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Definition
Crohn’s disease (CD) is a chronic disorder characterized by full thickness patchy inﬂammation of the
gastrointestinal tract. The pathogenesis is multifactorial and involves defective innate immune
responses, microbiome alterations, and dysregulated activation of the acquired component of
mucosal immunity. One of the molecular mediators that is involved at diﬀerent levels in the initiation
and progression of intestinal inﬂammation characteristic of CD is tumor necrosis factor (TNF).

1. TNF in The Pathogenesis of Crohn’s Disease: A Dichotomous Role
TNF is a homotrimer of 157 amino acid subunits, primarily produced in soluble or transmembrane form by
activated macrophages, although other immune cells, such as dendritic cells, T cells, B cells, and mast
cells—but also epithelial and endothelial cells and ﬁbroblasts—can be induced to express TNF

[1].

TNF

exerts its functions by the interaction with two membrane receptors, TNFR1 and TNFR2. The ﬁrst is
expressed by every type of cell, has a cytoplasmic death domain, and probably mediates most of the
biologic eﬀects of TNF. After binding of soluble or membrane-bound TNF, the inhibitory protein silencer of
death domains (SODD) is released from TNFR1′s intracellular domain (ICD). It is then recognized by the
adaptor protein TNF receptor–associated death domain (TRADD), which in turn recruits additional adaptor
proteins such as receptor-interacting protein (RIP), TNFR-associated factor 2 (TRAF2), and Fas-associated
death domain (FADD). Diﬀerent pathways are activated, resulting in apoptosis induction by caspases upon
the initial cleavage of caspase 8 and the activation of two major transcription factors such as c-Jun and
NF-κB. These transcription factors regulate a large number of genes involved in proliferation,
inﬂammation, and immune response. TNFR2 expression is limited to endothelial, hematopoietic, and
immune cells, and after binding with TNF, it recruits TRAF2 and initiates a molecular cascade that ﬁnally
results in kinase and NF-κB activation. Extensive crosstalk exists among the diﬀerent pathways stimulated
by TNF at the cellular level, and multiple biological eﬀects may result in the stimulation of diﬀerent cell
types by TNF

[2]

. In addition, the pleiotropic eﬀect on apoptosis regulation by TNF may be related to the

crosstalk between this molecule and other receptors, such as receptor tyrosine kinases (RTKs)

[3],

or other

pathways, such as the Ras-association domain family member (RASSF)-dependent activation of Hippo
pathway

[4]

.

1.1. The Classical Pro-Inflammatory Effect of TNF
TNF was identiﬁed in 1975 and puriﬁed and cloned in 1985 [5][6]. Initial research focused on the potential
clinical applications associated with anti-neoplastic eﬀects observed in pre-clinical studies. However,
clinical trials subsequently showed disappointing results for lack of clinical beneﬁts and high toxicity.
Afterwards, the observation of increased TNF in serum and feces of IBD patients, and the characterization
of experimental models of TNF-dependent systemic and intestinal inﬂammation opened the door to
identifying the pro-inﬂammatory eﬀects of TNF and its potential relevance in IBD pathogenesis [7]. During
inﬂammation, TNF is a crucial mediator in the late phase of the inﬂammatory cascade. TNF is also
responsible for the maintenance and chronicity of intestinal mucosal inﬂammation through recruitment
and activation of lymphocytes and granulocytes, local expression of adhesion molecules on endothelial
cells at the site of inﬂammation, secretion of pro-inﬂammatory mediators (IFNγ and IL-6) and radical
oxygen species, and the formation of edema and granulomata

[8].

The relevant pro-inﬂammatory role of

TNF in IBD is deﬁnitively conﬁrmed by the impact that the drugs blocking TNF have had on the
management of IBD patients, not only for symptom relief, but for the eﬀects on more consistent outcomes
of disease such as mucosal healing and reduced surgery

[9].

1.2. Potential Protective and Anti-Inflammatory Effect of TNF
Aside from its proinﬂammatory function, consistent data exist regarding the role of TNF in mucosal
homeostasis. TNF represents a fundamental cytokine of innate immunity that has an important role in
maintaining the homeostatic balance between luminal contents (i.e., microbiota, pathogenic bacteria) and
the mucosal immune system, actively participating in intestinal barrier function. In an experimental
model of intestinal inﬂammation, such as dextran sulfate sodium (DSS)-induced colitis, an incremental
increase in colitis severity was observed in mice after monoclonal anti-TNF administration

[10][11].

