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Abstract: This article reviews the literature on SARS-CoV-2 pandemic and multiple sclerosis (MS).
The first part of the paper focuses on the current data on immunopathology of SARS-CoV-2 and
leading vaccines produced against COVID-19 infection. In the second part of the article, we discuss
the effect of Disease Modifying Therapies (DMTs) on COVID-19 infection severity or SARS-CoV-2
vaccination in MS patients plus safety profile of different vaccine platforms in MS patients.
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1. Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causing coronavirus
disease 2019 (COVID-19) has killed millions of people in a worldwide pandemic and has
become a global public health emergency [14]. The virus initially originated from Wuhan,
China on December 2019 and up to the 1 February 2022, about 379,298,536 confirmed cases
with 5,693,522 deaths are officially reported by the governments of 225 countries to the
coronavirus worldometers [5]. On the 1 February 2022, the World Health Organization
(WHO) and Centers for Disease Control and prevention (CDC) estimated the fatality rate
of COVID-19 disease to be between 0.00-1.63% which is higher for those over 50 years of
age [6-8].

1.1. Ethiology of COVID-19 Disease

SARS-CoV-2 is an enveloped single-stranded positive-sense RNA virus which belongs
to the 3 Coronavirus family. The 29.9 kb genome of the virus includes 13-15 open reading
frames (ORFs), among them the amino acid sequences of seven conserved domains in the
genomic ORFlab, which are 94.6% identical to those from original SARS-CoV [3,4,9-11].
Bats of certain species are recognized as the natural host for a broad spectrum of CoVs.
Having 90.4-100% amino acid identity with a coronavirus strain isolated from the Malayan
pangolin, SARS-CoV-2 could be emerged from a possible recombination between viruses
of bat and pangolin [12,13]. Spike protein (S), envelope protein (E), membrane protein (M)
and nucleocapsid protein (N) are four major structural proteins of SARS-CoV-2. Moreover,
the virus contains non-structural proteins which are not only essential in virus replica-
tion and assembly, but are also in viral pathogenesis process including modulation of
early transcription regulation, gene transactivation, evasion of antiviral response, and
immunomodulation [3,4,9-11,14].

1.2. Pathogenesis of SARS-CoV-2

Coronaviruses are usually the cause of respiratory infections ranging from the common
cold to more severe diseases such as Middle East Respiratory Syndrome (MERS), SARS
and recently emerged SARS-CoV-2 [1,9,14-17]. The viral RNA of SARS-CoV-2 is enveloped
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in a bilayer lipid crowned with S-proteins. 1273-amino acid S protein plays a key role
in initiation, transmission and ongoing of SARS-CoV-2 infection. The S protein structure
consists of two main domains: the N-terminal S1 domain (NTD) mediating adhesion of
the virus to angiotensin-converting enzyme-related carboxypeptidase 2 (ACE2) expressed
by the type Il pneumocytes (vascular endothelial and alveolar macrophages and epithelial
cells) in the human lung and the C-terminal S2 domain promoting the viral membrane
fusion with the host cell membrane. The 424-494 amino acid subdomain of S1, receptor-
binding domain (RBD), interacting with the peptidase domain (PD) binding site on ACE2
is the main target for neutralizing antibodies (Abs) to block SARS-CoV-2 entrance to host
cells [7-9,11-19]. Upon binding to the receptor, the virus inters the host cell via receptor-
mediated endocytosis where in the acidic environment, proteolytic cleavage of S protein
into S1 and S2 subunits happens by a furin, cathepsin, TMPRSS2, or another protease.
Upon S2-assisted fusion of the viral and cellular membranes, the viral RNA genome is
released in the cytosol, where genomic replication and translation of the viral proteins take
place. Eventually, interaction of structural proteins (S, E, and M) with the RNA genome
packed in N proteins happens in endoplasmic reticulum-Golgi intermediate compartment
(ERGIC) and virions are transported out of the host cell via an exocytic pathway [4,14].

Infection of pneumocytes by COVID-19 stimulates local inflammatory responses and
induces the release of cytokines like tumor necrosis factor-oc (TNF-«), transforming growth
factor-p1 (TGF-1), interleukin-1p (IL-18), IL-6, and also numerous chemokines that act
in recruitment of circulating leukocytes [3,4,14,17-20]. SARS-CoV-2 infection activates
innate immune responses, plus antigen-specific cytotoxic T-cells directed against the virus
and also B-cell responses with the ultimate production of neutralizing antibodies. In
severe forms of COVID-19 infection, the ensuing inflammatory cascade may lead to the
elevation of serum cytokines IL-2, IL-7, IL-10, granulocyte colony-stimulating factor (G-
CSF), monocyte chemotactic protein (MCP), and TNF-« levels, which are called a cytokine
storm. Although the immune system eliminates SARS-CoV-2 in most cases, vascular
damage, hypercoagulation, hyperactivated inflammatory innate responses, and peripheral
lymphopenia can result in multi-organ failure, acute respiratory distress syndrome (ARDS),
and in some cases, death [1,3,4,11,14,17,18,20-22].

