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Abstract: Alemtuzumab is a monoclonal antibody that binds to CD52, a protein present on the
surface of mature lymphocytes, but not on the stem cells from which these lymphocytes are derived.
It is currently used as an immune reconstitution therapy in patients with relapsing-remitting
multiple sclerosis. Alemtuzumab treatment is an intermittent infusion that induces long-term
remission of Multiple Sclerosis also in the treatment-free period. After the robust T and B cell
depletion induced by alemtuzumab, the immune system undergoes radical changes during its
reconstitution. In this review, we will discuss the current knowledge on the reconstitution of the
lymphocyte repertoire after alemtuzumab treatment and how it could affect the development of
side effects, which led to its temporary suspension by the European Medical Agency.
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1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central nervous
system (CNS) that leads to demyelination and axonal damage following the activation of both innate
and adaptive immune system [1]. The experimental evidence coming from the murine model of MS,
the Experimental Autoimmune Encephalomyelitis (EAE) and biological samples of MS patients, give
us the actual comprehension of the immunological processes underlying the immunopathogenesis
of MS. An imbalance in both T and B cells immune regulatory network is at the basis of the
autoreactive immune response and is influenced by genetics and environmental factors. Among T
cells, Th17 cells can efficiently cross the blood—-brain barrier, promote its disruption and induce the
activation of other inflammatory cells in the CNS [2]; CD8* T cells can mediate damage to resident
cells and axons potentially by the recognition of CNS derived peptides [3]. By contrast, T regulatory
(Treg) cells that normally control inflammation are impaired in number and function [4] and allow
autoreactive T cells to induce CNS damage. B cells contribute to the disease via both antibody-
dependent and -independent mechanisms, which are essential for antigen presentation and co-
stimulation of T cells, for the production of cytokines and to produce antibodies that will target
components of the CNS [5]. Besides the adaptive immune response, microglial cells produce, in the
CNS, pro-inflammatory cytokines and reactive oxygen and nitrogen species that contribute to
neuroinflammation and destruction of neurons [6].

This complex cellular and molecular network that drives MS disease suggests that the preferred
therapy for MS should be targeting multiple components. Disease-modifying therapies (DMTs) can
reduce the frequency and severity of MS relapse and slow disease progression by modulating the
immune system [7,8]. There are currently several drugs approved by the Food and Drug
Administration (FDA) for modifying MS; they come as injectables, infusions and oral treatments.
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Immune reconstitution therapy (IRT) is an emerging concept for the treatment of MS [9,10]. The aim
of IRTs is to eliminate a pathogenic immune repertoire through intense short-term
immunosuppression, and to subsequently rebuild a new and healthy immune system with the goal
to re-establish a persistent immune tolerance [11]. After a period of deep immune depletion, the
immune system undergoes reconstitution and radical changes in the lymphocyte repertoire and
regains its ability to respond to infections. IRTs include autologous hematopoietic stem cell
transplantation (AHSCT), alemtuzumab, cladribine tablets and anti-CD20 agents. The most
extensively studied IRT is alemtuzumab and here we will recapitulate the current understanding of
its long-term efficacy and common adverse events, through an immunological point of view.

2. Alemtuzumab: From Bench to Bedside

2.1. CD52 Structure and Function (Alemtuzumab Mechanism of Action)

Alemtuzumab is a recombinant humanized immunoglobulin G1 (IgG1) monoclonal antibody
directed against the CD52 surface antigen, a small (12 amino acids) glycosylphosphatidylinositol
(GPI)-anchored protein of undefined function [12]. CD52 is expressed on the leukocyte membrane
during the differentiation process while it is absent on the membranes of hematopoietic precursors.
In humans, CD52 is expressed at high levels in T and B lymphocytes and at lower levels in natural
killer (NK) cells, monocytes, macrophages, eosinophils and monocyte-derived peripheral blood
dendritic cells (DC) [13], while it is absent (or expressed at very low levels) in tissue resident DCs [14],
neutrophils and hematopoietic stem cells [15] (Figure 1).
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Figure 1. Alemtuzumab mechanism of action. Alemtuzumab exerts its function through three main
phases: 1. Selection: Alemtuzumab selectively binds to CD52 antigen that is highly expressed on T
(here showed as the main subtypes involved in MS: Th17, Th1, Treg and CD8* cells) and B cells and
at low level on NK cells and macrophages (Mo) and peripheral DCs. 2. Depletion: Alemtuzumab
induce depletion of T and B cells through complement mediated cytotoxicity (CDC) and antibody
dependent cellular cytotoxicity (ADCC). 3. Repopulation: New T and B cells originate from stem cells
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(SC) that escape alemtuzumab depletion, as they do not express the CD52 antigen) or by homeostatic
proliferation of lymphocytes that escape depletion.

Even when under investigation, the biological functions of CD52 could include cell adhesion
and lymphocyte proliferation and may be involved in the co-stimulation of T lymphocytes, as well
as in their migration [16]. Interestingly, activated CD4+ T cells and expressing high levels of CD52
could have regulatory activities on T effector lymphocytes [17,18]. These CD4-CD25*CD52high
suppressive T cells, which are different from classical CD4+*CD25hishFOXP3* Treg cells, exert their
function through the release of CD52 soluble molecules by phospholipase-C. The target of this soluble
CD52 is the inhibitory receptor sialic acid-binding immunoglobulin-like lectins-10 (Siglec-10), thus
impairing the phosphorylation of the T cell receptor (TCR)-associated kinases Lck and Zap70 and
thus T cell activation. However, these CD4*CD25*CD52"ish have never been reported in MS patients
and seems not to be the main mode of action of alemtuzumab. A few minutes after infusion,
alemtuzumab leads to depletion of CD52 positive cells through antibody-dependent cell-mediated
cytolysis (ADCC) and complement-dependent cytolysis (CDC), and induces caspase-dependent
apoptosis (Figure 1). In particular, the recruitment of the attack complex factors (C5b, C6, C7, C8 and
then numerous C9 molecules), which create pores in the cell membrane and cause cell death by
complement-mediated cytolysis, plays the greatest part in humans [19].

2.2. Alemtuzumab for the Treatment of MS: Preclinical Studies in Transgenic Mice and EAE Models

In the preclinical phase, the mechanism of action of alemtuzumab on lymphocytes was
demonstrated in transgenic mice expressing human CD52 (huCD52) molecule due to the inability of
alemtuzumab to cross react with mouse CD52 [15]. HuCD52 mice were able to mount normal
immune responses and replay the tissue distribution and expression patterns of the human immune
compartment. A single injection of alemtuzumab recapitulated changes observed in human studies
in serum cytokine levels and depletion of peripheral blood T and B lymphocytes, with a lower effect
on neutrophils and NK cells, and no damage in the hematopoietic or progenitor stem cells [20,21].
Lymphocyte depletion occurs mainly in the peripheral circulation, while the reduction in the number
of lymphocytes in the lymphoid organs (spleen, lymph nodes, bone marrow and thymus) is marginal
[15]. Moreover, lymphocyte repopulation was very similar to that observed in humans: B cells
returned to baseline levels seven to ten weeks post alemtuzumab, whereas T cells recovered more
slowly, reaching baseline levels only by 25 weeks. A possible explanation for the differential timing
of T and B cell repopulation in the blood could be related to the fact that alemtuzumab did not
significantly affect the bone marrow, thus allowing for the rapid recovery of B cells; by contrast, it
induces a partial depletion of single-positive and double-positive thymocytes, which could explain
the slower recovery of T cells. Frequencies of CD4*CD25highFoxP3+ cells were found to increase, even
though expressing equivalent levels of surface CD52 compared to all CD4+ T cells and their expansion
could be connected to the resistance of EAE mice to relapses. Moreover, recent findings show that
also CD8 double-negative (DN) T cells are hyper-repopulated after alemtuzumab treatment in EAE
mice. DN T cells have frequently been associated with suppression of immune responses,
highlighting another possible mechanism to suppress autoimmunity beside the action of Treg cells
[22].

The efficacy of anti-CD52 therapy was also assessed in the EAE models, which allow to
demonstrate both the immunosuppressive action of anti-CD52 antibody and parallel the long term
ability of alemtuzumab to control disease in Relapsing Remitting MS (RRMS) patients [23]: Anti-
murine CD52 antibody was able to reduce the number of circulating and CNS infiltrating antigen-
specific T cells; EAE mice treated at early stages of the disease maintained stable disease up to 90
days without retreatment despite complete lymphocyte repopulation in the blood and lymphoid
organs. In addition to induced peripheral lymphopenia, some effects have been observed in CNS.
Recently, it has been shown that alemtuzumab treatment almost completely depleted CNS infiltrates
and B cell aggregates in the CNS of mice with myelin basic protein (MBP)-proteolipid protein (PLP)-
induced EAE [24]. While the neuroprotective effects of alemtuzumab have been suggested, anti-CD52
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treatment does not appear to affect microglia functions in EAE [25]. Overall, data from murine studies
suggested that the beneficial effects of alemtuzumab in MS appear to be mediated exclusively by
peripheral immune mechanisms.

2.3. Clinical Studies of Alemtuzumab in MS

Alemtuzumab was initially approved for the treatment of B-cell chronic lymphocytic leukemia
in people who have been treated with alkylating agents and who have failed fludarabine therapy and
in bone marrow transplanted patients, given its pronounced cytolytic effects [26].

