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CD	 Crohn’s disease
CDI	 Clostridioides difficile infection
CMV	 Cytomegalovirus
CNS	 Central nervous system
CSF	 Cerebrospinal fluid
ELISA	 Enzyme-linked immunosorbent assay
HAV	 Hepatitis A virus
HBV	 Hepatitis B virus
HSV	 Herpes-simplex virus
IBD	 Inflammatory bowel disease
ICAM-1	 Intercellular adhesion molecule 1
JCV	 JC virus
LAD	 Leukocyte adhesion deficiency
LFA-1	 Lymphocyte function-associated antigen-1
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MAdCAM1	 Mucosal address cell adhesion molecule
MRI	 Magnetic resonance imaging
MS	 Multiple sclerosis
PLEX	 Plasma exchange
PML	 Progressive multifocal leukoencephalopathy
TB	 Tuberculosis
TNF-α	 Tumor necrosis factor α
UC	 Ulcerous colitis
VCAM-1	 Vascular cell adhesion molecule 1
VLA-4	 Very late antigen-4
VZV	 Varicella-zoster virus

�Introduction

Integrins are transmembrane receptors that play a key role in cell adhesion and intra-
cellular signaling. Integrins located on the leukocyte surface are essential for the 
recruitment of leukocytes from the vasculature to the tissues and are successfully used 
as therapeutic targets to modulate inflammation [1, 2]. The first drugs targeting the 
integrin molecules were the α4-integrin subunit inhibitor natalizumab and the lym-
phocyte function-associated antigen-1 (LFA-1) β2-integrin inhibitor efalizumab [1]. 
Their main mechanism of action is based on blocking the migration of lymphocytes 
and therefore decreasing the inflammatory reaction in the brain and the intestinal 
mucosa. These drugs were initially developed for treating autoimmune disorders, 
such as multiple sclerosis (MS) and inflammatory bowel disease (IBD) for natali-
zumab, and psoriasis for efalizumab [1]. Early in the introduction process of the drug, 
several cases of PML were reported with the use of natalizumab and efalizumab, 
which led to the withdrawal of both drugs. After a review process taking into consid-
eration the efficacy of the drug for progressive MS and the stratification of the indi-
vidual risk for developing PML, natalizumab was reintroduced for therapy of severe 
forms of MS, in particular in patients with low risk for the development of PML [2]. 
However, natalizumab is only rarely used in patients with IBD due to the availability 
of equally effective and safer drugs [3]. Vedolizumab, a novel α4-integrin-targeted 
agent, specifically blocking α4β7 integrin only present in the intestinal mucosa, has 
not been associated with PML and is approved for IBD [4, 5]. In this chapter, we will 
review the mechanism of action and potential infection risk of natalizumab and vedol-
izumab, and we will describe the proposed preventive and therapeutic measures for 
decreasing the risk of infection in patients receiving these drugs.

�Integrins Overview

�Integrins: A Complex Structure with Unique Biology

Integrins represent an important family of transmembrane receptors that mediate 
cell–cell and cell–extracellular matrix interactions and play a key role in cell 
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adhesion. These complex receptors are type I αβ-heterodimers comprising two sub-
units, and each integrin is named for the one α-chain and one β-chain that compose 
it. To date, 24 different heterodimers have been identified in humans, derived from 
the combination of 18 α and 8 β subunits. The complex structure contributes to the 
distinct functions of each integrin as well as their distribution and tissue specificity. 
All integrins carry out two main functions: cell adhesion and intracellular sig-
naling [1].

In contrast to most receptors, transmitting information from the cell’s exterior to 
the interior, integrins propagate signals in a bidirectional way. The heterodimeric 
receptors undergo large conformational changes in the extracellular domains in 
response to signaling events inside the cell, initiated by various intracellular adaptor 
molecules. This process, known as “inside-out signaling,” leads to integrin activa-
tion and an increased affinity for their ligands and is therefore essential for ligand 
binding and cell adhesion. In the absence of activating signals, integrins have an 
inactive, bent conformation, and the ligand-binding site is not exposed, thus not 
readily accessible to ligands. In the opposite direction, ligand binding induces inte-
grin clustering (a process which brings the signaling domains of integrin-proximal 
proteins close together), which in turn leads to the initiation of intracellular signal 
transduction, implicating various intracellular enzymes and involved in multiple 
cellular functions in a process commonly known as “outside-in signaling” [1, 6] 
(Fig. 14.1).
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Fig. 14.1  Mechanism of action of integrins. Integrins propagate signals in a bidirectional way: 
large conformational changes in the extracellular domains occur as a response to signaling events 
inside the cell (“inside-out signaling”), leading to integrin activation which is required for ligand 
binding and cell adhesion. In the absence of activating signals, integrins have an inactive, bent 
conformation, and the ligand-binding site is not readily accessible. In the opposite direction, ligand 
binding induces integrin clustering, leading to integrin-mediated intracellular signal transduction 
(“outside-in signaling”)
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�Leukocyte Integrins