Neutralizing Abs, particularly anti-RBD antibodies, can play a role in the clearance
of SARS-CoV-2 primary infection [9,20,21,23]. The higher ratios of anti-S1 or anti-RBD do-
mains IgG antibodies compared to the nucleocapsid protein contribute to the milder COVID-
19 disease showing the importance of these antibodies. On the other hand, studies show that
regardless of immunosuppression, patients suffer from X-linked hypogammaglobulinemia
and most patients with iatrogenic B-cell depletion can recover from COVID-19 infection.
These findings indicate that although they have a significant role in response to primary
infection, neutralizing antibodies are not strictly essential for recovery [14,20-22,24]. It is
believed that T-cells play a critical role in the control and resolution of active SARS-CoV-2
infection, as there is an important association between SARS-CoV-2-specific CD4+ and
CD8+ T-cells and disease severity. Patients with mild to moderate forms of COVID-19
infection have activated CD4+ T-cells, cytotoxic T-cells and follicular helper T (Tth) cells,
plus elevation in antibody-secreting plasmablasts, and the levels of IgM and IgG antibod-
ies in blood. In contrast, in patients with severe disease, proportion of CD8+ cytotoxic
T-cells expressing CD38 or double positive CD38 + PD-1+ is higher than in patients with
the moderate course of disease and healthy controls indicating the hyper-activation of
peripheral T-cells. Some features of the immune response, such as reduced expression of
CD16 on neutrophils, monocytes and immature granulocytes, observed in the severe forms
of COVID-19 infection, are similar to immune dysregulation found in sepsis. Moreover,
some typical characteristics of an acute viral infection like activated T-cells and expansion
of antibody-secreting plasmablasts have been indicated. Finally, reports show that there is
a link between the levels of some chemokines and cytokines CXCL10, IL-6 and IL-10 in the
blood and the severity of the disease [9,14,18,20-22,24].



Vaccines 2022, 10, 279

30f18

1.3. Vaccine Platforms against COVID-19

Today, vaccination seems to be the most effective way to prevent COVID-19 infection,
disease, or transmission [9,25]. By the end of February 2021, more than 40 countries and
regions have been working on COVID-19 vaccine development and in total, 256 COVID-19
vaccine candidates have been developed based on different approaches, including live
attenuated or inactivated vaccines (8.2%), non-replicating viral vector vaccines (13.3%),
replicating viral vector vaccines (9.8%), recombinant protein-based vaccines (protein sub-
unit vaccines (35.9%), virus-like particles (VLP)), and nucleic acid vaccines (DNA- (10.2%)
and mRNA-based (12.1%) vaccines) (Table 1) [1,3,9,23,25,26]. As S protein is critical for the
entrance of virus to the host cell, many COVID-19 candidate vaccines were designed based
on the whole or a fragment of SARS-CoV-2 spike protein [1,3,11,23,27,28].

Table 1. Overview of the major SARS-CoV-2 vaccine strategies.

Vaccine
Type

Production

Advantages

Limitations

Total Number

of Vaccines

Leading
Vaccines
Name (Manu-
facturer)

Clinical
Phase

Route of
Immu-
nization *

Efficacy

Live-
attenuated

(I) serial passage of
pathogenic virus in
cell culture
(IT) growing the virus
under unfavorable
conditions (III)
genetically alteration
via key genes

Higher
immunogenicity,
strong and
long-lasting
immune responses

Risk of genetical
instability and retrieving
virulence, need for
biosafety facilities

Meissa (Coda-
genix/Serum
Institute of
India)

Phase
I/1

Inactivated

(killed)

Inactivation of the
virus by heat,
chemicals or
radiation

Higher
immunogenicity, no
risk of infection

Reduced immune

response, need for

biosafety facilities,
lower purity

21

Corona Vac
(SinoVac)

Phase
v

™M

50.7%

BBIBP-CorV
(Sinopharm)

Phase
I

™M

79.3%

BBV152
(Bharat
Biotech)

Phase
I

™M

Vector
vaccines

Non-pathogenic viral
vectors delivering
gene of viral antigens
into the host cells

No risk of infection,
no integration to
host genome, strong
in cellular
and humoral
Immune responses,
fast to produce

Pre-immunity against the
vector reducing vaccine
efficacy, risk of
adverse reactions

12 (Non-
replicating)

6 (Replicating)

AZD1222
(AstraZeneca)

Phase
v

™M

70.4%

JNJ78436735
(Johnson &
Johnson)

Phase
v

™M

66%

Ad5nCoV
(CanSino
Biologics)

Phase
i

™M

65.3%

Sputnik V
(Gamaleya
Research
Institute)

Phase
11

™M

91.6%

flu-based-RBD
(Jiangsu
Provincial

CDC)

Phase II

IN

VSV-S (Israel
Institute for
Biological
Research/
Weizmann
Institute of
Science)

Phase
I/1

™M

Protein
subunit

Recombinant
synthesis of whole
protein or its segment

No risk of infection,
no risk of genome
integration, targeted
immune responses

Need for some booster
doses and optimal
adjuvant, reduced

T-cell immunity

24

NVX-CoV2373
(Novavax)

Phase
11

™M

89.7%

ZF 2001
(Anhui Zhifei
Longcom
Biopharmaceu-
tical)

Phase
11

™M

BP-COVID-
19/KBP-201
(Kentucky
Bioprocessing)

Phase
11
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Table 1. Cont.
Leading
Vaccine . S Total Number Vaccines Clinical Route of X
Production Advantages Limitations . Immu- Efficacy
Type of Vaccines Name (Manu- Phase AT
facturer) nization
INO-4800
(Inovio Phar- Phase D -
. /11
maceuticals)
Stimulation of AG0301-
humoral and Need for delivery COVID19 and
plasmid vector cellular responses, vectors, electroporation AG0302- Phase ™
DNA containing a gene of no risk of infection, and/or adjuvants to 11 COVID19 /11 -
antigenic protein ease of production, enhance their (AnGes/Osaka
stability at room immunogenicity University)
temperature
ZyCoV-D
(Cadila Phase D ~
Healthcare 11T
Limited)
. Phase
. Med: Inc. ™M -
Empty virus particles Challenging edicago ne I
Virus-like presenting several . . . development and ;
particle copies of the same N;); fil;aolf lzrf.zclﬁgn' assembly process, 2 Sp}éBlOteCh/
(VLP) antigen on their 8 reduced immunogenicity, crum Phase II M -
. Institute of
surface Lower purity ;
India
BNT16b2 Ph
Stimulation of (Pfizer/ Iése M 95%
mRNA of the humoral and Need for delivery BioNTech)
antigenic protein cellular responses, vectors, unstable, need
mRNA encapsulated in lipid No risk of infection, for strict cold chain for 8 mRNdA—1273 Phase M 94%
nanoparticles ease of production, distribution and storage (Moderna) v
no risk of genome CVnCOV Phase
integration (CureVac) i ™M B

* IM: intramuscular; IN: intranasal.