In 1991 the first MS patients at Addenbrooke’s Hospital in the United Kingdom (UK) were
treated with alemtuzumab. These early investigations revealed alemtuzumab’s high efficiency in
ameliorating inflammatory responses in relapsing—remitting as well as in Secondary Progressive MS
(SPMS) [27]. The use of alemtuzumab, commercially known as Lemtrada®, for the therapy of RRMS,
was approved by the European Medicines Agency (EMA) on September 12, 2013 (EMEA/H/C/003718,
MA number: EU/1/13/869), at a dosage of 12 mg/day administered intravenously for five consecutive
days at (60 mg total dose) and three consecutive days after 12 months (36 mg total dose). In November
2014, alemtuzumab was also approved by the FDA.

In MS patients, the therapeutic cycle of alemtuzumab induces immediate lymphopenia that lasts
for a few years, although the average half-life of alemtuzumab is six days after the last dose [28] and
it has no effects on the lymphocytes located in the primary and secondary lymphatic organs [15].
Several clinical trials have confirmed the clinical efficacy of alemtuzumab in RRMS with high disease
activity [29-31]. The international multi-center Phase Il clinical study called Campath-1H in Multiple
Sclerosis (CAMMS223) compared low and high doses of alemtuzumab and IFN{-1a in patients with
RRMS with high disease activity and who were previously untreated. In this study, alemtuzumab
was more effective in terms of both disability and relapse than IFN(-1. The 223 patients undergoing
alemtuzumab therapy received a low dose (12 mg/day) or a high dose (24 mg/day) of drug
administered intravenous (i.v.) for five consecutive days at the baseline and three consecutive days
at 12 and 24 months; the 111 patients treated with IFNB-1a received a dose of 44 ug subcutaneous
(s.c.) three times a week [29]. The results of the CAMMS223 study were subsequently confirmed by
phase III clinical studies, called Comparison of Alemtuzumab and Rebif® Efficacy in Multiple
Sclerosis, CARE-MS I and CARE-MS II, aimed at exploring the efficacy of alemtuzumab in cohorts
with broader inclusion criteria. In the CARE-MS I study (or CAMMS323) [30], patients aged between
18 and 50 with RRMS who received no previous treatment (except for steroids) were enrolled with a
baseline Expanded Disability Status Scale (EDSS) of less than or equal to 3.0 and appearance of
disease symptoms in the previous five years. In the CARE-MS II study (or CAMMS324) [31] patients
aged between 18 and 50 years, with a baseline EDSS of less than or equal to 5.0 and symptoms
occurring in the previous 10 years, who had developed at least one relapse after previous treatment
with IFN-B or glatiramer acetate carried out for at least six months were enrolled. Patients were
randomized 2:1 to receive two annual treatment cycles with alemtuzumab (12 mg/day i.v.) once daily
for five consecutive days at baseline and 3 consecutive days at 12 months) or with IFNf-1a at high
dose (Rebif®, 44 ug s.c. three times a week). From this phase III study it emerged that alemtuzumab
can be used in patients with RRMS refractory to treatment with first-line drugs to reduce the risk of
recurrence and the sustained accumulation of disability [31].

In 2017, Havrdova et al. published a report of the interim results through three years of an
extension study in patients treated with alemtuzumab during the CARE-MS I trial, with a total of five
years of follow-up from CARE-MS I enrollment [32]. In this extension study 68.5% patients did not
receive additional alemtuzumab treatment. The annual relapse rate (ARR) and the brain volume loss
remained significantly low through the years most patients (61.7%, 60.2% and 62.4%) had NEDA in
years 3, 4 and 5. In conclusion, based on these data, alemtuzumab showed durable efficacy through
five years in the absence of continuous treatment, with most patients not receiving additional courses
[32]. In the alemtuzumab CARE-MS II five-year follow-up study [33] 59.8% of patient received no
alemtuzumab retreatment. ARR was low in each extension year (years 3-5: 0.22, 0.23, 0.18). In years
3, 4 and 5, proportions of patients with NEDA were 52.9%, 54.2% and 58.2%, respectively. Moreover,
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the brain volume loss remained low in the extension phase [33]. The results show durable efficacy
through five years in the absence of continuous treatment [33]. A 2019 study [34] evaluated the six-
year outcomes in patients who relapsed between alemtuzumab courses 1 and 2, i.e., the “early
relapsers”. The results show the outcome of the “early relapsers” improved after completing the
second alemtuzumab course, supporting the fact that administering the approved two-course
regimen should maximize the clinical benefit [34]. A 2019 study [35] shows that quality of life of
patients treated with alemtuzumab ameliorates over a six year post- alemtuzumab treatment period,
regardless the independently the occurrence of autoimmune thyroid adverse events.

3. Immune System Reconstitution after Alemtuzumab Treatment

The therapeutic efficacy of alemtuzumab has been associated not only with induced
lymphopenia but also with the peculiar modality of alemtuzumab-induced repopulation of immune
cells that results in reduced relapses and delay of disease progression. After depletion of T and B
lymphocytes from circulation, the remaining lymphocytes retain their normal function in terms of
the ability to respond to new pathogenic stimuli and immunological memory to recall antigens [36].

Even if the rate differs among the subsets, as better described below, the speed of lymphocytes
repopulation is unaltered between the subjects treated with alemtuzumab who develop relapses and
those who do not develop them. This suggests that the nature of immune system repopulation is
more important than the number of lymphocytes itself, in particular T and B cell subsets [37]. Several
studies, especially phase II and III trials, have addressed how repopulation of CD4*, CD8* T and
CD19* B cells occurred in alemtuzumab treated MS patients [38,39], but only a few focused on the
evaluation of their subsets and cytokines produced as their level has been shown to be related to
therapy response [40—45], thus contributing to clarifying the long-lasting efficacy of alemtuzumab.
Here we will review the current knowledge on immune reconstitution after alemtuzumab analyzing
together the various studies and trying to outline a common mechanism (summarized in Table 1).

3.1. Reconstitution of T Cells Subsets

Alemtuzumab rapidly and drastically depletes the number of circulating CD4+ and CD8* T cells
after each treatment cycle (by 295% and about 85% of baseline, respectively, at one month) [30,31,46].
Then, CD4+ and CDS8* cell numbers return to their lowest normal limit with different kinetics
depending on the studies (reviewed in Sellner et al., [9]); overall these studies indicate that CD4+ T
cells are very slow to repopulate, whereas CD8* recovered earlier with a median time of 32 and 19.5
months, respectively [37]. In line with these results on absolute counts, we show that alemtuzumab
administration strongly affected the percentage of CD4- cells: It was reduced by 66% at month 6, by
51% at month 12 and then slowly increased returning to baseline around month 48 from the first
administration course [47,48]. The percentage of CD8* T cells in lymphocytes returned to baseline at
15 months [39]. Data coming from CARE-MS I and II trials and analyzed by Baker et al. [49] showed
that both naive (CD45RA*) and memory (CD45RA") CD4 and CD8 T cells were depleted within 1
month after each administration course, but their reconstitution is different: Memory CD4+ T cells
repopulate faster than naive. T lymphocyte repopulation would seem to occur through the
proliferation of mature lymphocytes that escape depletion (the so-called “homeostatic proliferation”),
rather than through the proliferation of new thymic precursors [50]: T cell transfer experiments with
lymphopenic animals have demonstrated that homeostatic proliferation is dependent on TCR-self-
reactive stimulation [51,52] and IL-7, whose levels increase after alemtuzumab administration [39].
Because of this altered immune physiology, T-cell expansion under these circumstances may favor
the proliferation of chronically activated oligoclonal memory T cells favoring the development of
secondary autoimmune conditions that are frequently observed as an adverse event of alemtuzumab
treatment [49,53]. However, over time, thymic T cell recovery gains more importance as
demonstrated by increasing clonal diversity [50].

Looking at the different CD4+T cell subsets, a relative expansion of CD4*CD25*CD127°" Treg
cells and Th2 cells, coupled with a preferential reduction of Th17 cells, rather than Th1 cells observed
during immune reconstitution [39,47,54]. These changes underline the efficacy of alemtuzumab in



Cells 2020, 9, 1396 6 of 17

modulating the adaptive immune system toward an immunotolerant environment. In detail, we
observed that the number of pathogenic Th17 and Th1 cells was decreased until month 48 [47,55],
even if their percentage of CD4* T cells fraction was unchanged during the overall follow up.
However, another study shows a significant decrease in Th17 and Th1 percentage at months 12 and
24 [39]. In line with these results, circulating the number of cytokines and chemokines related to Th17
(IL-1B, IL-6, IL-17A, IL-17F, IL-22, IL-23, IL-26, TNF-a, CCL20) and Th1 (IL-12, IFN-y, CXCL10) cells
were found decreased [39,47,55]. Th2 cells producing IL-4, IL-10 and TGF-31 were found to increase
starting from month 3 [39].

Of particular meaning are the results on Treg cells. CD4*CD25'CD127low Treg cells were
depleted by 81-86% after alemtuzumab infusion; during the reconstitution phase of the circulating
lymphocyte repertoire, Treg cells preferentially expanded within the CD4* lymphocyte population,
reaching peak expansion at month 1 [39] and becoming significantly higher compared to baseline at
month 24, where a restored suppressive function was also observed [47]. After alemtuzumab, Treg
cells were able to suppress both syngeneic conventional T-cells [56] and antigen-specific autoreactive
Th17 and Th1 cells [47,57]. Accordingly, FoxP3 expression and cytokines related to Treg cells (TGF-b
and IL-10) increased. As for total CD4* T cells, memory Treg cells were preferentially (89% of Treg
cells) expanded rather than the naive ones [47] as a result of homeostatic proliferation induced by IL-
7, rather than thymopoiesis, of Treg cells resistant to alemtuzumab depletion. However, why these
Treg cells become more suppressive during the repopulation period needs to be further investigated
as it is not clear if it is the result of enhanced cytokine production by Treg cells themselves, rather
than an altered composition and reactivity of repopulated CD4* T cells that are more susceptible to
regulation.