Additionally, immunodeﬁcient mice (RAG knockout (KO)) that lacked expression of TNFR1 had higher
mortality and impaired epithelial regeneration

[12].

Similar results were observed in another model of

experimental colitis (2,4,6-Trinitrobenzenesulfonic acid (TNBS))

[13].

The exact molecular pathways that

mediate the protective eﬀects of TNF on the intestinal mucosa are not completely clear, but several
hypotheses can be considered. In particular, the diﬀerent anti- vs. pro-inﬂammatory eﬀects of TNF could
be caused by diﬀerent cellular sources and/or mucosal site/targets of TNF, diﬀerent responses elicited,
and the direct eﬀects on enhancing intestinal barrier integrity. Most of the TNF involved in the
inﬂammatory cascade is produced by activated macrophages and lymphocytes, whereas smaller
amounts can be produced by epithelial cells, and that may be partly directed against luminal bacteria and
partly stimulate the enhancement of barrier defense by means of reducing permeability and stimulating
protective factors production, such as chemokines (i.e., defensins). In a spontaneous mouse model closely
resembling human CD, the SAMP1/YitFc (SAMP) model of CD-like ileitis, administration of a multispecies
compound of probiotics at a high dose before the onset of intestinal disease eﬀectively prevented
intestinal inﬂammation by stimulation of epithelial TNF and a consequent permeability decrease, and
interestingly, the preventive eﬀect was abrogated by the administration of recombinant anti-TNF [14]. This
ﬁnding was further conﬁrmed by in vitro experimentation indicating that pre-treatment of ilea from preinﬂamed SAMP mice with probiotic-conditioned media or TNF decreased ileal paracellular permeability by
modulating tight junction proteins

[15].

The relevance of TNF and other innate cytokines in regard to

intestinal homeostasis has also been conﬁrmed by the link between the pattern recognition receptors
(PRR) pathway and production of such molecules, mediated by the MyD88 signaling adaptor protein. In
line with these ﬁndings, mice deﬁcient in MyD88 had more severe colitis and higher morbidity after DSS
administration, due to the lack of upregulation of innate cytokines, including TNF and IL-1β [16]. Another
mechanism by which TNF may exert its protective role within the intestinal mucosa is by limiting the
progression of inﬂammation through the stimulation of apoptosis of eﬀector immunocytes within the
lamina propria that have important roles in eliminating intruding luminal bacteria

[17]

. Moreover, TNF has

been shown to stimulate the production of mucosal glucocorticosteroids with anti-inﬂammatory activity at
mucosal sites after acute injury

[18]

. Recently, a TNFR2-mediated regulatory eﬀect of TNF on the

expression of IL17 in Treg lymphocytes was shown, suggesting a potential reciprocal regulation between
these two cytokines

[19][20]

. Although consistent crosstalk and overlapping functions exist between TNFR1

and TNFR2, the latter is likely to electively mediate homeostatic eﬀects such as cell proliferation/survival
and tissue regeneration

[21].

1.3. Potential Clinical Implications
Taken together, those ﬁndings suggest a deﬁnite distinct role of TNF in the early vs. late phase of the
inﬂammatory process leading to Crohn’s disease

[22]

. In the early phase, as a breach in the innate

immune defense and of the intestinal barrier seems to be the relevant momentum for the initiation of the
inﬂammatory cascade, TNF may contribute to straighten the innate response in that crucial phase. In the
late stage, TNF substantially contribute to the maintenance of the chronic inﬂammation characteristic of
the active state of the disease (Figure 1). Drugs blocking TNF in that phase of the disease may
consistently reduce the inﬂammatory state, with evident clinical short- and long-term beneﬁts that will be
discussed in the next section. Nonetheless, since many patients do not respond to anti-TNF therapy, it
could be possible that in those patients, the inhibition of protective role of TNF prevails over the antiinﬂammatory eﬀect consequent to its block. Another potential implication of the dual role of anti-TNF in
the diﬀerent disease phases regards the appropriate timing of the pharmacological block of the TNF. Early