2. Multiple Sclerosis
2.1. Cause and Risk Factors

Multiple sclerosis (MS) is an adaptive and innate immune-mediated disorder defined
as a chronic inflammatory autoimmune disease of the central nervous system (CNS).
Pathology of MS is characterized by inflammation, demyelination, activation of microglia,
proliferation of astrocytes and gliosis and different grades of axonal degeneration linked
to oxidative stress and mitochondrial injury. Although the exact etiology of MS is still
unknown, it is believed that some environmental, genetical, and epigenetic factors are
playing a central role in induction and progression of the disease [29-31]. Globally, there
are estimated number of 2.8 million people with MS and the prevalence of the disease was
35.9 per 100,000 population in 2020 which is expected to increase in the future [32,33].

2.2. Multiple Sclerosis and Infections

Patients with MS, especially those with the severe forms of the disease, have a higher
risk for acquiring certain types of viral and bacterial infections. It has been shown that there
is a link between bacterial and viral infections and greater chance of occurrence of relapses
or pseudo-relapses in MS patients [34-37]. Additionally, almost all MS patients are under
treatment with immunomodulatory or immuno-suppressive disease-modifying therapies
(DMTs) to lessen disease activity, severity and to prevent or slow disease progression. These
DMTs are classified as injectables agents (interferon-beta (IFN-3) and glatiramer acetate),
monoclonal antibodies (natalizumab, alemtuzumab, ocrelizumab, rituximab and ofatu-
mumab), and oral drugs (fingolimod, dimethyl fumarate, cladribine, teriflunomide, and
ozanimod) with mechanisms of action including: lymphocyte depletion, disruption of lym-
phocyte replication, or alteration of lymphocyte trafficking [35,38—40]. DMTs, particularly
B-cell depleting drugs (anti-CD20), also increase the risk of upper respiratory tract infec-
tions, urinary tract infections, opportunistic infections, infection-related hospitalization,
and infection-related mortality rates in these patients [36,37].
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2.3. COVID-19 Disease in MS Patients

The incidence of COVID-19 infection in patients with MS including suspected cases
is reported between 1 to 11% with the mortality ratio of 1-4% (the general mortality ratio
in 20 countries mostly affected by COVID-19 is 0.0-9.2%) [28]. According to the com-
prehensive cohort study performed by Coyle et al., history of treatment with anti-CD20
DMT therapies (such as rituximab and ocrelizumab), presence of comorbidities (congestive
heart disease, diabetes mellitus, hypertension, chronic obstructive pulmonary disease,
cardiomegaly, and obesity), older age, a longer disease course, higher disability, and pro-
gressive disease are risk factors associated with severe COVID-19 in MS patients [34,41-43].
The results of a similar study done by Sormani et al. show that the risk of hospitalization,
intensive care unit (ICU) admission, and death after COVID-19 diagnosis of patients with
MS were increased in cases with expanded disabilities and comorbidities. Moreover, the
risk of hospitalization was higher in MS patients on anti-CD20 therapies than the patients
on IEN or the healthy control group [44].

2.4. DMTs and COVID-19 Disease: Benefits-to-Risk Ratio

It should be considered that most of the MS patients on anti-CD20 therapy have the
moderate to low mortality /morbidity risk to COVID-19 and they make an unremarkable
recovery from the disease. This can be explained by the main role of innate immunity and
T-cell responses in the clearance of SARS-CoV-2 (Table 2). On the other hand, B-cell and
antibody responses do not seem to be essential for eliminating the primary infection, but are
likely significant in elevation of secondary immune responses to prevent from reinfection in
people infected in the past or infection in vaccinated ones [10,17,38,40,45-49]. Since ARDS
or multi-organ failure is more likely to be caused by cytokine storm and overactivation of
inflammatory responses to the virus than the virus itself, the moderate immunosuppression
made by some DMTs having antiviral activities (like IFN-3 and teriflunomide) or blocking
excessive host immune responses may prevent severe COVID-19 infection complications.
Some studies reported cases of MS patients on fingolimod (a sphingosine analogue) and
tested positive for COVID-19 infection, but did not develop any symptoms or showed
moderate to severe complications without any fatal case. At present, fingolimod is under
investigation as a possible treatment for COVID-19-associated ARDS. Because of its antiviral
activity, IFN-f is also under trial and it seems that it is even able to reduce the risk of
COVID-19 infection in Italian MS patients [19,28,40,43,46,50-52]. Glatiramer acetate can
shift a pro-inflammatory response to an anti-inflammatory response, which could be
potentially advantageous in cases of COVID-19 infection. Moreover, glatiramer acetate
blocks IFN-y mediated activation of macrophages, which is thought to be significantly
associated with ARDS. Teriflunomide decreases activation of immune responses without
significant immunosuppression, which can prevent excessive host responses in cases
of SARS-CoV-2 infection. It may also affect the replication of SARS-CoV-2 inside the
infected cell. Therefore, presently, its antiviral activity and the mitochondrial enzyme
dihydroorotate dehydrogenase (DHODH) inhibiting mechanisms are under consideration
to prevent COVID-19 morbidity and mortality [34,40,43,49]. Because of its anti-oxidative,
anti-inflammatory and cytoprotective effects, dimethyl fumarate can play a role in the
control of COVID-19 infection via blocking SARS-CoV-2 replication and also expression of
related inflammatory genes [49].
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Table 2. DMTs and COVID-19 infection: benefits or risks.