3.2. B Cells

The B cell population is affected by alemtuzumab treatment too, but its recovery, both in counts
and in subtypes, strictly differs from T cells. B cell numbers in the circulation were low at month 12
and returned to normal levels at month 24. Although in the first weeks after administration of
alemtuzumab, the mature CD19* naive B lymphocytes decreased (<85%), a hyper-repopulation of
immature B cell clones (to 160-180% of baseline levels) was observed at 3-6 months [49]. These
immature B cells converted into mature B cells (identified as transitional B cells) within 12 months
and dominated the B cell pool [9,49]. Memory B cell counts remained low throughout the 12—48-
month post-treatment periods. These changes in B cells have been coupled with serum alterations of
the B-cell activating factor (BAFF), an essential factor for the survival and differentiation of B
lymphocytes [58]. The peculiar reconstitution of the B-cell compartment has been suggested to be at
the base of the development of secondary autoimmunity that was frequently observed in
alemtuzumab treated patients.

As for Treg cells, also the fraction of Breg cells increase post alemtuzumab [57]: They
significantly increased five months after the first course and remained elevated until 11 months after
the second course. The reconstitution of Breg cells involve both highly expressing programmed death
ligand-1 B cells (CD19PD-L1M cells) that exert regulatory function through cell-to-cell contact via
interaction of CD19+PD-L1" cells with PD-1 on T cells and both the immature transitional B cell subset
(CD19*CD24MCD38M) that produce IL-10. In particular, a deficiency of CD19*CD24hCD38 B cell
subset has been shown cells during relapse compared to remission and healthy subjects. Following
alemtuzumab, the distribution of B cells shifts towards naive phenotype and this Breg deficiency is
restored highlighting the possible mechanism of protection related to Breg cells [59].

Despite induced B lymphopenia, alemtuzumab appears to have no significant effect on immune
responses to vaccines [36]. RRMS patients treated with alemtuzumab maintain humoral
immunological memory and the ability to develop an immune response against various vaccines:
anti-diphtheria, tetanus and poliomyelitis, type b anti-Haemophilus influenzae, conjugate vaccine
anti-meningococcus C and anti-pneumococcal polysaccharide [58].
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3.3. DC/Neutrophils/Macrophages/NK Cells

The alemtuzumab treatment also highlighted transient effects on the components of innate
immunity (e.g., neutrophils, macrophages, NK cells). As compared to CD4* T cells, innate myeloid
and lymphoid cells from MS patients express less CD52 on their cell surface, so, the count of these
cells is affected minimally or transiently after each course of treatment [60]. Neutropenia is generally
mild and recovers by the end of the infusion cycle [61]. Alemtuzumab treatment did not strongly
affect dendritic cells (DC); however, Gross and colleagues found reduced number of circulating
plasmacytoid-DC (a particular subset of DC able to elicit pro-inflammatory immune response) in the
6th month of alemtuzumab treatment compared to baseline, although the production of GM-CSF and
IL-23 in these cells remained unchanged [62]. NK cells are reduced to a lesser extent than T and B
lymphocytes, which may relate to their lower expression of CD52 antigen [63]. Interestingly, a recent
study shows that the subset of CD56isht NK cells expands, although their cytolytic activity is
unaffected. It has been proposed that this remodeling of the innate immune system could have
potential immunoregulatory properties in MS, thus contributing to the long-term efficacy of
alemtuzumab and to preserve MS patients immunocompetence [62].

Altogether, these studies suggest that the immunomodulatory effects of alemtuzumab occur
through lymphocyte depletion and repopulation [36,38,39,47,49,54,58,60-66] and include an
increased presence of Treg cells, an increased presence of memory T and B cells and transient effects
on the components of innate immunity (e.g., neutrophils, macrophages, NK cells). These mechanisms
underlie the anti-inflammatory effect of alemtuzumab and its ability in decreasing relapses, thus
delaying the progression of the disease, but also suggests some interesting connection with the
development of secondary autoimmune conditions and other adverse effects.

4. Beyond Depletion and Immune Reconstitution: Alemtuzumab Management

Cellular and molecular changes of the immune system after alemtuzumab administration could
be at the basis of the development of adverse effects:

e  within 2-6 h after alemtuzumab infusion the so called “cytokine-release syndrome”
was observed: The participation of monocytes, macrophages and NK cells to the lysis
of lymphocytes mediated by alemtuzumab results in an acute induction of several
pro-inflammatory cytokines, such as TNF-a, IL-6 and IFN-v;

o the depletion of CD8* could be associated with the increased risk of viral infection;

e the recovery of T cells, as results from homeostatic proliferation rather than thymic
reconstitution could be associated with the development of secondary autoimmunity;

e the hyper population of naive B cells could be responsible for the secondary B cell
autoimmunity.

4.1. Development of Secondary Autoimmunity

Alemtuzumab is associated with high incidence of secondary autoimmunity that could limit its
usage. Baker and colleagues proposed that the B-cell depletion followed by hyperpopulation of B
cells, in a phase with lower T cell regulation, as well as the hyperpopulation of naive B cells in
association with long-lasting depletion of memory B cells could be the key factors in the development
of autoimmunity in an individual with genetic susceptibility for autoimmunity [49]. Moreover, the
recovery of T cells comes from a peripheral expansion and could promote immune cell population
that respond to self [9]. Autoimmunity occurs generally 16 months after the last alemtuzumab
administration [67], reaching the peak in the third year after starting alemtuzumab treatment [33]:
The development of autoantibodies occurs months to years after alemtuzumab administration
because it requires CD4+ T-cell involvement, which regenerate only six months to three years after
depletion, with a subsequent delay between B cell hyperreactivity and development of autoimmunity
[49]. Another discussed risk factor that may predispose to autoimmunity is an overproduction of IL-
21. IL-21 may drive cycles of T cell expansion and apoptosis to excess increasing the stochastic
opportunities for T cells to encounter self-antigen and, hence, lead to autoimmunity [53,68]. On the
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other hand, IL-21 influences B-cell function: IL-21 signaling in B cells is required, together with CD4~
T cell cooperation, for their differentiation to antibody-producing plasma cells [69], that in turn could
be important in the development of antibody-induced autoimmunity [70].

The organ most involved in autoimmunity is the thyroid, with most analysis reporting an
occurrence in 17% to 34% of patients [71]. Graves’ disease, occurring in 60% to 70% of cases, is the
main cause of thyroid disfunction [29,67]. The individual risk is threefold higher in smokers and
sevenfold greater in patients wo have a family history, there are non-conclusive certainties regarding
the role of sex as risk factor [72]. A 2018 study [71] recorded fluctuating thyroid status in Graves’
disease induced by alemtuzumab and an unexpectedly high frequency of TRAb-positive
hypothyroidism, which led to the hypothesis of changing activity of anti TSH receptor antibodies
(TRAD) in this context; the authors registered the existence of both blocking and stimulating TRAb in
these groups of patients. Other autoimmune conditions potentially more severe encompass immune
thrombocytopenic purpura (ITP) in 3% of cases and anti-Glomerular Basement Membrane disease
(GBM) at much lower frequency [73].

Understanding the factors that predispose patients to this adverse effect would be crucial in
guiding the clinical prescription of alemtuzumab in the long term.

4.2. Infection Risk

Due to the deep and long-lasting immune suppression, there are concerns regarding the risk of
opportunistic infections. Considering the timing of the immunosuppression and the subsequent
immune reconstitution, a higher rate of infections is to be expected principally in the first six months
after dosing, with the highest risk during the first month of treatment, reducing thereafter [46,74].
Recently, analysis of six year-pooled data from trials showed that infection risk peaked after the first
course of alemtuzumab and then declined over time [75]. Otherwise, serious infections are much less
frequent that those observed in patients with HIV infection or other comparable CD4* cells counts
[29,30,46]. This phenomena could be explained by alemtuzumab mode of action that, overall,
contributes to immune competence in alemtuzumab-treated patients: Innate immune cells are only
marginally depleted [15]; lymphatic and tissue-resident effector T cell populations are not depleted
[76] and, when re-circulating, maintain their ability to respond to chemotactic stimuli and reach
inflamed tissues [77]; repopulation of T and B cells starts within a few weeks after injection [49];
finally serum titer of IgG to common viruses are unchanged by alemtuzumab treatment [73].

The most common opportunistic infections reported in clinical trials are upper and lower
respiratory tract infections (nasopharyngitis, sinusitis, flu, bronchitis, pneumonia), masticatory and
digestive tract infections (oral herpes, dental infections, gastroenteritis, appendicitis), infections of
the urinary tract and superficial fungal infections (especially oral and vaginal candidiasis) [78]. Other
documented severe infections are Pneumocystis [79], nocardiosis [80,81] and Listeria monocytogenes
meningitis [82-84]. Moreover, active and latent tuberculosis cases have been reported [85].

