMP3 in turn cleaves anti-TNFα, making the agent less able 

to neutralize TNFα and protect against inflammation [16]. 
Consistent with this, we found that the colonic expression 
of MMP3 to be significantly elevated in loss of responders. 
It is feasible, therefore, that as oxidative stress drives more 
of the inflammation seen in CD, this induces MMP3 produc-
tion, breakdown of anti-TNFα therapy, and resulting loss of 
response. Another potential explanation is that the increased 
oxidative stress burden alters the intestinal microbiome [17], 
leading to overexpression of other inflammatory pathways.

Additionally, we found that the ability of anti-TNFα 
therapy to normalize APOA4 levels did not correlate with 
improved outcome in loss of responders. In fact, we found 
that those with loss of response had elevated levels of cer-
tain APO genes, although not statistically significant. This is 
contrast to previous data suggesting higher levels of APO4 
associate with improved outcomes in patients with IBD [18]. 
The explanation for this observation is not clear; however, 
it is well documented that APOA1 and APOA4 are lipopro-
teins with antioxidant properties. Therefore, in line with our 
previous findings, the upregulation of these antioxidant lipo-
proteins may be in response to the increased oxidative stress 
burden in those with loss of response. Accordingly, this 
upregulation may be a result of increased oxidative stress 
in the tissue as opposed to a direct of anti-TNFα therapy.

The etiology for secondary loss of response is likely mul-
tifactorial. For one, the presence of anti-TNF antibodies may 
influence the efficacy of therapy. In similar fashion, there are 
data suggesting autoantibodies, such as antinuclear antibod-
ies (ANA) and double-stranded DNA (anti-dsDNA), con-
tribute to loss of response. In a study of patients with pso-
riasis, non-responders to anti-TNF therapy displayed higher 
levels of these autoantibodies and concentrations of these 
antibodies, suggesting a potential interaction with these anti-
bodies and treatment success [19]. Furthermore, Brandse 
et al. demonstrated that loss of drug in the stool associates 
with drug levels and likelihood for continued response [20]. 
Although this study looked at primary non-response, it is 
possible that loss of drug in the stool may also contribute 
to secondary loss of response. Additionally, studies have 
associated the presence of obesity and smoking with loss of 
response [21, 22].

The limitations of our study must be noted. First, our 
sample size may not be sufficient for identification of bio-
logically relevant genes and pathways. Larger cohorts are 
necessary to more robustly define mechanistic basis of loss 
of response. Second, we did not routinely obtain serum or 
fecal anti-TNFα levels, both of which have been associated 
with loss of response. Finally, the presence of antibodies 
to anti-TNFα was not available in our dataset, and conse-
quently, we were unable to compare loss of response in those 
with sub-therapeutic dosing compared to those who have 
breakthrough in spite of adequate circulating drug. Future 
studies investigating for the mechanism of loss of response 
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to anti-TNFα should address these limitations and specifi-
cally examine if the dominant pathways are different with 
loss of response occurring in the setting of sufficient circu-
lating anti-TNFα levels.

There are a few strengths of our study. Most prior studies 
have examined gene expression at baseline in the context 
of primary response to anti-TNFα therapy; few have exam-
ined mechanisms that pertain to loss of response. This is an 
important question as drug pharmacokinetic factors alone 
are insufficient in their ability to predict loss of response in 
many. In particular, whether anti-TNFα exposure induces 
emergence of other non-TNFα-dependent inflammatory 
pathways as has been hypothesized remains to be robustly 
established, but is critically important with the emergence 
of therapies with distinct mechanisms of action, including 
anti-integrin and anti-IL23 therapies.

In conclusion, our data suggest that increasing oxida-
tive stress may be one mechanisms for loss of response 
to anti-TNFα therapy, potentially through the ability of 
oxidative stress to upregulate genes that promote break-
down of anti-TNFα therapy. However, no pathways were 
uniquely different between those with anti-TNFα loss of 
response and anti-TNFα naïve inflammation, suggesting the 

loss of response may not be due to upregulation of TNFα-
independent inflammatory pathways. Further study is needed 
to understand the mechanism by which patients develop loss 
of response to anti-TNFα therapy.
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