DMT Class Mode of Action S Immu(.)' » Risk Continue m Case Preventive Effects Depletive Effects Effect on Immune Time W}nd«}W
uppressive? Category of Infection? Responses for Vaccination
Antiviral and anti-inflammatory
3 Immunomodulatoy, pleitropic by increasing levels of IL-10 and ) .
IEN-f3 immune effects No Very low Yes decreasing TNF-cx, IFEN-y and +IgG titers Not neccessary
IL-17
Anti-inflammatory, Prevents
. Immunomodulatoy, pleitropic ARD via blocking TNF-«, IFN-y B .
Glatiramer acetate immune effects No Very low Yes and IL-12 and increasing IL-10 +IgG titers Not neccessary
and IL-4
. . Dihydro-orotate dehydrogenase Possible (no .. R _ .
Teriflunomide inhibitor, anti-proliferative well-defined Very low Yes Antiviral /+1gG titers Not neccessary
Patients with a total lymphocyte
. Pleotropic, NRF2 activation, . Anti-oxidative, cytoprotective, count of <800/mm? are at a .
Dimethyl fumarate downregulation of NFK 3 Yes, continously Low Yes antiviral and anti-inflammatory higher risk of develping +1gG titers Maybe
COVID-19 complications
Natalizumab Anti-VLA4, selgctlye Aadhesmn Yes, continoulys Low Yes or miss 1nf1_151_on B May prolong viral shedding in +1gG titers NA
molecule inhibitor depending on timing mocus and gut
S1P modulators
(Fingolimod, Selective S1P modulator, Yes or temporar Fingolimod under trial as Fingolimod: —IeG Not
siponimod, prevents egress of lymphocytes Yes, continously Low es ; en 1:; da Y anti-inflammmatory therapy May prolong viral shedding 80 titer ) . N nded
ozanimod, from lymph nodes suspension of dosimg for ARD ners ccommende
ponesimod)
Anti-CD20 . . 12 weeks:

. . Ocrelizumab: —IgG .
(Ocrelizumab, Temporary suspension Particularly ocrelizumab m. titer ocrelizumab and
ofatumumab, Anti-CD20 mAb: B-cell depleter Yes, continously Intermediate of dosing depending - articuiarly ocrelizumab may ers rituximab

P A prolong viral shedding ofatumumab: +IgM .
Rituximab, on timing and +1eG titers 4 weeks:
ublituximab) 8 ofatumumab
Deoxyadenosine (purine) .
Cladribin analogue, adenosine deaminase Yes, intermittent Intermediat Te?gmfié:}’; uspr?tr:llisrllon - Prolong viral sheddin —lgMand —IgG 4-6 ki
a € inhibitor, blocks T- and B-cell €s, nte € ermediate ot dosing depe 8 olong viral she ) titers weeks
R . on timing
proliferation
Alemtuzumab Antl—CDSZ(;re\;:lzztz- and T-cell Yes, intermittent High * Suspend dosing - Prolong viral shedding NA 24 weeks
. Immune depleter, blocks IFN-vy, . . - . . .
Mitoxantrone TNF-oc and T1.-2 Yes, intermittent High Suspend dosing - Prolong viral shedding NA NA
Corticosteroids Immune depleter Yes, continously High * Suspend dosing - Prolong viral shedding NA 4 weeks

* Risk of acquiring SARS-CoV-2 infection during the complete immunosuppression phase.
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According to MS Global Data Sharing Initiative, patients on anti-CD20 antibodies are
at risk of 1.5x more hospitalizations, 2.5 x more intensive care unit (ICU) admissions, and
3x more use of mechanical ventilation in comparison to ones receiving other DMTs [1,35].
However, discontinuation of immunomodulatory therapy is not generally recommended
by others, although caution should be considered with some treatments [28,41,50,53,54].
MS patients under treatment with IFN-3 or glatiramer acetate (no risk of systemic in-
fections) or the ones under treatment with DMTs like dimethyl fumarate, fingolimod,
siponimod, teriflunomide, natalizumab, ocrelizumab, and rituximab (low risk), might
continue their treatment without specific concerns, unless they develop significant lym-
phopenia (<500 lymphocytes/uL for dimethyl fumarate and <200 lymphocytes/puL with
fingolimod) [28,49,50,54,55]. Although S1P modulators (fingolimod, siponimod, ozanimod,
ponesimod) causes lymphopaenia by reducing the migration of lymphocytes from sec-
ondary lymphoid organs into the circulation, they do not increase the risk for COVID-19
infection [50,54,55].

According to a systematic review done by Barzegar et al., the highest rate of hos-
pitalization was reported in patients with no DMT (42.9%), and patients on anti-CD20
therapies (29.2%), teriflunomide (20.6%) or fingolimod (14.7%) [25]. Both anti-CD20 agents
and fingolimod act by disrupting the germinal center (GC) function in lymphoid tissue.
GC is a location where: gene rearrangement and Ab class switching, affinity maturation
and selection of high-affinity B-cell receptors or membrane-bound Abs take place with the
help of Tth cells. Eventually, memory B-cells and plasmablast clones leave the GCs for the
peripheral blood where they produce high-affinity soluble IgG antibodies. Patients on no
DMTs also had higher mortality and hospitalization rates because older patients or those in
advanced terminal stages of MS are usually not treated with DMTs as the risk outweighs
the benefit in these patients [56].