Depletion of CD8* T cells could be associated with the increased risk of viral infection: Infections
due to Herpes Simplex Virus (HSV) and Varicella—Zoster Virus (VZV) have been frequently observed
[85]. Incidences of severe herpes virus infections led to the implementation of testing for antibody to
VZV before starting alemtuzumab treatment and to consider the vaccination of antibody-negative
patients, as well as a prophylactic anti-herpes virus treatment with acyclovir during the first month
after alemtuzumab infusion [86]. An increased risk of human papillomavirus cervicitis (HPV) [78]
and occasional cases of cytomegalovirus (CMV) disease have been described [79,87-89]. The
prognostic characteristics and risk factors for opportunistic infections in MS patients treated with
alemtuzumab have yet to be accurately assessed. Currently, the recommendations are limited to anti-
herpetic prophylaxis, Listeria-free diet, tuberculosis prophylaxis and annual Papillomavirus
screening. Given the non-negligible risk of unforeseen infectious events, it is recommended to take
into account the history of infectious diseases in patients and their status of vaccination. Moreover, it
is worth considering additional prophylactic strategies, including screening for Toxoplasma gondii,
viral hepatitis and preventive approaches to avoid CMV reactivation and pneumocystosis [78].
Indeed, the routine HSV prophylaxis is not protective against CMV [66]. Patients who experience
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constitutional symptoms or a syndrome similar to mononucleosis should be tested for CMV, with the
specific PCR test for CMV reactivation. In case of confirmed CMV disease, oral aciclovir should be
discontinued and treatment with ganciclovir or valganciclovir should begin [87].

4.3. Cardiovascolar Risk and New Worning

In 2018, the FDA issued a safety announcement warning about 13 cases of ischemic and
hemorrhagic stroke and cervicocephalic arterial dissection in MS patients under alemtuzumab
treatment. Twelve of the 13 cases occurred within one day and the last one within three days after
alemtuzumab administration, leading in some cases to permanent disability and even death [90].
Further, five cases of spontaneous intracranial hemorrhage have been retrospectively identified from
four US MS centers in correspondence published online in February 2019 [91]. Since 2019, following
the occurrence of these adverse events, the Pharmacovigilance Risk Assessment Committee (PRAC)
of the European Medicines Agency (EMA) has launched a review of the use of alemtuzumab in the
treatment of MS. While the review is ongoing, alemtuzumab should only be started in adults with
highly active relapsing-remitting multiple sclerosis despite treatment with at least two DMTs or
where other therapies cannot be used. The treatment with alemtuzumab should not be discontinued
if already started [90]. Healthcare professionals should consider stopping treatment in patients who
develop signs of possible cerebrovascular disease and patients should immediately seek medical help
if they experience symptoms [90].

Alemtuzumab treatment induces cytolysis of immune cells and a rapid reaction of inflammatory
activity; the subsequent release of cytokines determines an infusion-related reaction, called cytokine
release syndrome (CRS), which is a frequent adverse event of alemtuzumab treatment. The CRS is a
non-antigen-specific toxicity reaction that occurs as a result of high-level immune activation [92]; CRS
that occurs within 2—6 h after alemtuzumab administration clinically manifests when a large number
of lymphocytes and/or myeloid cells become activated and release inflammatory cytokines [92]. The
participation of monocytes, macrophages and NK cells to the lysis of lymphocytes mediated by
alemtuzumab results in an acute induction of several pro-inflammatory cytokines, such as TNF-a,
IL-6 and IFN-y [93]. Serious cardiovascular and thrombotic adverse reactions that have been recently
described are connected with these events. These events have been associated with a significant
increase in the level of D-dimer since the first administration of alemtuzumab, indicating the
activation of coagulation as a potential risk of thrombotic complications in alemtuzumab therapy
[94,95]. Prophylactic pretreatment of low molecular weight heparin could be considered in patients
receiving alemtuzumab.

4.4. Anti-Alemtuzumab Antibodies

Monoclonal antibody therapies have the potential to cause immunogenic reactions and generate
anti-drug antibodies (ADA) that bind to the drug and reduce its therapeutic efficacy with a
cumulative effect with repeated doses. As a result, patients during treatment may not receive the
expected benefit. Following two courses of alemtuzumab treatment, ADA can be detected in blood
of patients [96] most likely due to the homeostatic expansion of B cells that escape depletion (Table
1) [97]; these are binding antibodies in about 85% of patients and most of them, approximately 92%,
neutralizing antibodies [96]. Failure of lymphocyte depletion has been reported in patients treated
with alemtuzumab, who tested positive for neutralizing antibodies [49,98]. These results appear to
be conflicting with a model-based evaluation of the effects of ADA on the pharmacokinetics and
pharmacodynamics of alemtuzumab that has been conducted using data from CAMMS223, CARE-
MSMS I and CARE-MSMS II studies. [63]. The results of this analysis indicated that most patients are
positive in the presence of ADA and ADA inhibitors. A higher percentage of patients tested positive
in the second course of treatment compared to the first [63]. However, the presence of ADA
(including ADA inhibitor) does not appear to have any effects on the clinical efficacy or safety of
alemtuzumab, including the incidence of adverse events (AE) and infusion-associated reactions (IAR),
during the two cycles of treatment [63]. Furthermore, ADA or ADA inhibitor did not appear to affect
the depletion or repopulation of T or B lymphocytes and their subgroups but has shown slight effects
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on the depletion of NK cells. However, the depletion of NK cells is usually transient regardless of the
state of the antibodies, not making this observation irrelevant from clinical efficacy [63].

High-titer neutralizing ADA responses were associated with a lack of clinical response [98,99]
and, recently, Baker and coll. proposed that measurement of ADA should become routine to help
physicians in the decision of re-treatment for a third or fourth alemtuzumab cycle or drug-switching

[97].
Table 1. Effects of alemtuzumab on different immune cell types and their correlation with immune
reconstitution and the generation of adverse events.
Cell Type Alemtuzumab Effect Involvement in Adverse Events
95% depleted in 1 month. Recover in ~32 Development of secondary autoimmunity conditions
CD4+T months [30,31,37,46] was related to “homeostatic proliferation” [49,53]
cells Memory CD4+*T cells repopulate faster than Overproduction of IL-21 by CD4* T cells could
naive CD4* T cells [49] predispose to autoimmunity [53,68,70]
CD4+CD25*CD127"v Treg cells depleted by 81—
o . .
86/) after infusion [39] . The lower amount of Treg cells during the hyper-
Treg cells Repopulation and restored suppressive opulation of B cells could favor the generation of
& function after 24 months [47,55-57] pop . . 8
o autoimmunity [49]
89% of restored Treg cells were memory Treg
cellsas result of homeostatic proliferation [47]
Cells and cytokines related to (IL-1§3, IL-6, IL-
17A, IL-17F, IL-22, IL-23, IL-26, TNF-a, CCL20)
Th17 cells . -
are strongly decreased until month 48
[39,47,55]
Cells and cytokines related to (IL-12, IFN-y,
Th1 cells CXCL10) are strongly decreased until month -
48 [39,47,55]
Th? cells Cells and Cyto.kmes relat.ed to (IL-4, IL-10 and i
TGEF-P1) increased in 3 months [39]
CD8* T 85% depleted in 1 month [30,31,46]. Recover in The depletion of CD8* were associated with the
cells ~15 months [39] increased risk of viral infections [85]
Mature CD19 rl1)a1v.e B lymphocytes decreased The hyper population of naive B cells in association
(<85%) in one week [49] . . .
: . with long-lasting depletion of memory B cells could
Hyper-repopulation of immature B cell clones . . .
B cells . induce secondary B cell autoimmunity [49]
at 3-6 months that convert into mature B cells . g . .
s Homeostatic proliferation of B cells escaping
within 12 months [9,49] . . .
. . depletion could contribute to generation of ADA [97]
Breg cells increase in 5 months [57]
Partecipate in the ADCC [93] Participate together with monocytes and
NK cells NK cells are reduced [63] macrophages to the “cytokine release syndrome” [93]
The subset of CD56rg NK cells is expanded that could bring to cardiovascular and thrombotic
[62] adverse reactions [92,94]
Plasmacitoid DC cells are reduced in 6 months
DC cells [62] -

5. Conclusions

Alemtuzumab is a highly effective and selective approach to manage RRMS and improve long-
term outcomes: Its effects are maintained up to six years, in absence of re-treatment in the majority
of patients. Several studies had clarified the immunological mechanisms at the basis of these long-
term effects, mechanisms involving mainly a particular immunoreconstitution of CD4+* T lymphocyte
subsets, strengthening their role in MS disease pathology and therapy and a reshuffle of the immune
system from inflammation toward suppression. Others were focused on explaining the development
of adverse events, especially secondary autoimmunity that have been frequently observed in MS. The
last suggested a role of the particular immune reconstitution of the B cell subset. These studies,
together with the data coming from the clinical trials with anti-CD20 monoclonal antibodies, were
identified as convincing evidence for a fundamental role of B lymphocytes in the pathogenesis of MS.
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More recently, some studies were focused on the identification of biomarkers. In a study, the
CD4+ T cell percentage under the lower normal limit at the beginning of alemtuzumab therapy seems
to predict patient nonresponse to alemtuzumab [40] but needs to be confirmed in a large number of
patients. Serum neurofilament light chain (NfL) proteins, one of the main cytoskeletal constitutes in
neurons whose levels rise upon neuroaxonal damage in the blood, were proposed as markers of
patient relapses as their levels increase in the blood 5 months before a clinical relapse [100]; this
observation could be important in the clinical management suggesting a further course of
alemtuzumab. A multicenter, explorative phase IV study [101] is ongoing and will combine clinical,
radiological and immunological data in order to identify biomarkers for treatment efficacy and safety.
Safety is indeed one of the major issues that brought EMA to initiate a review of alemtuzumab
therapy following the report of new side effects. The usage of alemtuzumab is now restricted to
patients with active relapsing-remitting multiple sclerosis despite a full and adequate course of
treatment with at least two other disease-modifying therapies or to patients where all other disease-
modifying therapies are contraindicated [90]. So, further studies aimed at defining markers that can
predict both the clinical response and the occurrence of adverse effects are urgently needed to better
assess the risk—benefit ratio for each patient.

Author Contributions: A.M. and S.D.M. wrote the paper; S.R. and M.C. reviewed the paper. All the authors
have read and agreed with the published version of the manuscript.