Six integrins are exclusively expressed on the surface of leukocytes αLβ2, αMβ2, 
αxβ2, αDβ2, α4β7, and αEβ7, while the seventh one, α4β1, is also expressed in 
several other cells [1, 7]. These molecules serve distinct functions and purposes in 
the immune system and are involved in multiple steps of the leukocyte adhesion 
cascade [7]. αLβ2, also known as LFA-1, is required for the formation of the immu-
nological synapse, facilitating the interaction between T cells and antigen-presenting 
cells, but is also involved in many other facets of the immune response, including 
adhesion, activation, and trafficking of leukocyte populations [8]. αMβ2 integrin is 
essential for neutrophil function as well as for complement-mediated phagocytosis 
and is involved in the defense against bacterial and fungal infections [9]. The role of 
αxβ2 is central in the regulation of the inflammatory function of recruited tissue 
macrophages [9]. αDβ2 is expressed on monocytes/macrophages and particularly 
those found in atherosclerotic lesions (foam cells) [10]. α4β7 and αEβ7 integrins 
direct lymphocyte trafficking from vessels to the intestinal mucosa [11]. Finally, 
α4β1integrin also known as very late antigen-4 (VLA-4) [12] binds to ligands pres-
ent on endothelial cells and mediates adhesion of leukocytes to all inflamed tissues 
and organs, including the central nervous system. The central role of integrins in 
inflammation is further highlighted by the severe immune dysregulation observed in 
patients with leukocyte adhesion deficiency (LAD) syndromes. Patients with LAD-I 
due to mutations in the β2 subunit present impaired immunity and recurrent infec-
tions [13].

�Integrins as Therapeutic Targets

In light of the prominent role of leukocyte integrins in leukocyte recruitment in tis-
sues and their role in the pathogenesis of many inflammatory disorders, these mol-
ecules were early recognized as promising therapeutic targets to modulate 
inflammation. Four leukocyte integrins have been therapeutically targeted by mono-
clonal antibodies in clinical trials: α4β7, α4β1, αEβ7, and αLβ2. Natalizumab 
(anti-α4), vedolizumab (anti-α4β7), and efalizumab (anti-αLβ2) were the first 
developed therapeutic agents [1]. New molecules with different targets or new 
applications of molecules directed to the same targets are continuously emerging in 
parallel with a deeper understanding of the function of integrins [1, 6]. For instance, 
new monoclonal antibodies and small molecules targeting β7-containing integrins 
and their ligands are in development for the treatment of inflammatory bowel dis-
ease (IBD).

Leukocyte integrins are not the only ones therapeutically targeted. The platelet 
integrin αIIbβ3 was the first one to be targeted in the 1990s by abciximab, an 
antigen-binding fragment (Fab) of a chimeric mouse human monoclonal antibody, 
used for the prevention of thrombotic complications before or after percutaneous 
coronary intervention in selected patients [14]. Two additional antagonists, eptifiba-
tide [15] and tirofiban [16], followed. Even though these drugs are not largely used 
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due to the availability of more effective and safe treatments, they laid the foundation 
for further integrin antagonist development. Finally, the use of integrins as thera-
peutic targets in oncological treatments and as probes in imaging to evaluate prog-
nosis and treatment response is emerging (αvβ3, αvβ5, αvβ6, α5β1), renewing 
interest in this family of adhesive molecules [1]. Monoclonal antibodies inhibiting 
leukocyte integrins remain the most successful examples of therapeutic targeting of 
integrins in clinical practice and the most interesting ones from an infectious com-
plications point of view and will be the focus of this chapter.