Although DMTs such as ocrelizumab and rituximab effectively reduce MS relapses by
targeting B-cells and also reduce proinflammatory B-cell cytokines, prolonged use of these
therapies (median duration 2.8 years) is rarely associated with severe infection [43,48,49]. In
addition to the disruptive effect on GC formation in secondary lymphoid tissues, rituximab
has a depletive effect on naive B-cells in the blood, lymphoid tissue and, to some extent, in
the bone marrow, the risk of prolonged clinical courses and also hospitalization is higher in
SARS-CoV-2 infected patients on rituximab [39,41,48]. Ocrelizumab has a minor impact on
T-cell counts and is associated with mild to moderate viral infections (herpes viruses and
involved the respiratory tract) and severe bacterial infections (pneumonia, urinary tract
infections and cellulitis). Therefore, in patients who are under treatment with ocrelizumab,
it is recommended to postpone the further infusions in case of active COVID-19 infection.
However, it is shown that most MS patients treated with ocrelizumab have mild to moderate
SARS-CoV-2 infections without the need for hospitalization [49,50,57].

Cladribine and alemtuzumab as B-cell depletion agents may enhance the risk of sus-
ceptibility to COVID-19 infection; thus their regular application or initiation of treatment
should be considered carefully [49,53-55,58]. Alemtuzumab causes severe lymphopenia
via decreasing the count of T- and B-cells for several months, thus increasing the incidence
of infection following administration. Alemtuzumab is related to the occurrence of mostly
mild to moderate infections, such as herpes zoster, oral herpes, upper respiratory-tract in-
fection, tuberculosis, influenza, listeriosis, urinary-tract infection, and localized superficial
fungal infections. Moreover, there are many cases of opportunistic infections including no-
cardiosis, cytomegalovirus, pyogenic granuloma, esophageal candidiasis, and spirochetal
gingivitis are reported in patients treated with alemtuzumab. However, occurrence of the
mild COVID-19 infection of a few MS patients treated with alemtuzumab demonstrates
the relevant beneficial anti-inflammatory effect of this medication [43,49,50,54]. Cladribine
mainly has a depleting effect on B-cells and T-cells (average of 50%) as CD4+ cells are
reported to be more sensitive than CD8+ T-cells. Therefore, transient mild to moderate
lymphopenia is a common adverse event. The effect of cladribine on innate immune cells
such as erythrocytes, monocytes, NK cells, neutrophils, and platelets is minor. It is manda-
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tory to perform clinical follow-up, standard laboratory tests, and screening for hepatitis
B/C, HIV, and active tuberculosis before initiating cladribine therapy. When compared
with the control group, the evidence rate of herpes zoster infections are also reported to
be higher in MS patients treated with cladribine. Therefore, because of the higher risk of
viral infections in 3-6 months after treatment with alemtuzumab and cladribine, it has
been recommended to delay therapy with these drugs during the peak of the coronavirus
pandemic [43,49,50,54,55].

Therefore, in the case of alemtuzumab, cladribine, rituximab, and ocrelizumab, due
to the long immune reconstitution period (several months to years), MS patients who ob-
tained their last dose within 6-12 months may still be immune-compromised. Accordingly,
patients who continue treatment with these drugs may be at higher risk of COVID-19 infec-
tion. Young MS patients with no other comorbidities and lymphocyte count of >800/mm?
(WHO grade II) and are able to overcome viral infections. Patients with a lymphocyte count
< 800/mm? are at increased risk of COVID-19 infection and infection-related mortality
(more than 50% risk) [40,50,54,55].

There are some reports showing that most of the MS patients on teriflunomide devel-
oped mild forms of SARS-CoV-2 infection including fever, gastrointestinal disturbances,
fatigue and cough. Five patients out of 15 patients were hospitalized and two of them re-
quired oxygen therapy. Therefore, the authors suggest that teriflunomide therapy could be
continued in patients with MS who develop an active COVID-19 infection [38,49,52,59,60]

Administration of natalizumab (a second line therapy) has been recommended by
Brownlee as the safest substitute due to its low risk of systemic immunosuppression.
Additionally, the North American Registry of MS patients reported a decreased risk of
intensive care unit (ICU) admission and ventilation in patients treated with fumarate and
natalizumab in comparison to untreated MS patients [40,41,49,59]. However, there is the
theoretical concern that natalizumab can reduce lymphocyte trafficking in the lung and
mucosa and so slightly enhance the risk of upper respiratory tract infections. As a licensed
medication for Crohn’s disease, natalizumab decreases trafficking of lymphocytes to the gut.
Therefore, this could be a concern as SARS-CoV-2 infects the gastrointestinal tract as well
and approximately 3—4% of COVID-19 infected people develop diarrhea and shed the virus
in the stool. Since natalizumab blocks immune surveillance of the CNS, patients treated
with natalizumab can be in danger of major complications if they develop COVID-19
encephalitis [48,50,59].

Therapeutic protocols based on corticosteroid administration are not recommended
because of their immune-suppression effects reducing the host ability to resist COVID-19
infection [50,54,55].

2.5. Effects of DNTs on Antibody Responses in COVID-19-Infected Patients

It is demonstrated that some DMTs can affect production of anti-SARS-CoV-2 antibod-
ies upon infection in MS patients. According to some studies, MS patients who received
anti-CD20 therapy (like ocrelizumab) showed reduction in the immunoglobulin production
resulting in low or zero IgG antibody titers, but patients treated with teriflunomide, glati-
ramer acetate, dimethyl fumarate, and natalizumab showed IgG seroconversion [21,47,61].
Regarding ocrelizumab, there is a contradictory study indicating that patients suffering
from COVID-19 and under ocrelizumab therapy had an IgG level within the normal
range [57].