Funding: This manuscript received no external funding.

Conflicts of Interest: S.R. received travel grants from Sanofi-Genzyme; A.M. none; S.D.M. received travel grants
from Sanofi-Genzyme and Novartis; M.C. received personal compensations for advisory boards, public
speaking, editorial commitments or travel grants from Biogen Idec, Merck Serono, Fondazione Serono, Novartis,
Pomona, Sanofi-Genzyme and Teva.

References

1. Noseworthy, J.H.; Lucchinetti, C.; Rodriguez, M.; Weinshenker, B.G. Multiple Sclerosis. N. Engl. ]. Med.
2000, 343, 938-952, doi:10.1056/NEJM200009283431307.

2. Dos Passos, G.R.; Sato, D.K.; Becker, ].; Fujihara, K. Th17 Cells Pathways in Multiple Sclerosis and
Neuromyelitis Optica Spectrum Disorders: Pathophysiological and Therapeutic Implications. Mediators
Inflamm. 2016, 2016, 5314541, d0i:10.1155/2016/5314541.

3. Salou, M,; Nicol, B.; Garcia, A.; Laplaud, D.-A. Involvement of CD8(+) T Cells in Multiple Sclerosis. Front.
Immunol. 2015, 6, 604, doi:10.3389/fimmu.2015.00604.

4.  Zozulya, A.L.; Wiendl, H. The role of regulatory T cells in multiple sclerosis. Nat. Clin. Pract. Neurol. 2008,
4, 384-398, d0i:10.1038/ncpneuro0832.

5. Claes, N,; Fraussen, J.; Stinissen, P.; Hupperts, R.; Somers, V. B Cells Are Multifunctional Players in
Multiple Sclerosis Pathogenesis: Insights from Therapeutic Interventions. Front. Immunol. 2015, 6, 642,
doi:10.3389/fimmu.2015.00642.

6.  Gonzalez, H.; Pacheco, R. T-cell-mediated regulation of neuroinflammation involved in neurodegenerative
diseases. ]. Neuroinflammation 2014, 11, 201, doi:10.1186/s12974-014-0201-8.

7. Montalban, X.; Gold, R.; Thompson, A.J.; Otero-Romero, S.; Amato, M.P.; Chandraratna, D.; Clanet, M.;
Comi, G; Derfuss, T.; Fazekas, F.; et al. ECTRIMS/EAN Guideline on the pharmacological treatment of
people with multiple sclerosis. Mult. Scler. Houndmills Basingstoke Engl. 2018, 24, 96-120,
doi:10.1177/1352458517751049.

8. Angelis, F.D.;John, N.A.; Brownlee, W.]. Disease-modifying therapies for multiple sclerosis. BM] 2018, 363,
k4674, doi:10.1136/bmj.k4674.

9.  Sellner, J.; Rommer, P.S. Immunological consequences of “immune reconstitution therapy” in multiple
sclerosis: A systematic review. Autoimmun. Rev. 2020, 102492, doi:10.1016/j.autrev.2020.102492.

10. Karussis, D.; Petrou, P. Inmune reconstitution therapy (IRT) in multiple sclerosis: the rationale. Immunol.
Res. 2018, doi:10.1007/s12026-018-9032-5.

11. Lunemann, ].D.; Ruck, T.; Muraro, P.A.; Bar-Or, A.; Wiend], H. Immune reconstitution therapies: concepts
for durable remission in multiple sclerosis. Nat. Rev. Neurol. 2020, 16, 5662, doi:10.1038/s41582-019-0268-z.



Cells 2020, 9, 1396 12 of 17

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Chatenoud, L. Chapter 81 - Treatment of Autoimmune Disease: Biological and Molecular Therapies. In The
Autoimmune Diseases (Fifth Edition); Rose, N.R., Mackay, LR., Eds.; Academic Press: Boston MA, USA, 2014,
pp. 1221-1245 ISBN 978-0-12-384929-8.

Ratzinger, G.; Reagan, J.L.; Heller, G.; Busam, K.J.; Young, ].W. Differential CD52 expression by distinct
myeloid dendritic cell subsets: Implications for alemtuzumab activity at the level of antigen presentation
in allogeneic graft-host interactions in transplantation. Blood 2003, 101, 1422-1429, doi:10.1182/blood-2002-
04-1093.

Buggins, A.G.S.; Mufti, G.J.; Salisbury, J.; Codd, J.; Westwood, N.; Arno, M.; Fishlock, K.; Pagliuca, A.;
Devereux, S. Peripheral blood but not tissue dendritic cells express CD52 and are depleted by treatment
with alemtuzumab. Blood 2002, 100, 1715-1720.

Hu, Y.; Turner, M.].; Shields, J.; Gale, M.S.; Hutto, E.; Roberts, B.L.; Siders, W.M.; Kaplan, J.M. Investigation
of the mechanism of action of alemtuzumab in a human CD52 transgenic mouse model. Immunology 2009,
128, 260-270, doi:10.1111/j.1365-2567.2009.03115.x.

Watanabe, T.; Masuyama, J.; Sohma, Y.; Inazawa, H.; Horie, K.; Kojima, K.; Uemura, Y.; Aoki, Y.; Kaga, S.;
Minota, S.; et al. CD52 is a novel costimulatory molecule for induction of CD4+ regulatory T cells. Clin.
Immunol. 2006, 120, 247-259, d0i:10.1016/j.clim.2006.05.006.

Bandala-Sanchez, E.; Zhang, Y.; Reinwald, S.; Dromey, J.A.; Lee, B.-H.; Qian, J.; Bchmer, R.M.; Harrison,
L.C. T cell regulation mediated by interaction of soluble CD52 with the inhibitory receptor Siglec-10. Nat.
Immunol. 2013, 14, 741-748, d0i:10.1038/ni.2610.

Bandala-Sanchez, E.; Bediaga, N.G.; Naselli, G.; Neale, A.M.; Harrison, L.C. Siglec-10 expression is up-
regulated in activated human CD4* T cells. Hum. Immunol. 2020, 81, 101-104,
doi:10.1016/j.humimm.2020.01.009.

Xia, M.Q.; Hale, G; Lifely, M.R.; Ferguson, M.A.; Campbell, D.; Packman, L.; Waldmann, H. Structure of
the CAMPATH-1 antigen, a glycosylphosphatidylinositol-anchored glycoprotein which is an exceptionally
good target for complement lysis. Biochem. ]. 1993, 293, 633—640.

Gilleece, M.H.; Dexter, T.M. Effect of Campath-1H antibody on human hematopoietic progenitors in vitro.
Blood 1993, 82, 807-812.

Rao, S.P.; Sancho, J.; Campos-Rivera, ].; Boutin, P.M.; Severy, P.B.; Weeden, T.; Shankara, S.; Roberts, B.L.;
Kaplan, ].M. Human peripheral blood mononuclear cells exhibit heterogeneous CD52 expression levels
and show differential sensitivity to alemtuzumab mediated cytolysis. PLoS ONE 2012, 7,
doi:10.1371/journal. pone.0039416.

Haile, Y.; Adegoke, A.; Laribi, B.; Lin, J.; Anderson, C.C. Anti-CD52 blocks EAE independent of PD-1
signals and promotes repopulation dominated by double-negative T cells and newly generated T and B
cells. Eur. |. Immunol. 2020, doi:10.1002/eji.201948288.

Turner, M.J.; Pang, P.T.; Chretien, N.; Havari, E.; LaMorte, M.].; Oliver, J.; Pande, N.; Masterjohn, E.; Carter,
K.; Reczek, D.; et al. Reduction of inflammation and preservation of neurological function by anti-CD52
therapy in murine experimental autoimmune encephalomyelitis. |. Neuroimmunol. 2015, 285, 4-12,
doi:10.1016/j.jneuroim.2015.05.018.

Simon, M; Ipek, R.;; Homola, G.A.; Rovituso, D.M.; Schampel, A.; Kleinschnitz, C.; Kuerten, S. Anti-CD52
antibody treatment depletes B cell aggregates in the central nervous system in a mouse model of multiple
sclerosis. J. Neuroinflammation 2018, 15, 225, doi:10.1186/s12974-018-1263-9.

Ellwardt, E.; Vogelaar, C.F.; Maldet, C.; Schmaul, S.; Bittner, S.; Luchtman, D. Targeting CD52 does not
affect murine neuron and microglia function. Euwr. | Pharmacol. 2020, 871, 172923,
doi:10.1016/;.ejphar.2020.172923.

MacConmara, M., Nwadei, I; Kirk, A.D. Chapter 96—Immunosuppressive Biologic Agents. In
Transplantation of the Liver (Third Edition); Busuttil, RW., Klintmalm, G.B.G., Eds; W.B. Saunders:
Philadelphia, PA, USA, 2015; pp. 1343-1353 ISBN 978-1-4557-0268-8.

Ruck, T.; Bittner, S.; Wiendl, H.; Meuth, S.G. Alemtuzumab in Multiple Sclerosis: Mechanism of Action and
Beyond. Int. |. Mol. Sci. 2015, 16, 1641416439, doi:10.3390/ijms160716414.

Hale, G.; Rebello, P.; Brettman, L.R.; Fegan, C.; Kennedy, B.; Kimby, E.; Leach, M.; Lundin, J.; Mellstedt, H.;
Moreton, P.; et al. Blood concentrations of alemtuzumab and antiglobulin responses in patients with
chronic lymphocytic leukemia following intravenous or subcutaneous routes of administration. Blood 2004,
104, doi:10.1182/blood-2004-02-0593.