�Leukocyte-Integrin-Targeting Agents

�Monoclonal Antibodies: Mechanism of Action

Natalizumab (Tysabri; Biogen Idec and Elan Corporation), the first successful drug 
targeting leucocyte integrins, is a humanized IgG4 monoclonal antibody, which 
binds with the α4 subunit present in α4β7 and α4β1 integrins, thus inhibiting the 
binding of their physiological ligands. α4β1 (or VLA-4) is expressed on practically 
all leukocytes, except for mature granulocytes. Via its complex interactions with the 
vascular cell adhesion molecule 1 (VCAM-1) and fibronectin, α4β1 participates in 
leukocyte slow rolling, adhesion, and transmigration via the endothelium to all 
inflamed tissues and organs, as well as in pro-inflammatory signaling in the endo-
thelial cells. The second target of natalizumab, α4β7 integrin, binds to mucosal 
address cell adhesion molecule (MAdCAM1) which is predominantly expressed on 
the endothelial cells of the intestinal vasculature thus mediating lymphocyte hom-
ing to the gut mucosa [1].

Vedolizumab (Entyvio; Millennium Pharmaceuticals), a humanized IgG1 
monoclonal antibody, targets an epitope formed by both α4 and β7 subunits and is 
therefore a specific antagonist of α4β7 integrin, inhibiting the homing of T lympho-
cytes to the intestinal mucosa [17]. The clinical indication of natalizumab and 
vedolizumab will be discussed in the next section.

Abrilumab, a second human monoclonal IgG2 antibody directed against a com-
binatorial epitope only present in α4β7, has been shown in a phase 2b randomized 
controlled trial to induce remission in patients with ulcerative colitis (UC) [18].

Etrolizumab is a humanized IgG1 monoclonal antibody directed against the β7 
unit, present in both α4β7 and αEβ7 integrins. α4β7 integrin interacts with 
MAdCAM1 and is the most significant determinant of lymphocyte recruitment in 
the intestine, while αEβ7 via its binding to E-cadherin mediates the adhesion of 
intraepithelial lymphocytes to the epithelial cells. αEβ7 is also present on dendritic 
cells producing anti-inflammatory cytokines involved in the development of regula-
tory T cells [19]. Blocking both pathways effectively inhibits the trafficking of lym-
phocytes into the gut and provides a promising therapeutic strategy for UC (phase 
II study) and Crohn’s disease (CD) (ongoing phase III trials) [20, 21].

Efalizumab (Raptiva; Genentech), a recombinant humanized monoclonal anti-
body, binds to the αL unit of the αLβ2 (LFA-1), preventing the binding of T cells to 
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Vedolizumab

Natalizumab Etrolizumab
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Fig. 14.2  The three integrins, α4β7, α4β1, and αEβ7 that are targeted by monoclonal antibodies. 
Natalizumab targets the α4 subunit (green) present in α4β1 and α4β7 integrins. Etrolizumab targets 
the β7 subunit (yellow) present in α4β7 and αEβ7. Vedolizumab targets an epitope formed by both 
the α4 and β7 subunits (light green) and inhibits specifically the α4β7 integrin (adapted from [1])

the intercellular adhesion molecule 1 (ICAM-1), which is found on antigen-
presenting cells, endothelial cells, and keratinocytes [1]. Figure 14.2 illustrates the 
targets of monoclonal antibodies targeting leukocyte integrins currently used or in 
late-stage clinical trials.

�Other Therapeutic Agents

Besides monoclonal antibodies, efforts have been devoted to the development of 
peptide or small-molecule antagonists, including allosteric inhibitors designed to 
inhibit the activation of integrins by blocking the large conformational changes of 
their extracellular domains. These allosteric inhibitors failed to enter clinical trials 
due to limited specificity and unexpected systemic toxicity [1]. Non-allosteric, 
small-molecule inhibitors are actively investigated. AJM300 is a small molecule 
inhibiting the α4 subunit and has been proven successful in inducing remission in 
UC [22]. Finally, another small molecule, lifitegrast, binds to αLβ2, blocking the 
binding of ICAM1 which is overexpressed in corneal and conjunctival tissues in 
patients with dry eye disease and is used locally as ophthalmic solution to reduce 
inflammation in those patients [23].

�Approved Indications of Integrin-Targeting Agents

Two leukocyte integrin antagonists are currently available on the market, namely, 
natalizumab and vedolizumab. A third one, efalizumab, was initially approved for 
the treatment of chronic plaque psoriasis but was withdrawn from the market in 
2009 due to major risk of adverse events [24].
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�Natalizumab