intervention is generally associated with a higher response rate, but the positive pre-clinical role of the
TNF in the maintenance of mucosal homeostasis may be considered for the future design of clinical trials,
considering with high caution very early or even preventive treatments involving TNF block. Indeed, the
growing clinical data (which will be further discussed in the next section) indicating a better clinical
eﬃcacy of anti-TNF in early vs. long-standing CD mainly refers to the time from the diagnosis of the
disease, which probably already corresponds to the late phase of the pathogenetic inﬂammatory process.
Conversely, the early inﬂammatory phase, where TNF may exert a protective role, is essentially preclinical, whereas symptoms (that may lead to the diagnosis) occur only when the inﬂammatory process is
fully established. In patients with long-lasting CD, the inﬂammatory burden tends to be less prominent,
while ﬁbro-stenotic complications increase. Notwithstanding the pro-ﬁbrotic eﬀect of TNF

[23],

a potential

preventive role of anti-TNF drugs on strictures in CD patients is not demonstrated, so that a more
consistent eﬀect of that drugs is observed in early uncomplicated disease. Moreover, since proinﬂammatory cytokines’ cascade includes many overlapping and interacting pathways, TNF appears to
have a regulatory role for other pro-inﬂammatory mediators that may be overstimulated after its block.
Therefore, in particular for complicated patients, the increased comprehension of such molecular
pathways may lead to the development of future therapeutic strategies implying multiple simultaneous
pro-inﬂammatory pathways block.

Figure 1. Schematic representation of the dichotomous role of TNF in CD pathogenesis. In the early
phase of the inﬂammatory process, TNF has protective eﬀects on the intestinal mucosa, whereas in the
late phase of disease, TNF has consistent pro-inﬂammatory eﬀects. For detailed description, please refer
to the text.

2. The TNF Block as a Therapeutic Target in Crohn’s Disease:
Current Drugs Available
There are currently three anti-TNF drugs approved by the US Food and Drug Administration (FDA) for the
treatment of CD patients: inﬂiximab, adalimumab, and certolizumab pegol. Certolizumab pegol is not
approved by European regulatory agency (European Medicine Agency—EMA)

[24]

.

Inﬂiximab is a chimeric IgG1 monoclonal antibody against TNF, and it was the ﬁrst anti-TNF drug approved
by FDA for the treatment of CD (in 1998, and by EMA in 1999), ﬁrst demonstrating eﬃcacy in 1997

[25]

. It

can ﬁx, complement, and lyse cells expressing membrane-bound anti-TNF with a potent anti-inﬂammatory
eﬀect at the intestinal mucosal site involving probably more unknown pathways. It is administered in
intravenous infusions at weeks 0, 2, and 6 (induction) and then every 8 weeks (maintenance). Pivotal
trials demonstrating its eﬃcacy in CD patients are the ACCENT I
[28]

[26]

and II [27], as well as the SONIC trial

, but more trials and real-life studies further conﬁrmed drug eﬃcacy and safety.

Adalimumab is a human IgG1 anti-TNF antibody that was approved for clinical use in CD patients by the
FDA in 2002 and by the EMA in 2003. It has the ability to ﬁx complement and lyse cell expressing TNF,
and it is administered by subcutaneous injection every other week. Among many studies demonstrating
eﬃcacy and safety of that drug in CD patients, the CLASSIC I and II
induction and maintenance of remission, while CHARM

[31]

, GAIN

[29][30]

[32]

trials demonstrated eﬃcacy in

, and Extend [33] trials proved the

eﬃcacy of the drug in ﬁstulizing disease, as a second line after inﬂiximab failure, and for mucosal healing
achievement.
Certolizumab pegol is a PEGylated Fab’ fragment of a humanized monoclonal anti-TNF antibody with a
high binding aﬃnity for soluble and transmembrane TNF and less immunogenicity side eﬀects due to the
lack of the Fc portion. It does not induce apoptosis nor ﬁx complement. It is administered subcutaneously
and, having a longer half-life than adalimumab due to the PEG addition, has a maintenance dosing every
month. The registrative trials PRECISE 1

[34]