Cells 2020, 9, 1396 13 of 17

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

CAMMS223 Trial Investigators; Coles, A.].; Compston, D.A.S,; Selmaj, K.W.; Lake, S.L.; Moran, S.;
Margolin, D.H.; Norris, K.; Tandon, P.K. Alemtuzumab vs. interferon beta-1a in early multiple sclerosis. N.
Engl. ]. Med. 2008, 359, 1786-801, doi:10.1056/NEJMo0a0802670.

Cohen, J.A; Coles, A.].; Arnold, D.L.; Confavreux, C.; Fox, E.J.; Hartung, H.-P.; Havrdova, E.; Selmaj, KW.;
Weiner, H.L.; Fisher, E.; et al. Alemtuzumab versus interferon beta 1a as first-line treatment for patients
with relapsing-remitting multiple sclerosis: a randomised controlled phase 3 trial. Lancet Lond. Engl. 2012,
380, 1819-1828, doi:10.1016/S0140-6736(12)61769-3.

Coles, A.].; Twyman, C.L.; Arnold, D.L.; Cohen, J.A.; Confavreux, C.; Fox, E.J.; Hartung, H.-P.; Havrdova,
E.; Selmaj, KW.; Weiner, HL.; et al. Alemtuzumab for patients with relapsing multiple sclerosis after
disease-modifying therapy: a randomised controlled phase 3 trial. Lancet Lond. Engl. 2012, 380, 1829-1839,
doi:10.1016/S0140-6736(12)61768-1.

Havrdova, E.; Arnold, D.L.; Cohen, J.A; Hartung, H.-P.; Fox, EJ.; Giovannoni, G.; Schippling, S.; Selmaj,
K.W.; Traboulsee, A.; Compston, D.A.S.; et al. Alemtuzumab CARE-MS I 5-year follow-up. Neurology 2017,
89, 1107-1116, doi:10.1212/WNL.0000000000004313.

Coles, A.].; Cohen, J.A; Fox, E.J.; Giovannoni, G.; Hartung, H.P.; Havrdova, E.; Schippling, S.; Selmaj, KW ;
Traboulsee, A.; Compston, D.A.S.; et al. Alemtuzumab CARE-MS II 5-year follow-up: Efficacy and safety
findings. Neurology 2017, 89, 1117-1126, doi:10.1212/WNL.0000000000004354.

Wijmeersch, B.V.; Singer, B.A.; Boster, A.; Broadley, S.; Fernandez, O.; Freedman, M.S.; Izquierdo, G,;
Lycke, J.; Pozzilli, C.; Sharrack, B.; et al. Efficacy of alemtuzumab over 6 years in relapsing—remitting
multiple sclerosis patients who relapsed between courses 1 and 2: Post hoc analysis of the CARE-MS
studies: Mult. Scler. ]. 2019, doi:10.1177/1352458519881759.

Bertolotto, A.; Arroyo, R.; Celius, E.G.; Comi, G.; Havrdova, E.K,; Honeycutt, W.D.; Hunter, S.F.; Izquierdo,
G.; Kornek, B.; Miller, T.; et al. Quality of Life Improves with Alemtuzumab Over 6 Years in Relapsing-
Remitting Multiple Sclerosis Patients with or without Autoimmune Thyroid Adverse Events: Post Hoc
Analysis of the CARE-MS Studies. Neurol. Ther. 2020, doi:10.1007/s40120-020-00191-7.

McCarthy, C.L.; Tuohy, O, Compston, D.A.S; Kumararatne, D.S.; Coles, AJ.; Jones, J.L. Immune
competence after alemtuzumab treatment of multiple sclerosis. Neurology 2013, 81, 872-876,
doi:10.1212/WNL.0b013e3182a35215.

Kousin-Ezewu, O.; Azzopardi, L.; Parker, R A.; Tuohy, O.; Compston, A.; Coles, A.; Jones, J. Accelerated
lymphocyte recovery after alemtuzumab does not predict multiple sclerosis activity. Neurology 2014, 82,
2158-2164, doi:10.1212/WNL.0000000000000520.

Hill-Cawthorne, G.A.; Button, T.; Tuohy, O.; Jones, ].L.; May, K.; Somerfield, ].; Green, A.; Giovannoni, G.;
Compston, D.A.S.; Fahey, M.T; et al. Long term lymphocyte reconstitution after alemtuzumab treatment
of multiple sclerosis. J. Neurol. Neurosurg. Psychiatry 2012, 83, 298-304, doi:10.1136/jnnp-2011-300826.
Zhang, X,; Tao, Y.; Chopra, M.; Ahn, M.; Marcus, K.L.; Choudhary, N.; Zhu, H.; Markovic-Plese, S.
Differential Reconstitution of T Cell Subsets following Immunodepleting Treatment with Alemtuzumab
(Anti-CD52 Monoclonal Antibody) in Patients with Relapsing-Remitting Multiple Sclerosis. ]. Immunol.
2013, 191, 5867-5874, d0i:10.4049/jimmunol.1301926.

Cucci, A.; Barbero, P.; Clerico, M.; Ferrero, B.; Versino, E.; Contessa, G.; Demercanti, S.; Viglietta, E.; Di
Liberto, A.; Vai, A.G,; et al. Pro-inflammatory cytokine and chemokine mRNA blood level in multiple
sclerosis is related to treatment response and interferon-beta dose. J. Neuroimmunol. 2010, 226, 150-157,
doi:10.1016/j.jneuroim.2010.05.038.

Stampanoni Bassi, M.; Iezzi, E.; Landi, D.; Monteleone, F.; Gilio, L.; Simonelli, I.; Musella, A.; Mandolesi,
G.; De Vito, F; Furlan, R et al. Delayed treatment of MS is associated with high CSF levels of IL-6 and IL-
8 and worse future disease course. J. Neurol. 2018, 265, 2540-2547, doi:10.1007/s00415-018-8994-5.
Barcutean, L.I; Romaniuc, A.; Maier, S.; Bajko, Z.; Motataianu, A.; Adina, H.; Simu, I.; Andone, S.; Balasa,
R. Clinical and Serological Biomarkers of Treatment’s Response in Multiple Sclerosis Patients Treated
Continuously with Interferonp-1b for More than a Decade. CNS Neurol. Disord. Drug Targets 2018, 17, 780-
792, doi:10.2174/1871527317666180917095256.

Balasa, R.; Maier, S.; Voidazan, S.; Hutanu, A.; Bajko, Z.; Motataianu, A.; Tilea, B.; Tiu, C. Assessment of
Interleukin-17A, Interleukin-10 and Transforming Growth Factor-Betal Serum Titers in Relapsing
Remitting Multiple Sclerosis Patients Treated with Avonex, Possible Biomarkers for Treatment Response.
CNS Neurol. Disord. Drug Targets 2017, 16, 93-101, doi:10.2174/1871527315666160615110739.



Cells 2020, 9, 1396 14 of 17

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Khademi, M.; Bornsen, L.; Rafatnia, F.; Andersson, M.; Brundin, L.; Piehl, F.; Sellebjerg, F.; Olsson, T. The
effects of natalizumab on inflammatory mediators in multiple sclerosis: prospects for treatment-sensitive
biomarkers. Eur. ]. Neurol. 2009, 16, 528-536, doi:10.1111/j.1468-1331.2009.02532.x.

Ganji, A.; Monfared, M.E.; Shapoori, S.; Nourbakhsh, P.; Ghazavi, A.; Ghasami, K.; Mosayebi, G. Effects of
interferon and glatiramer acetate on cytokine patterns in multiple sclerosis patients. Cytokine 2020, 126,
154911, doi:10.1016/j.cyto.2019.154911.

Coles, A.].; Fox, E; Vladic, A.; Gazda, S.K; Brinar, V.; Selmaj, K.W.; Skoromets, A.; Stolyarov, I; Bass, A.;
Sullivan, H.; et al. Alemtuzumab more effective than interferon (3-1a at 5-year follow-up of CAMMS223
Clinical Trial. Neurology 2012, 78, 1069-1078, doi:10.1212/WNL.0b013e31824e8ee?.

De Mercanti, S.; Rolla, S.; Cucci, A.; Bardina, V.; Cocco, E.; Vladic, A.; Soldo-Butkovic, S.; Habek, M.;
Adamec, I; Horakova, D.; et al. Alemtuzumab long-term immunologic effect: Treg suppressor function
increases up to 24 months. Neurol. Neuroimmunol. Neuroinflammation 2016, 3, e194—e194,
doi:10.1212/NXI.0000000000000194.

Rolla, S.; De Mercanti, S.F.; Bardina, V.; Horakova, D.; Habek, M.; Adamec, 1.; Cocco, E.; Annovazzi, P,;
Vladic, A.; Novelli, F.; etal. Lack of CD4 + T cell percent decrease in alemtuzumab-treated multiple sclerosis
patients with persistent relapses. J. Neuroimmunol. 2017, 313, doi:10.1016/j.jneuroim.2017.10.009.

Baker, D.; Herrod, S.S.; Alvarez-Gonzalez, C.; Giovannoni, G.; Schmierer, K. Interpreting lymphocyte
reconstitution data from the pivotal phase 3 trials of alemtuzumab. JAMA Neurol. 2017, 74, 961-969,
doi:10.1001/jamaneurol.2017.0676.

Jones, ].L.; Thompson, S.A J.; Loh, P.; Davies, J.L.; Tuohy, O.C.; Curry, A.].; Azzopardi, L.; Hill-Cawthorne,
G.; Fahey, M.T.; Compston, A.; et al. Human autoimmunity after lymphocyte depletion is caused by
homeostatic T-cell proliferation. Proc. Natl. Acad. Sci. USA 2013, 110, 20200-20205,
doi:10.1073/pnas.1313654110.