The prominent role of α4β1 for the entry of T lymphocytes in the CNS provides the 
theoretical background for its use as a target for CNS diseases [2]. In 1992, Yednock 
and al. first described the use of antibodies against the α4β1 integrin to inhibit the 
migration of leukocytes into the CNS in a murine experimental model of autoim-
mune encephalitis [25]. Natalizumab was developed subsequently for the treatment 
of multiple sclerosis (MS), an idiopathic inflammatory disease of the CNS charac-
terized by demyelinating lesions affecting mostly the white matter of the brain and 
spinal cord. For decades, MS was treated with nonspecific anti-inflammatory and 
immunomodulatory drugs such as corticosteroids, interferon β1b, and glatiramer 
acetate. In more recent years, progress was made in the understanding of the patho-
physiology of MS, notably the key role played by activated T lymphocytes recruited 
from the blood to the CNS and the ensuing inflammatory reaction due to the release 
of pro-inflammatory cytokines. In this context, natalizumab was studied in random-
ized controlled trials and proved to be effective in reducing CNS inflammatory 
lesions and relapses in patients with severe relapsing-remitting MS, either as mono-
therapy [26] or as part of a combination therapy [27]. Natalizumab was approved in 
2004 in the USA and in Europe for the treatment of severe relapsing-remitting MS 
with no response on first-line therapies, and in severe primary relapsing MS [28].

Due to its dual action also targeting the α4β7 integrin, natalizumab was investi-
gated as a therapeutic agent in CD, a type of IBD characterized by mucosal ulcer-
ation and inflammation that can involve any portion of the gastrointestinal tract. 
Natalizumab was shown to be more effective than placebo in inducing and main-
taining remission in moderate to severe CD in multiple clinical studies [29–31] and 
was approved for this indication in patients who had an inadequate response to or 
were unable to tolerate conventional CD therapies and tumor necrosis factor α 
(TNF-α) inhibitors. Nevertheless, the use of natalizumab for CD is now limited 
because of safer therapeutic options [3].

�Vedolizumab

The successful use of natalizumab in CD provided the incentive for the develop-
ment of other molecules targeting more specifically the α4β7 integrin without the 
collateral targeting of α4β1, which mediates the most serious adverse events. 
Vedolizumab was therefore developed to be used specifically in IBD. The pathogen-
esis of IBD is complex and incompletely understood but involves genetic suscepti-
bility, environmental triggers, and aberrant interactions between the immune system 
and gut microorganisms, leading to an augmented permeability of the mucosal bar-
rier and homing of activated lymphocytes, creating a vicious circle of local inflam-
mation [32]. Nonspecific anti-inflammatory therapies such as corticosteroids, 
aminosalicylates, and oral immunomodulators were the cornerstone of the treat-
ment of IBD. In the recent years, more potent and specific agents showed encourag-
ing results in moderate to severe disease, such as Janus kinase inhibitors, TNF-α 
inhibitors, and integrin antagonists.
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Vedolizumab demonstrated promising results for the treatment of IBD in early 
studies [33] that were confirmed in two randomized controlled trials demonstrating 
its superiority compared to placebo in achieving maintenance in UC (GEMINI 1 
study) and CD (GEMINI 2 study) [4, 5]. Based on these data, vedolizumab was 
approved in 2014 for both moderate to severe UC and moderate to severe CD. Since 
then, its efficacy has been confirmed in subsequent randomized (GEMINI 3 study) 
[34] and multiple cohort studies.

�Infectious Complications of Integrin-Targeting Agents

�Natalizumab

The clinical impact of integrin inhibition on infection risk is largely derived from 
the experience with natalizumab, the first-in-class drug available on the market. 
Initial data from pivotal clinical trials were surprisingly reassuring regarding the 
global infectious risk of natalizumab, as no major increase in infections was noted. 
In 2006, post-marketing data revealed two of cases of progressive multifocal 
encephalopathy (PML) in patients receiving natalizumab [35]. This rare but life-
threatening complication led to its transient withdrawal from the market in 2005 to 
perform safety analyses, before it was reintroduced in 2006 together with a global 
risk management plan (TOUCH prescribing program). More than 800 cases of 
natalizumab-induced PML have been described since then, with an estimate inci-
dence of approximately 0.4% of patients treated with natalizumab (https://medinfo.
biogen.com/s/).

PML is a rare disease caused by the reactivation of the JC virus (JCV) in brain 
cells [36]. This small DNA virus from the polyomaviridae family seems to be 
acquired during youth and usually leads to asymptomatic infection or a nonspecific 
influenza-like illness. The reported seroprevalence varies between 39% in the 
United States [37] and 48–69% in European countries [38]. After the primary infec-
tion, it establishes a persistent asymptomatic infection in urothelial cells as well as 
in oligodendrocytes and astrocytes. JCV causes no disease in immunocompetent 
individuals as JCV replication is controlled by specific cytotoxic T cells. Intermittent 
asymptomatic JCV viruria can be detected in healthy persons [39].