, PRECISE 2 [35], and PRECISE 3 [36] demonstrated the eﬃcacy

of the drug in CD patients, but relevant endpoints, such as induction of remission and response rate over
placebo at week 6 and 26, were not achieved. The drug is not approved for clinical utilization for CD by
the EMA, but it was approved by the FDA in 2008 for the treatment of signs and symptoms in CD patients
who fail to respond to other conventional treatments.
Data of the main clinical trials of the three anti-TNF agents currently used in CD patients are summarized
in Table 1. Those drugs, which so profoundly revolutionized the therapeutic approach in IBD patients, still
represent the cornerstone of treatment for moderate–severe CD. The eﬃcacy of anti-TNF in inducing and
maintaining of response and remission in CD patients has been further conﬁrmed by a network metaanalysis including 10 studies, with no clear superiority among drugs [37]. Indeed, besides the eﬃcacy for
inﬂammatory luminal disease, such therapies have been proven beneﬁcial in speciﬁc complex clinical
situations, such as prevention of post-operative recurrence
concurrent extra-intestinal manifestation

[40]

[38]

, peri-anal ﬁstulizing disease

, and small bowel stenosis

[41]

[39]

,

. Therefore, notwithstanding

the novel drugs already available, anti-TNF agents (inﬂiximab, adalimumab, and certolizumab) still
represent indispensable tools in the therapeutic armamentarium for CD management.
Table 1. Pivotal clinical trials of the three anti-TNF drugs approved for CD patients.

Drug

Inﬂiximab (IFX)

Trials
(Ref)

ACCENT I
(72)
ACCENT
II (73)
SONIC
(74)

Patients

335/573
responders at
week 2
282
222

End-Points

Results

Remission at week 30
Fistulas’ healing at week 54
Steroid-free remission and
mucosal healing at week 26

IFX 5 mg/Kg: 44/113 (39%)
IFX 10 mg/Kg: 50/112 (45%)
Placebo: 23/110 (21%)
IFX induction + 8 week
maintenance: 50/138 (36%)
IFX induction + placebo:
27/144 (19%)
Remission—IFX + AZA: 96/169
(57%)
IFX: 75/169 (44%)
AZA: 51/170 (30%)
Mucosal healing—IFX + AZA:
47/107 (44%)
IFX: 28/93 (30%)
AZA 18/109 (17%)

Trials
(Ref)

Drug

Adalimumab
(ADA)

Certolizumab
pegol (CZP)

CLASSIC I
(75)
CLASSIC
II(76)
CHARM
(77)
GAIN (78)
Extend
(79)

PRECISE1
(80)
PRECISE2
(81)
PRECISE3
(82)

Patients

299
259
499/854
responders at
week 4
325
135

655
425
241 from
PRECISE2

End-Points

Results

Remission at week 4
Remission at week 56
Remission at week 26 and 56
Fistulas healing at week 56
Remission rate at week 4 in
patients IFX non responders
Mucosal healing
at week 12 and 52

ADA 160/80 mg: 27/76 (36%)
ADA 80/40 mg: 18/75 (24%)
ADA 40/20 mg: 13/74 (18%)
Placebo: 9/74 (12%)
ADA 40 mg/2 week: 15/19
(79%)
ADA 40 mg/week: 15/18 (83%)
Placebo: 8/18 (44%)
ADA with dose optimization:
93/204 (46%)
Week 26—ADA 40 mg/2 week:
68/172 (40%)
ADA 40 mg/week: 75/157
(47%)
Placebo: 29/170 (17%)
Week 56—ADA 40 mg/2 week:
62/172 (36%)
ADA 40 mg/week: 65/157
(41%)
Placebo: 20/170 (12%)
ADA 40 mg/2 week: 10/30
(33%)
ADA 40 mg/week: 11/40 (28%)
Placebo: 6/47 (13%)
ADA: 34/159 (21%)
Placebo: 12/166 (7%)
Week 12—ADA 40 mg/2 week:
17/62 (27%)
Placebo: 8/61 (13%)
Week 52—ADA 40 mg/2 week:
15/62 (24%)
Placebo: 0/61 (0%)

Remission at week 6 and 26
Remission at week 26
Remission at week 52 and 80

Week 6—CZP: 71/329 (22%)
Placebo: 57/326 (17%)
Week 6 and 26—CZP: 47/327
(14%)
Placebo: 32/326 (10%)
CZP: 103/215 (48%)
Placebo: 61/210 (29%)
Week 52—CZP continuous
group: 58/141 (41%)
Drug-interruption group *:
30/100 (30%)
Week 80—CZP continuous
group: 51/141 (36%)
Drug-interruption group *:
23/100 (23%)