Baccala, R; Theofilopoulos, A.N. The new paradigm of T-cell homeostatic proliferation-induced
autoimmunity. Trends Immunol. 2005, 26, 5-8, d0i:10.1016/j.it.2004.11.006.

Krupica, T.; Fry, T.J.; Mackall, C.L. Autoimmunity during lymphopenia: a two-hit model. Clin. Immunol.
Orlando Fla 2006, 120, 121-128, doi:10.1016/j.clim.2006.04.569.

Costelloe, L.; Jones, J.; Coles, A. Secondary autoimmune diseases following alemtuzumab therapy for
multiple sclerosis. Expert Rev. Neurother. 2012, 12, 335-341, d0i:10.1586/ern.12.5.

Cox, A.L; Thompson, S.A.].; Jones, ].L.; Robertson, V.H.; Hale, G.; Waldmann, H.; Compston, D.A.S.; Coles,
A.J. Lymphocyte homeostasis following therapeutic lymphocyte depletion in multiple sclerosis. Eur. .
Immunol. 2005, 35, 3332-3342, doi:10.1002/eji.200535075.

Clerico, M.; Rolla, S.; De Mercanti, S.; Bardina, V.; Cucci, A.; Taverna, D.; Cocco, E.; Vladic, A.; Habek, M.;
Adamec, I; et al. Six year prospective immunological study of Alemtuzumab treated patients: focus on
CD4+ T cell subsets (P5.360). Neurology 2018, 90, P5.360.

Haas, J.; Wiirthwein, C.; Korporal-Kuhnke, M.; Viehoever, A ; Jarius, S.; Ruck, T.; Pfeuffer, S.; Meuth, S.G,;
Wildemann, B. Alemtuzumab in Multiple Sclerosis: Short- and Long-Term Effects of Immunodepletion on
the Peripheral Treg Compartment. Front. Immunol. 2019, 10, 1204, doi:10.3389/fimmu.2019.01204.

Gilmore, W.; Lund, B.T.; Traboulsee, A.; Javed, A.; Dunn, J.; Weiner, L.P.; Li, P.; Kelland, E.E.; Levy, A.
Leukocyte repopulation following alemtuzumab treatment in relapsing-remitting MS contains multiple
regulatory immune cell types. In Proceedings of the Multiple Sclerosis Journal; Sage Publications Ltd 1
Olivers Yard, 55 City Road, London Ecly 1sp, England, 2017; Vol. 23, pp. 506-507.

Thompson, S.AJ.; Jones, J.L.; Cox, A.L.; Compston, D.A.S.; Coles, A.]. B-Cell reconstitution and BAFF after
alemtuzumab (Campath-1H) treatment of multiple sclerosis. ]. Clin. Immunol. 2010, 30, 99-105,
doi:10.1007/s10875-009-9327-3.

Kim, Y.; Kim, G.; Shin, H.-].; Hyun, J.-W.; Kim, S.-H.; Lee, E.; Kim, H.]. Restoration of regulatory B cell
deficiency following alemtuzumab therapy in patients with relapsing multiple sclerosis. J.
Neuroinflammation 2018, 15, 300, doi:10.1186/512974-018-1334-y.

Turner, M.].; LaMorte, M.J.; Chretien, N.; Havari, E.; Roberts, B.L.; Kaplan, ].M.; Siders, W.M. Immune
status following alemtuzumab treatment in human CD52 transgenic mice. . Neuroimmunol. 2013, 261, 29—
36, doi:10.1016/j.jneuroim.2013.04.018.

Thomas, K.; Eisele, J.; Rodriguez-Leal, F.A.; Hainke, U.; Ziemssen, T. Acute effects of alemtuzumab infusion
in patients with active relapsing-remitting MS. Neurol. Neuroimmunol. Neuroinflammation 2016, 3, €228,
doi:10.1212/NX1.0000000000000228.



Cells 2020, 9, 1396 15 of 17

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Gross, C.C.; Ahmetspahic, D.; Ruck, T.; Schulte-Mecklenbeck, A.; Schwarte, K; Jorgens, S.; Scheu, S.;
Windhagen, S.; Graefe, B.; Melzer, N.; et al. Alemtuzumab treatment alters circulating innate immune cells
in multiple sclerosis.  Neurol.  Neuroimmunol.  Neuroinflammation 2016, 3, e289—e289,
doi:10.1212/NXI.0000000000000289.

Li, Z.; Richards, S.; Surks, H.K,; Jacobs, A.; Panzara, M.A. Clinical pharmacology of alemtuzumab, an anti-
CD52 immunomodulator, in multiple sclerosis. Clin. Exp. Immunol. 2018, 194, 295-314,
doi:10.1111/cei.13208.

Kasper, L.H.; Arnold, D.L.; Coles, A].; Hartung, H.-P.; Havrdova, E.; Selmaj, K.W.; Palmer, J.; Margolin,
D.H.; Panzara, M.A.; Compston, D.A.S. Lymphocyte subset dynamics following alemtuzumab treatment
in patients who relapsed on a prior therapy. |. Neuroimmunol. 2014, 275, 63-64.

Freedman, M.; Kaplan, J.; Markovic-Plese, S. Insights into the mechanisms of the therapeutic efficacy of
alemtuzumab in multiple sclerosis. ] Clin Cell Immunol 2013, 4, 1-18, doi:10.4172/2155-9899.1000152.
Hartung, H.-P.; Aktas, O.; Boyko, A.N. Alemtuzumab: A new therapy for active relapsing-remitting
multiple sclerosis. Mult. Scler. Houndmills Basingstoke Engl. 2014, 1-13, doi:10.1177/1352458514549398.
Tuohy, O.; Costelloe, L.; Hill-Cawthorne, G.; Bjornson, I.; Harding, K.; Robertson, N.; May, K.; Button, T.;
Azzopardi, L.; Kousin-Ezewu, O.; et al. Alemtuzumab treatment of multiple sclerosis: long-term safety and
efficacy. J. Neurol. Neurosurg. Psychiatry 2015, 86, 208-215, doi:10.1136/jnnp-2014-307721.

Jones, J.L.; Phuah, C.L; Cox, A.L; Thompson, S.A.; Ban, M.; Shawcross, J.; Walton, A.; Sawcer, S.J.;
Compston, A.; Coles, AJ. IL-21 drives secondary autoimmunity in patients with multiple sclerosis,
following therapeutic lymphocyte depletion with alemtuzumab (Campath-1H). J. Clin. Invest. 2009, 119,
20522061, doi:10.1172/JCI37878.

Kuchen, S.; Robbins, R; Sims, G.P.; Sheng, C.; Phillips, T.M.; Lipsky, P.E.; Ettinger, R. Essential role of IL-
21 in B cell activation, expansion, and plasma cell generation during CD4+ T cell-B cell collaboration. J.
Immunol. Baltim. MD 1950 2007, 179, 5886-5896, d0i:10.4049/jimmunol.179.9.5886.

Sakuraba, K.; Oyamada, A.; Fujimura, K.; Spolski, R.; Iwamoto, Y.; Leonard, W.].; Yoshikai, Y.; Yamada, H.
Interleukin-21 signaling in B cells, but not in T cells, is indispensable for the development of collagen-
induced arthritis in mice. Arthritis Res. Ther. 2016, 18, 188, doi:10.1186/5s13075-016-1086-y.

Pariani, N.; Willis, M.; Muller, I.; Healy, S.; Nasser, T., McGowan, A.; Lyons, G.; Jones, J.; Chatterjee, K.;
Dayan, C.; et al. Alemtuzumab-Induced Thyroid Dysfunction Exhibits Distinctive Clinical and
Immunological Features. J. Clin. Endocrinol. Metab. 2018, 103, 3010-3018, doi:10.1210/jc.2018-00359.
Cossburn, M.; Pace, A.A.; Jones, |.; Ali, R;; Ingram, G.; Baker, K.; Hirst, C.; Zajicek, J.; Scolding, N.; Boggild,
M.; et al. Autoimmune disease after alemtuzumab treatment for multiple sclerosis in a multicenter cohort.
Neurology 2011, 77, 573-579, doi:10.1212/WNL.0b013e318228bec5.

Coles, A.].; Wing, M.; Smith, S.; Coraddu, F.; Greer, S.; Taylor, C.; Weetman, A.; Hale, G.; Chatterjee, V.K,;
Waldmann, H.; et al. Pulsed monoclonal antibody treatment and autoimmune thyroid disease in multiple
sclerosis. Lancet Lond. Engl. 1999, 354, 1691-1695, doi:10.1016/50140-6736(99)02429-0.

Havla, J.; Warnke, C.; Derfuss, T.; Kappos, L.; Hartung, H.-P.; Hohlfeld, R. Interdisciplinary Risk
Management in the Treatment of Multiple Sclerosis. Dtsch. Arzteblatt Int. 2016, 113, 879-886,
doi:10.3238/arztebl.2016.0879.

Wray, S.; Havrdova, E.; Snydman, D.R.; Arnold, D.L.; Cohen, J.A.; Coles, A J.; Hartung, H.-P.; Selmaj, KW.;
Weiner, H.L.; Daizadeh, N.; et al. Infection risk with alemtuzumab decreases over time: pooled analysis of
6-year data from the CAMMS223, CARE-MS |, and CARE-MS 1II studies and the CAMMS03409 extension
study. Mult. Scler. Houndmills Basingstoke Engl. 2019, 25, 1605-1617, doi:10.1177/1352458518796675.

Clark, R.A.; Watanabe, R.; Teague, J.E.; Schlapbach, C.; Tawa, M.C.; Adams, N.; Dorosario, A.A.; Chaney,
K.S,; Cutler, C.S,; Leboeuf, N.R;; et al. Skin effector memory T cells do not recirculate and provide immune
protection in alemtuzumab-treated CTCL patients. Sci. Transl. Med. 2012, 4, 117ra7,
doi:10.1126/scitranslmed.3003008.