Gelibter and his colleagues reposted a case of COVID-19 infection in an MS patient
treated with cladribine. The clinical symptoms including fever (<38 °C), cough, ageusia,
anosmia, nasal congestion, and diarrhea were fully cleared after a few days without
any need for hospitalization. However, the patient did not raise humoral responses and
was negative for IgM and IgG anti-SARS-CoV-2 antibodies after infection [62]. A case
of a patient with relapsing-remitting MS was also reported who developed COVID-19
pneumonia 2 weeks after treatment with cladribine. Despite of a severe lymphopenia, the
patient had a moderate course of COVID-19 infection. In studies done by some authors,
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MS patients treated with cladribine experienced self-limiting COVID-19 disease with
a favorable outcome, even in the presence of severe lymphopenia, no death or need for
mechanical ventilation was reported. However, some patients did not develop any antibody
response following infection [42,63-66]. Celius et al. also reported a patient who was under
active treatment with cladribine for two years but experienced a mild COVID-19 infection
and was able to raise an adequate antibody response against SARS-CoV-2 [66].

Flores-Gonzalez et al. reported a SARS-CoV-2-infected MS patient who was on treat-
ment with ofatumumab for 42 months and was fully B-cell depleted. This patient was
clinically asymptomatic and mounted adequate IgM and IgG antibody levels to the virus.
The anti-SARS-CoV-2 IgG titers were detected three months after the initial positive sero-
logical testing [67].

Bollo and his colleagues reported two cases of MS patients infected with SARS-CoV-2;
one patient treated with fingolimod who never developed respiratory difficulties during
the hospitalization but showed limited humoral responses. Conversely, the teriflunomide-
treated patient experienced a mild type I respiratory failure during the hospitalization but
had an adequate SARS-CoV-2-specific antibody production [39]. In another case reported
by Ciardi and colleagues, a teriflunomide-treated patient showed mild COVID-19 infection
symptoms with lower percentages of fully differentiated CD4+ and CD8+ T-cells and a
higher percentage of naive T-cells, suggesting that teriflunomide controls activation and
the immunosenescence of T-cells [39].

An analysis of data from 28 countries on suspected or confirmed COVID-19 infection
demonstrated that MS patients treated ocrelizumab or rituximab contributed to a notably
higher risk of hospitalization and admission to the ICU and artificial ventilation than pa-
tients on other DMTs (including alemtuzumab, cladribine, dimethyl fumarate, fingolimod,
glatiramer acetate, IFN-[3, natalizumab, and teriflunomide) [34].

Differences or contradictory results reported in the above studies could be related
to the sensitivity of the assays used to detect the specific anti-SARS-CoV-2 antibodies or
distinct parts of SARS-CoV-2 spike protein detected by kits from different manufacturers
(e.g., RBD, 51, S2, whole spike protein) [57].

2.6. Effect of DMTs on Immunity against SARS-CoV-2 Vaccination

As mentioned before, anti-RBD antibodies are more associated with the elimination of
the primary SARS-CoV-2 infection than being required for recovery from COVID-19 infec-
tion; thus anti-CD20 therapies may decrease the efficacy of a vaccine against SARS-CoV-2
via depleting B-cells. However, T-cell responses induced by the vaccine are believed to
play an essential role in protection against following SARS-CoV-2 infections. Accordingly,
few studies reported the passive effects of some DMTs on cellular immune responses
upon vaccinations (Table 3). The duration of treatment with certain DMTs may also be
important [2,29,32]. There are some studies on the effect of anti-CD20 therapies on the
COVID-19 vaccine efficacy among immunosuppressed patients. The results of these stud-
ies demonstrate that the level of anti-SARS-CoV-2 IgG, and also vaccine efficacy, were
decreased in patients with malignancies, solid organ transplantation or inflammatory
rheumatic diseases [68,69]. With regard to these facts, some authors suggest consideration
of a 4-6 month time-window before and after vaccination due to the induction of rapid
and prolonged (up to 24 weeks) B-cell depletion and attenuated humoral immune respon-
siveness by anti-CD20 antibodies and also differential kinetics of B-cells repopulation in
immunocompromised patients. For instance, in the case of rituximab and ocrelizumab,
repletion of immature/mature (naive) B-cell is completed within 12 and 18 months, respec-
tively. Although CD19+ B-cell subsets, including memory (CD19+CD27+CD38low) B-cells
are completely depleted during active treatment with ocrelizumab, amount of CD4+ and
CD8+ T-cells is relatively stable. The repopulation time for cladribine and alemtuzumab is
shorter, as the recovery of CD19 naive B-cells takes place within a median of 30 weeks and
6 months, respectively [25,27,34,35,70-73]. Accordingly, the National Multiple Sclerosis
Society advises waiting at least 12 weeks after the last dose of B-cell-depleting therapies
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before vaccination. In these group of patients, measuring the CD19+ B-cells and CD19+
CD27+ memory B-cells count, at least every 3 months, is recommended before vaccination.
The results of a study by Disanto and his colleagues show that there is a progressive in-
crease in SARS-CoV-2 IgG levels with an increase in CD19+ B-cell count and time since
last anti-CD20 antibody infusion. In treatment-naive patients or patients who were under
treatment with first-line immunomodulators, vaccines should be given at least 2 weeks
prior to administration of immunosuppressive drugs [25,34,35,70,71,73]. Currently, there
are some studies demonstrating the efficacy of vaccine boosters on antibody responses in
immuno-compromised patients on anti-CD20 therapies. Accordingly, administration of
the third dose vaccination in MS patients, transplant recipients and patients with cancer
increased the levels of humoral responses, even in patients who were sero-negative after
the second dose due to anti-CD20 therapies. Therefore, these findings indicate the enhancer
effect of additional COVID-19 vaccine dose on antibody levels in immunosuppressed group
of patients [74-81].

Table 3. Effect of DMTs on immune responses raised against different SARS-CoV-2 vaccine modules.