* Patients who had CZP from week 0 to 6, then placebo from week 6 to 26 (from PRECISE2), then CZP to
week 80 (in PRECISE3).
Other anti-TNF drugs did not show eﬃcacy in RCTs in CD patients including: etanercept [42], a soluble form
of the p75 receptor that inhibits TNF, already approved for rheumatologic and dermatologic indications;
CDP571

[43]

, an engineered human monoclonal antibody against TNF; and onercept [44], a recombinant

soluble human p55 receptor to TNF. The reasons for the lack of eﬃcacy of such anti-TNF agents are not
completely clear: CDP571 is an IgG4 antibody, while inﬂiximab and adalimumab are IgG1, and such a
diﬀerence may lead to some alterations that may be relevant for the clinical actions. For etanercept and
onercept, the crucial issue is probably the fact that they bind only the soluble form of TNF, which is most
likely not suﬃcient to determine clinical eﬀects in CD. Moreover, since etanercept is largely used in
rheumatology and dermatology, consistent risk for new onset or exacerbation of IBD has been described
[45][46]

. A possible explanation is that, as etanercept is a soluble TNFRII receptor, it binds not only the TNF

but even other ligands such as lymphotoxin-α, which is a relevant cytokine for mucosal homeostasis

[47]

.

Besides etanercept, the possible onset of IBD in patients treated with others anti-TNF for nongastroenterological

indications

is

rarely

reported

[45]

, further reﬂecting the complexity and the

redundancy of the TNF pathway, and the possibility that, in a subset of patients, the block of TNF may
worsen the inﬂammatory process.
Despite the widespread use of anti-TNF agents since the last two decades, some open issues are still up
for debate. According to clinical trials and real-life studies, about 20% of patients do not respond to antiTNF ab initio (primary failure), and about 20–30% of patients are likely to lose response every year
(secondary failure). Therefore, a consistent portion of patients would need a second-line therapy or a
surgical approach. In order to increase eﬃcacy of therapy and to ideally aﬀect the natural course of the
disease, “early treatment” has been proposed—by 2 years from the initial diagnosis—in selected CD
patients with features of severe disease (i.e., young age, extensive intestinal involvement, perianal
disease, smokers). In the SUTD (Step Up vs. Top Down) trial, an early immunosuppression plus inﬂiximab
administration was associated with a higher clinical remission rate at 2 years in 133 CD patients
compared to patients with conventional management

[48].

In the REACT trial, in a larger set of patients

(more than 1700) comparing early immunosuppression plus adalimumab vs. conventional management,
only a trend for a higher rate of clinical remission at 2 years was found in the early treatment group, but
when more consistent outcomes were considered (hospital admission, surgery, and serious diseaserelated complications), a signiﬁcant diﬀerence emerged [49].
The observation that anti-drug antibodies are associated with infusion reactions and loss of response—
and that therapeutic eﬃcacy is coupled with adequate blood drug level—has pushed toward the concept
that the measurement of such parameters (i.e., anti-TNF Ab and drug trough levels) would optimize antiTNF drug utilization

[50]

. Therapeutic drug monitoring (TDM) can be used in two main clinical settings: in

primary and secondary biologic failure patients in order to more appropriately assess consequent
therapeutic strategy such as optimization, switch-in-class, switch-out-of-class (reactive TDM) or in patients
in remission to drive to a tailored approach to drug administration to maintain eﬃcacy and minimize sideeﬀects (pro-active TDM)

[51].

Despite the rational and the cost-saving eﬀect, no decisive evidence is

available for a signiﬁcant superiority of TDM over the sole clinical approach both for the reactive and proactive monitoring. Yanai et al. demonstrated in a retrospective study that TDM can help in the
management of patients who lost response to inﬂiximab and adalimumab

[52].

A Danish cohort study

indicated that TDM-guided management had a similar clinical outcome at 12 weeks as an empirical
approach, but was cost-eﬀective

[53],

and some studies conﬁrmed that ﬁnding

[54][55].

For pro-active TDM,

even less evidence is available, and the two main trials addressing the potential utility of that approach;
i.e., the TAXIT and TAILORIX trials failed to show signiﬁcant beneﬁts over the clinical based management
[56][57].

Considering that—and the fact that controversies exist for assay methods and reference levels—

TDM is generally not routinely performed in clinical practice, but it can be useful in the management of
anti-TNF failure patients.
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