PML was first described in 1958 as a very rare disease affecting highly immuno-
compromised patients with hematological malignancies [40], but its relationship 
with JCV was only described in 1971 [36]. PML became better recognized during 
the AIDS pandemic, as it affected up to 5% of persons with AIDS, and it was associ-
ated with high mortality [41].

PML is mostly a white matter inflammatory disease, but it can sometimes involve 
the gray matter as well, when JCV replication involves granule cell neurons. The 
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symptoms vary widely depending on the affected area of the brain but most fre-
quently consist in altered mental status, motor deficits, ataxia, or visual symptoms, 
further complicating the diagnosis when these symptoms occur in a patient with 
MS. Brain MRI in patients with PML typically shows subcortical T2-enhancing 
lesions not corresponding to cerebrovascular territories, and without mass effect or 
contrast enhancement. Some degree of contrast enhancement has been seen in PML 
associated with natalizumab use that can be difficult to differentiate from active MS 
lesions [42]. The diagnosis of PML can be confirmed by a positive JCV PCR in the 
cerebrospinal fluid (CSF). Although the sensitivity and specificity of JCV PCR are 
excellent, a negative test cannot rule out PML [43]. In cases of high clinical and 
radiological suspicion, but negative JCV PCR in the CSF, a definitive diagnosis may 
require a brain biopsy, which characteristically shows a histopathological triad of 
demyelination, bizarre astrocytes, and enlarged oligodendroglial nuclei [44].

There is no specific therapy against PML, and the management primarily relies 
on restoring immunity. In the case of PML induced by natalizumab, early removing 
the drug with plasma exchange (PLEX) or immunoadsorption is the most important 
therapeutic strategy. Nevertheless, the quick restoration of immunity by drug 
removal can be complicated by an immune reconstitution inflammatory syndrome 
(IRIS) that can lead to cerebral edema and death if left untreated [45]. This entity 
has been mostly described in patients managed with PLEX and is usually treated 
aggressively with the administration of high-dose corticosteroids. The reported 
mortality of natalizumab-associated PML is lower than in AIDS-related PML, rang-
ing from 18 to 23% [46]. However, most survivors have residual moderate to severe 
disabilities [47]. Of note, a small case series published in 2019 showed potential 
benefit of immunotherapy with the checkpoint inhibitor pembrolizumab in eight 
patients with confirmed PML, but none of these cases were related to the use of 
natalizumab [48].

Natalizumab has been also associated with an increased risk of herpes viruses 
reactivation, in particular herpes-simplex virus (HSV) and varicella-zoster virus 
(VZV). Most cases are mild mucocutaneous diseases, but some cases of life-
threatening HSV or VZV encephalitis have also been reported [49–51]. A high 
index of suspicion for HSV and VZV reactivation is therefore needed in patients 
receiving natalizumab, and acyclovir should be initiated promptly if necessary. 
Given the relatively low incidence of HSV and VZV reactivation, routine antiviral 
prophylaxis with acyclovir/valaciclovir in patients receiving natalizumab is not rec-
ommended. Other infections such as tuberculosis (TB) have exceptionally been 
described in patients receiving natalizumab [52]. No increase in the incidence of 
gastrointestinal infections has been reported in patients treated with natalizumab.
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�Vedolizumab

The larger source of data regarding vedolizumab safety comes from the GEMINI 
long-term safety study, which consists in the continued follow-up of patients 
included in the three GEMINI studies, as well as the enrollment of vedolizumab-
naive patients. The final analysis was published in 2020 and included more than 
2000 patients with up to 9  years of follow-up, and a total of 7999 person-years 
(PYs) [53]. In this study, the rate of serious infections was 18/1000 PYs in patients 
with UC and 33/1000 PYs with CD, as compared to the higher rate of serious infec-
tions of 38/1000 PYs in patients with IBD receiving no treatment [54]. Infectious 
complications in patients receiving vedolizumab consisted mostly in anal abscesses, 
pneumonia, gastroenteritis, and appendicitis.