DMTs Number SARS-(.:OV-Z Sample mmune Detection Kit/Assay Results Reference
of Cases Vaccine Response
. . BNT162b2 e L
F;:g;gﬂzigr 32 mRNA or Serum Humoral ELISA Lower ?glég/l:))lke 18G thL;elrr[lgzri
mRNA-1273 e '
Lower anti-Spike IgG
Ocrelizumab SARS-CoV-2 Plasma and Humoral and antl—RBD 18G tlt.egs, Apostolidis
or rituximab 20 mRNA vaccines PBMC and ELISA, FACS robust antigen-specific etal. [83]
cellular CD4+ and CD8+ T-cell ’
responses
Anti S-protein IgG e
Rituximab or BNT162b2 Serum, Humoral ELISA test from Lovx;er antl—Splke'e IgG Moor
ocrelizumab % MRNA or whole and Euroimmun (Liibeck (49%), IFN-y raised etal. [84]
mRNA-1273 blood cellular ! only in 20% patients ’
Germany)
BNT162b2 COVID-SeroKlir
Ocrelizumab, mRNA, Johnson Dried blood two-step ELISA Tallantvre
rituximab, or 473 and Johnson, or spot Humoral (Kantaro Biosciences, Lower anti-RBD IgG otal [g 5]
fingolimod ChAdOx1 P USA) for detection of i
nCoV-19 Anti-RBD IgG
LIAISON®
SARS-CoV-2 TrimericS
IgG assay (DiaSorin
S.p.A.Saluggia, Italy),
and CLIA) technology o
Ocrelizumab 4 BNT162b2 Serum Humoral for the detection of IgG Lower anti §p1ke IsG Gallo
mRNA 1 . : (62.5%) etal. [86]
antibodies to trimeric
spike protein
(anti-TSPIgG),
including neutralizing
antibodies
Cladribine or BNT162b2 Protective anti-spike Buttari
. 2 mRNA or Serum Humoral NA
ocrelizumab IeG etal. [87]
AstraZeneca
Rituximab 1 Gam-COVID- Serum Humoral ELISA Lower anti-Spike IgG Etemadifar
Vac et al. [88]
EUROIMMUN
Cladribine anti-SARS-CoV-2 IgG Lower anti-spike IgG
ocrelizumal; 125 BNT162b2 Serum Humoral quantitative ELISA kit~ (22.7%) in Ocrelizumab Achiron
. mRNA (EI, Lubeck, Germany) group, no response in etal. [89]

or fingolimod

for detection of
S1 subunit

fingolimod group
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DMTs Number SARS-?OV-z Sample [mmune Detection Kit/Assay Results Reference
of Cases Vaccine Response
LIAISON®
. BNT162b2 SARS-CoV-2 Efficient short-term Capuano
Natalizumab 26 mRNA Serum Humoral TrimericSIgG assay humoral response etal. [90]
(DiaSorin-S.p.A.)
Cladribine,
teriflunomide, o
. Chemiluminescence
ocrelizumab, microparticle
rituximab, BNT162b2 immun p (Abbott; Lower IgG levels in Disant
ofatumumab, 120 mRNA or Serum Humoral unoassay (/Abbott; anti-CD20 mAbs and °
. . quantification limits) etal. [73]
fingolimod, mRNA-1273 IoG ford . S1P modulators groups
ozanimod 8 fa isay ;%De ilcatlon
o ti- S
cladribine, orAn
teriflunomide
Anti-CD20
gﬁﬁ;’a f;rr; Abbott or Roche
IENB-1 ! BNT162b2 SARS-CoV- Lower IgG levels in Bicaut
teriﬂunon?il:le 28 mRNA or Serum Humoral 2 1gG assay for anti-CD20 mAbs and ot alga[lél]
dimethvl ! mRNA-1273 detection of Anti- S1P modulators groups '
fumarateyor spike protein Abs
natalizumab
Roche Elecsys gNrf)T;i?;ggﬁégeifi
Ocrelizumab BNT162b2 Serum, Humoral Anf;iﬁﬁi—i:;/& S humoral and cellular Katz
or natalizumab 48 mRNA or Whole and and Ada tiVZ responses, ocrelizumab- etal. [92]
mRNA-1273 blood cellular . Py treated group were Ab '
Biotechnologies negative but T-cell
T-Detect COVID Test & )
response positive
Anti-CD20
mAbs, SIP
modulators,
IFNB-1a,
IFENB-1b, Labcorp
cladribine, Blfn%in anti-SARS-CoV-2 Lower Ab levels in Conte
teriflunomide, 67 mRN A-12’73 Serum Humoral semi-quantitative IgG anti-CD20 mAbs and etal. [93]
diroximel ChAdOXInC. \’/_19 ECLIA assay against S1P modulators groups ’
fumarate, ° the spike protein RBD
dimethyl
fumarate
natalizumab,
alemtuzumab
LIAISON®
SARS-CoV-2 Trimeric S
IgG assay (DiaSorin,
Saluggia, Italy) and the
Heterologous Architect® anti-spike
strat- test (Abbott, Rungis, Strong anti-S antibody
Glatiramer 1 egy:ChAdOx1 Serum Humoral France) against response and good Michiels
acetate nCoV-19/ S-protein, neutralizing etal. [94]
mRNA iFlash®-2019-nCoV antibody response
BNT162b2 NAb (Orgentec®,

Trappes, France) assay
to measure
neutralization
antibodies

Glatiramer acetate does not deplete lymphocytes; hence, it is unlikely to affect the
protective immune responses to these vaccines in MS patients. Therefore, it seems that MS
patients on glatiramer acetate will raise an appropriate amount of immune response to
current COVID-19 vaccines [25,27,34,49,70,95].