Turner, M.J.; Havari, E.; Dodge, ].; Treleaven, C.; Shihabuddin, L.; Roberts, B.; Kaplan, J.; Siders, W.M.
Preservation of lymphocyte migratory ability following anti-CD52 therapy. In Proceedings of the Multiple
Sclerosis Journal; Sage Publications Ltd 1 Olivers Yard, 55 City Road, London Ecly 1sp, England, 2013; Vol.
19, pp. 573-573.

Buonomo, A.R.; Zappulo, E.; Viceconte, G.; Scotto, R.; Borgia, G.; Gentile, I. Risk of opportunistic infections
in patients treated with alemtuzumab for multiple sclerosis. Expert Opin. Drug Saf. 2018, 17, 709-717,
doi:10.1080/14740338.2018.1483330.



Cells 2020, 9, 1396 16 of 17

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Yann, K.; Jackson, F.; Sharaf, N.; Mihalova, T.; Talbot, P.; Rog, D.; Pace, A. Acute respiratory distress
syndrome following alemtuzumab therapy for relapsing multiple sclerosis. Mult. Scler. Relat. Disord. 2017,
14, 1-3, d0i:10.1016/j.msard.2017.03.001.

Penkert, H.; Delbridge, C.; Wantia, N.; Wiestler, B.; Korn, T. Fulminant Central Nervous System
Nocardiosis in a Patient Treated With Alemtuzumab for Relapsing-Remitting Multiple Sclerosis. JAMA
Neurol. 2016, 73, 757-759, doi:10.1001/jamaneurol.2016.0146.

Sheikh-Taha, M.; Corman, L.C. Pulmonary Nocardia beijingensis infection associated with the use of
alemtuzumab in a patient with multiple sclerosis: Mult. Scler. J. 2017, doi:10.1177/1352458517694431.
Canham, L.J.W.; Manara, A.; Fawcett, ].; Rolinski, M.; Mortimer, A.; Inglis, K.E.A.; Cottrell, D.A. Mortality
from Listeria monocytogenes meningoencephalitis following escalation to alemtuzumab therapy for
relapsing-remitting ~ Multiple  Sclerosis. ~ Mult.  Scler.  Relat.  Disord. 2018, 24, 38-41,
doi:10.1016/j.msard.2018.05.014.

Pappolla, A.; Midaglia, L.; Boix Rodriguez, C.P.; Puig, A.A.; Lung, M.; Camps, LR.; Castilld, J.; Mulero, P.;
Vidal-Jordana, A.; Arrambide, G.; et al. Simultaneous CMV and Listeria infection following alemtuzumab
treatment for multiple sclerosis. Neurology 2019, 92, 296-298, doi:10.1212/WNL.0000000000006801.

Rau, D.; Lang, M.; Harth, A,; Naumann, M.; Weber, F; Tumani, H.; Bayas, A. Listeria Meningitis
Complicating Alemtuzumab Treatment in Multiple Sclerosis--Report of Two Cases. Int. ]. Mol. Sci. 2015,
16, 14669-14676, doi:10.3390/ijms160714669.

Winkelmann, A.; Loebermann, M.; Reisinger, E.C.; Hartung, H.-P.; Zettl, U K. Disease-modifying therapies
and infectious risks in multiple sclerosis. Nat. Rev. Neurol. 2016, 12, 217-233, doi:10.1038/nrneurol.2016.21.
Hohlfeld, R.; Kiimpfel, T. Alemtuzumab and Multiple Sclerosis: Another Note of Caution. JAMA Neurol.
2016, 73, 637-638, doi:10.1001/jamaneurol.2016.0259.

Clerico, M.; De Mercanti, S.; Artusi, C.A.; Durelli, L.; Naismith, R.T. Active CMV infection in two patients
with multiple sclerosis treated with alemtuzumab. Mult. Scler. 2017, 23, doi:10.1177/1352458516688350.
Brownlee, W.J.; Chataway, ]J. Opportunistic infections after alemtuzumab: New cases of norcardial
infection and cytomegalovirus syndrome: Mult. Scler. ]. 2017, doi:10.1177/1352458517693440.

Barone, S.; Scannapieco, S.; Torti, C.; Filippelli, E.; Pisani, V.; Granata, A.; Console, D.; Demonte, G.;
Tallarico, T.; Polidoro, S.; et al. Hepatic microabscesses during CMV reactivation in a multiple sclerosis
patient  after alemtuzumab  treatment. = Mult.  Scler.  Relat.  Disord. 2018, 20, 6-8,
doi:10.1016/j.msard.2017.12.009.

McCall, B. Alemtuzumab to be restricted pending review, says EMA. Lancet Lond. Engl. 2019,
doi:10.1016/S0140-6736(19)30935-3.

Azevedo, C.J.; Kutz, C; Dix, A.; Boster, A.; Sanossian, N.; Kaplan, J. Intracerebral haemorrhage during
alemtuzumab administration. Lancet Neurol. 2019, 18, 329-331, doi:10.1016/51474-4422(19)30076-6.

Lee, D.W.; Gardner, R.; Porter, D.L.; Louis, C.U.; Ahmed, N.; Jensen, M.; Grupp, S.A.; Mackall, C.L. Current
concepts in the diagnosis and management of cytokine release syndrome. Blood 2014, 124, 188-195,
doi:10.1182/blood-2014-05-552729.

Maggi, E.; Vultaggio, A.; Matucci, A. Acute infusion reactions induced by monoclonal antibody therapy.
Expert Rev. Clin. Immunol. 2011, 7, 55-63, doi:10.1586/eci.10.90.

Libertinova, J.; Meluzinova, E.; Nema, E.; Rockova, P.; Elisak, M.; Petrzalka, M.; Mojzisova, H.; Hammer,
J.; Tomek, A.; Marusic, P. Elevated D-dimer as an immediate response to alemtuzumab treatment. Mult.
Scler. Houndmills Basingstoke Engl. 2020, 1352458520904277, doi:10.1177/1352458520904277.

Mercanti, S.F.D.; Rolla, S.; Matta, M.; Iudicello, M.; Franchin, E.; Clerico, M. D-dimer Increasing After First
Alemtuzumab Administration in a Multiple Sclerosis Patient. Int. . Clin. Exp. Med. Sci. 2019, 5, 67,
doi:10.11648/j.ijcems.20190505.12.

Alj, L.; Saxena, G.; Jones, M.; Leisegang, G.R.; Gammon, L.; Gnanapavan, S.; Giovannoni, G.; Schmierer, K;
Baker, D.; Kang, A.S. A cell-based assay for the detection of neutralizing antibodies against alemtuzumab.
BioTechnigues 2020, doi:10.2144/btn-2019-0122.

Baker, D.; Ali, L.; Saxena, G.; Pryce, G.; Jones, M.; Schmierer, K.; Giovannoni, G.; Gnanapavan, S.; Munger,
K.C; Samkoff, L.; et al. The Irony of Humanization: Alemtuzumab, the First, But One of the Most
Immunogenic, Humanized Monoclonal Antibodies. Front. Immunol. 2020, 11,
d0i:10.3389/fimmu.2020.00124.



Cells 2020, 9, 1396 17 of 17

98. Dubuisson, N.; Baker, D.; Kang, A.S; Pryce, G.; Marta, M.; Visser, LH.; Hofmann, W.E.; Gnanapavan, S,
Giovannoni, G.; Schmierer, K. Alemtuzumab depletion failure can occur in multiple sclerosis. Immunology
2018, 154, 253-260, doi:10.1111/imm.12879.

99. Eggers, C. Abrogation of the lymphocyte depleting action of Alemtuzumab by neutralizing antibodies — a
case report P1231. In Proceedings of the MULTIPLE SCLEROSIS JOURNAL; SAGE PUBLICATIONS LTD
1 OLIVERS YARD, 55 CITY ROAD, LONDON EC1Y 1SP, ENGLAND, 2017; Vol. 23, p. 655.

100. Akgiin, K; Kretschmann, N.; Haase, R.; Proschmann, U.; Kitzler, H.H.; Reichmann, H.; Ziemssen, T.
Profiling individual clinical responses by high-frequency serum neurofilament assessment in MS. Neurol.
Neuroimmunol. Neuroinflammation 2019, 6, €555, doi:10.1212/NXI.0000000000000555.

101. Bierhansl, L.; Ruck, T. Pfeuffer, S.; Gross, C.C.; Wiendl, H.; Meuth, S.G. Signatures of immune
reprogramming in anti-CD52 therapy of MS: markers for risk stratification and treatment response. Neurol.
Res. Pract. 2019, 1, 40, doi:10.1186/s42466-019-0045-x.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



	1. Introduction
	2. Alemtuzumab: From Bench to Bedside
	2.1. CD52 Structure and Function (Alemtuzumab Mechanism of Action)
	2.2. Alemtuzumab for the Treatment of MS: Preclinical Studies in Transgenic Mice and EAE Models
	2.3. Clinical Studies of Alemtuzumab in MS

	3. Immune System Reconstitution after Alemtuzumab Treatment
	3.1. Reconstitution of T Cells Subsets
	3.2. B Cells
	3.3. DC/Neutrophils/Macrophages/NK Cells


	4. Beyond Depletion and Immune Reconstitution: Alemtuzumab Management
	4.1. Development of Secondary Autoimmunity
	4.2. Infection Risk
	4.3. Cardiovascolar Risk and New Worning
	4.4. Anti-Alemtuzumab Antibodies

	5. Conclusions
	References