The only reported opportunistic infection associated with the use of vedolizumab 
was an increased number of Clostridioides difficile infections (CDI) ranging from 
3.6/1000 PYs (CD) to 4.9/1000 PYs (UC), with most cases being mild to moderate. 
There was no case of intestinal TB and only a few cases of primary TB in patients 
living in high-endemic countries. Overall, the rate of infection following vedoli-
zumab exposure was significantly lower than with TNF-α inhibitors [55]. Only one 
case of PML has been described in over 470,000 PYs of vedolizumab exposure and 
occurred in a patient with multiple other risk factors (HIV infection, CD4 count 
<300 cell/mm3, prior immunosuppression) [56]. No increase in risk of herpesvirus 
was observed in patients with IBD treated with vedolizumab, including HSV, VZV, 
and cytomegalovirus (CMV). Thus, neither antiviral prophylaxis nor preemptive 
strategies against CMV are recommended in this population.

�Efalizumab

As with natalizumab, early data on efalizumab safety profile were reassuring, with 
no major risk of infection reported [57]. Only a marginal increase in minor infec-
tions was reported in some studies, mostly viral upper respiratory tract infections, 
streptococcal pharyngitis, and mild mucocutaneous infections [58]. In 2008, the 
FDA issued a warning after three confirmed cases of PML were diagnosed in 
patients who had been receiving efalizumab for more than 3 years. Efalizumab was 
eventually withdrawn from the market in 2009 due to this concern and the avail-
ability of less toxic alternatives for the treatment of psoriasis.

Figure 14.3 summarizes the infectious complications reported for each molecule.
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Infectious risk Infection

Natalizumab

High PML (JCV)

Intermediate
HSV infection
VZV infection

No increase

Bacterial infections
Mycobacterial infections
Fungal infections
Parasitic infections
Other viral infections

Vedolizumab

High None
Intermediate Clostridioides difficile infection

No increase

Other bacterial infections
Mycobacterial infections
Fungal infections
Parasitic infections
Other viral infections

Efalizumab

High JCV (PML)

Intermediate

Streptococcus pyogenes pharyngitis
Viral upper respiratory tract infections
Impetigo
Cellulitis

No increase

Other bacterial infections
Mycobacterial infections
Fungal infections
Parasitic infections
Other viral infections

Fig. 14.3  Infection risk and complications by therapeutic molecule. JCV JC virus; PML progres-
sive multifocal encephalopathy; HSV herpes simplex virus; VZV varicella zoster virus

�Prevention Strategies in MS Patients Receiving Natalizumab

�PML Risk Stratification

The prevention of PML in patients receiving natalizumab relies on a stringent risk 
stratification system and serial MRI monitoring [59]. Risk stratification is based on 
three components identified by the intensive global risk management program and 
later validated in large cohorts [60], namely (1) JCV positive serostatus, (2) cumu-
late use of immunosuppressive drugs, and (3) natalizumab treatment duration, espe-
cially beyond 2 years [59–61]. Patients with all of the above factors present the 
highest risk for PML [60] and require the most intensive monitoring strategy. 
Monitoring is recommended during treatment and for 6 months after discontinua-
tion of natalizumab, as some cases of PML have been reported up to 6 months after 
cessation of treatment [59, 62].
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�JCV Serostatus and MRI

JCV serostatus before the initiation of natalizumab represents the single most 
important risk factor for subsequent PML development. Determining JCV serosta-
tus is the cornerstone of risk stratification algorithms to define the intensity of PML 
monitoring needed (Fig. 14.4). The presence of anti-JCV specific IgG is a prerequi-
site for PML development, and the risk of PML is negligible in their absence. In a 
study using data from post-marketing sources, clinical studies and an independent 
Swedish registry, the incidence of PML was 0.09 cases or less per 1000 patients 
(95% CI, 0 to 0.48) in the absence of anti-JCV antibodies. At the other extreme, 
patients with positive antibodies, a history of immunosuppression and more than 
2 years of natalizumab treatment, presented the highest incidence of 11.1 cases per 
1000 patients (96% CI, 8.3 to 14.5) [60].

Anti-JCV antibodies and index

Negative anti-JCV antibodies Anti-JCV antibody index
≤1.5

Anti-JCV antibody index
>1.5

Low risk Intermediate risk High risk

At baseline, 12 m and follow-up 

Antibody testing every 6 m
(after 12 m of treatment)

Index testing every 6 m (after
12 m of treatment)

MRI every 12 m (after 18 m of
treatment)

MRI every 6 m (after 18 m of
treatment)

If seroconversion
asses anti-JCV antibody index

If anti-JCV antibody

Further index testing not
necessary

MRI every 3-4 m (after 18 m o
treatment if continuation of
treatment decided)

index > 1.5

Index > 1.5

Index ≤ 1.5

•

•

•

•

•

f•

Fig. 14.4  Algorithm for PML prevention and monitoring according to anti-JCV antibody stratifi-
cation in patients with no history of immunosuppressive treatment, adapted from [59]. All patients 
should undergo anti-JCV antibody or index testing and brain MRI at baseline and at 12 months. No 
additional testing is routinely recommended in the first year of treatment. Thereafter antibody or 
index testing should be performed every 6 months for seronegative and patients with index ≤1.5, 
respectively. After 18 months of treatment, the frequency of MRI testing is determined by risk 
category. A dynamic evaluation of PML risk based on index testing is recommended, with a modi-
fication of monitoring strategy when patients change “risk category” from a lower to a higher one 
(curved arrows). Anti-JCV antibody status is only one component of PML risk stratification. 
Previous immunosuppressive treatment and natalizumab therapy beyond 2 years are the other two, 
and the presence of these additional risk factors should prompt evaluation of more frequent MRI 
testing (every 3–4  months as “high-risk patients”). Monitoring is recommended for the whole 
duration of treatment plus another 6 months. More frequent monitoring and additional workup are 
indicated in case of new or worsening symptoms
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The quantitative anti-JCV serum antibody index allows a more accurate differen-
tiation between negative and positive samples and more reliable results than assays 
providing only absolute cutoff values [63]. This index refers to the normalized ratio 
between the signal derived from IgG antibodies in the serum of the patient and the 
signal from an anti-JCV positive cutoff calibrator sample. An index value of <0.20 
is regarded as negative, a value >0.40 positive, and values between 0.20 and 0.40 are 
considered indeterminate. A longitudinal study including data from 2522 non-PML 
and 71 PML patients showed that the anti-JCV antibody index value was signifi-
cantly higher in non-immunosuppressed patients who developed PML compared 
with non-PML patients (p < 0.0001) [63]. An index of ≤1.5 is associated with a 
lower incidence of PML, and this cutoff could be used to determine monitoring 
intensity [59, 61, 63]. An anti-JCV antibody index of >1.5 is not a contraindication 
for treatment continuation, as many patients with a high index will not develop 
PML. Therefore, the antibody index has a high sensitivity and a low specificity in 
predicting PML [64].

The risk of anti-JCV antibodies seroconversion was evaluated in a large Dutch 
cohort of MS patients on natalizumab treatment. Out of 179 patients with available 
longitudinal blood samples, 86 (48%) tested negative initially and 23 patients 
among them (26.7%) subsequently seroconverted, contributing to an estimated 
annual rate of seroconversion of 7.1% and cumulatively leading to more than 25% 
of seronegative patients becoming seropositive in 4 years [65]. Based on these data, 
testing for anti-JCV antibodies and anti-JCV index is recommended every 6 months 
beyond the first year of treatment in seronegative patients (low risk) and patients 
with a baseline index of ≤1.5, respectively (intermediate). In the risk of developing 
PML being very low during the first year of treatment (1 in 10,000 to 1 in 1000), no 
anti-JCV antibody monitoring is routinely recommended during this interval [63].

JCV antibodies are traditionally qualitatively assessed using a two-step enzyme-
linked immunosorbent assay (ELISA) method [66]. A second-generation ELISA is 
commercially available (STRATIFY JCV Dx Select; Focus Diagnostics), though 
mostly in reference centers, presenting an improved performance, especially in low 
antibody concentrations where its enhanced resolution allows to significantly 
decrease “indeterminate” results [67].

The second essential element of monitoring is brain MRI, which is highly perfor-
mant for the early detection of PML, even months before symptom development 
[59]. Current recommendation regarding MRI frequency is based on expert opinion. 
A baseline MRI is recommended for all patients and at least annually during treat-
ment. After the first year, the frequency of MRI depends on the risk category but is 
generally recommended every 6 months in low- and intermediate-risk patients and 
every 3–4 months in high-risk patients [59, 61].

�Previous Immunosuppression

Previous immunosuppression is associated with a considerably higher incidence of 
PML which is estimated at 0.88/1000 patients in the presence of previous 
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immunosuppression versus 0.31/1000 patients in the absence of immunosuppres-
sion [60]. The exact mechanism via which previous immunosuppression increases 
the risk of PML is not fully understood. A possible explanation is that a prolonged 
impairment of cell-mediated immunity permits viral reactivation and the accumula-
tion of genetic rearrangements leading to the emergence of neuropathogenic JCV 
prototypes (as opposed to the non-pathogenic archetype ones), which are more fre-
quently present in patients having received immunosuppression before natali-
zumab [68].

�Duration of Natalizumab Treatment

The risk of PML increases with longer duration of treatment, reaching a peak in 
incidence of 2 cases per 1000 patients in patients receiving natalizumab for more 
than 48  months [60]. The greatest increase appears after 24  months (and until 
48 months) with an incidence of 5.2/1000 patients versus 0.6/1000 patients in the 
first 24 months of treatment [63]. However, patients having received a single or only 
a few infusions of natalizumab are usually analyzed in the group of duration inferior 
to 24 months, contributing to an artificially lower estimation of risk of PML in this 
group. Long-term data beyond 4 years of treatment are scarce, so that the risk of 
PML is not clearly delineated in patients with longer exposures [64].

�Additional Biomarkers for Risk Stratification

Despite the advances in prevention strategies, PML continues to be a limiting factor 
for the use of natalizumab, underlining the need for more accurate prediction mod-
els. In this setting, many immunological biomarkers have been proposed [64, 69]. 
CD62L/L-selectin, a cell-adhesion molecule expressed on T lymphocytes, has been 
identified as a potential tool for PML prediction, with low CD62L in blood mono-
nuclear cells being associated with a 55-fold increase in the relative risk of PML 
[70]. The presence of lipid-specific immunoglobulin M bands in the CSF, a recog-
nized marker in highly inflammatory MS, was independently associated with 
decreased PML risk (OR 45.9, 95% CI 5.9–339.3, p < 0.0001) [71]. This marker is 
independent of JCV serostatus as opposed to CD62L and could be a promising in 
risk stratification.

�Additional Preventive Strategies

Given the low effect of natalizumab and vedolizumab in the net state of immuno-
suppression, additional preventive measures such as the use of antimicrobial and 
antiviral prophylaxis with co-trimoxazole or valaciclovir, respectively, are not rou-
tinely recommended [61].
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The risk of hepatitis B virus (HBV) reactivation has not been accurately deter-
mined with the use of natalizumab and vedolizumab. No cases of HBV infection are 
reported in the major clinical trials with both molecules [72, 73], and only one case 
of fatal acute liver failure due to HBV is reported with natalizumab in the post-
marketing setting (though serologic markers do not allow to distinguish between 
primary infection and reactivation in this case) [74]. Although preventive strategies 
for HBV are not well established, screening for the presence of HBV infection with 
HBsAg and anti-HBc before initiation of treatment is appropriate in order to assess 
the risk of HBV reactivation (based on the presence of HBsAg and the agent used) 
and decide whether a preventive strategy needs to be introduced [72].

Finally, natalizumab and vedolizumab do not seem to modify vaccine response 
[75, 76], though a reduction in immunogenicity of the oral cholera vaccine has been 
observed with vedolizumab in one study [76]. Of note, live vaccines are not contra-
indicated. As additional immunosuppressive agents can be required in the setting of 
MS and IBD, an update of the vaccine schedule including HBV/HAV and measles-
mumps-rubella-varicella (MMR-V) vaccines in seronegative patients, as well as 
pneumococcal conjugate vaccine and diphtheria-tetanus-pertussis vaccine (dTP), is 
recommended.

�Conclusions

Leukocyte integrins are privileged therapeutic targets for inflammatory modulation 
in MS and IBD and are currently targeted by two monoclonal antibodies, natali-
zumab and vedolizumab. The advent of these molecules has substantially improved 
the prognosis of patients living with MS and IBD but also highlights the challenge 
of the use of biologicals in modern medicine. On the one hand, integrins-targeting 
agents specifically inhibit leukocyte integrins resulting in an excellent efficacy for 
decreasing MS activity without increasing the net state of immunosuppression. On 
the other hand, the very same aimed therapeutic effect mediated by the blockade of 
leukocyte recruitment to the brain is also the principal determinant of the risk for 
developing PML, a life-threatening disease. Assessment of risk/benefit ratio and the 
absence of other therapeutic options for severe forms of MS have resulted in the 
reintroduction of the drug in the clinical practice. While the use of an accurate risk 
stratification and universal prevention strategies has led to improved management of 
patients receiving natalizumab, the use of novel specific biomarkers may help to 
further characterize the risk for PML in these patients. The evaluation of novel ther-
apeutic approaches for natalizumab-associated PML, including immunomodulatory 
drugs such as checkpoint inhibitors, adoptive T-cell transfer, and anti-JCV specific 
antivirals, is highly needed to decrease the burden of disease.
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