As teriflunomide specially blocks the proliferation of auto-reactive lymphocytes and
not other lymphocytes bearing TCR specific to foreign antigens (such as SARS-CoV-2 S
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protein), MS patients under therapy with teriflunomide will confer protective immune
responses against the COVID-19 vaccines [49,95].

Since fumarates mainly act on downstream immune targets without depleting lympho-
cytes, in non-lymphopenic patients, they are unlikely to affect cellular immune responses
elicited by COVID-19 vaccines. Therefore, the time-window for vaccination and checking
the absolute lymphocyte counts before vaccination may be necessary to allow lymphocytic
recovery [25,49,95].

Since S1P modulators (like fingolimod) trap T- and B-cells in the secondary lymphoid
tissues resulting in reduced infiltration of these cells into CNS, MS patients on these
therapeutical agents produce lower immune responses to SARS-CoV-2 vaccines [28,29,32].
Therefore, it will be beneficial to check the titers of anti-S protein-neutralizing antibodies
after vaccination and decide whether it is necessary to administer a booster dose. In contrast
to fumarates, interruption of S1P modulators treatment to maximize vaccine efficacy is not
recommended due to the increased risk of severe MS rebound [95].

It is beneficial to administer COVID-19 vaccines at least 12 weeks post-ocrelizumab
treatment and 4-6 weeks prior to the next dosing to increase vaccine efficacy [34,35,49,70,95].

Usually, rituximab therapy results in almost complete B-cell depletion, initiated
2 weeks after the infusion and lasting for 6-12 months. It is thus recommended to administer
SARS-CoV-2 vaccines at least 3-6 months after rituximab last dosing to increase the vaccine
efficacy. Post-vaccination checking of anti-S-neutralizing antibodies will be beneficial to
evaluate the vaccine efficacy and possible need for a booster immunization [25,49,95,96].

The results of the study by McCarthy et al., evaluating the effect of alemtuzumab
on vaccines, showed that vaccination within 6 months after therapy does not generate
adequate immune responses. Therefore, the authors suggested waiting for vaccinations at
least 6 months after alemtuzumab treatment [27,70]. MS patients treated with alemtuzumab
may produce an attenuated immune response against SARS-CoV-2 vaccines if vaccination
is performed at least 6 months after treatment. Moreover, it is advised to check the titers of
neutralizing Abs after vaccination and to wait 4-6 weeks post vaccination before the next
alemtuzumab administration to acquire adequate vaccine efficacy [49,95].

MS patients on ofatumumab should wait at least one month before and after the
second vaccination to acquire the optimized level of protection against the vaccine. Since
there is a 3 to 4 week interval between most SARS-CoV-2 vaccines doses, a couple of doses
of atumumab must be skipped. In this regard, the single dose vaccine Ad26.COV2-5S may
be preferable for MS patients on ofatumumab, as it requires only skipping of one drug
dose [95].

In order to improve the vaccine efficacy, the authors recommended a pause to siponi-
mod therapy at least 7 days prior to administration of a vaccine and to resume siponimod
(after up-titration) 2 or more weeks post-vaccination [70].

Regarding corticosteroids, it is generally advised to avoid administering live vac-
cines during treatment and until at least 4 weeks after discontinuing high-dose corticos-
teroids [70].

There is no study regarding the effect of ozanimod or oral cladribine on vaccine
effectiveness generally [27,70]. MS patients treated with cladribine are recommended to
postpone their next dose of cladribine until 4-6 weeks after vaccination. Patients who
finished cladribine treatment and completed immune reconstitution (no lymphopenia)
should produce full immune responses to SARS-CoV-2 vaccines [49,95].

2.7. SARS-CoV-2 Vaccines’ Safety in MS Patients

Eventually, COVID-19 will become endemic and thus serve as a seasonal risk, particu-
larly for patients with immunosuppression. Although the rapid development of vaccines is
promising, there is a concern about vaccine safety and efficacy in immunocompromised
patients like MS patients on DMTs. Recently, the National MS Society published a guidance
on COVID-19 mRNA vaccines regarding the vaccine safety in MS patients, advice for
vaccination and guidelines for vaccination timing in relation to each DMTs to enhance
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the vaccine efficacy [2]. Furthermore, according to the current CDC recommendations,
immunosuppressive patients can receive SARS-CoV-2 vaccines if they have no additional
contraindications. However, these patients should be informed about the unknown vac-
cine safety profile and efficacy in immunosuppressed people. Finally, like other vaccines,
COVID-19 vaccination during the very active phase of the disease or after administration
of high doses of corticosteroids is not recommended [35].

Regarding SARS-CoV-2 mRNA vaccine safety, they do not contain the live virus and
are not able to integrate with the human genome or cause COVID-19 infection. Both mRNA-
1273 and BNT162b2 show similar effects, including injection-site pain and short-term fever
symptoms, while severe adverse events are rare and comparable in vaccine and control
groups. There is a concern about mRNA vaccines in MS patients, as these vaccines can
induce type-I interferon responses, which are linked to inflammation and autoimmunity.
However, injection with modified nucleotide mRNA COVID-19 vaccines may avoid this
response [18,95,97,98]. The results of a study performed by Lotan et al. among BNT162b2
mRNA vaccinated MS patients on IFN-f3, dimethyl fumarate, natalizumab, ocrelizumab,
teriflunomide, fingolimod, cladribine, glatiramer acetate, or corticosteroids showed that
60% of cases who received just the first dose of the vaccine, 58.1% just after the second dose,
and 9.7% after both doses reported new or worsening neurological symptoms [99].

Viral vector COVID-19 vaccines also do not replicate or integrate in the human
genome and they do not cause COVID-19 nor Adenovirus infections. Adverse events
in Ad26.COV2.S and ChAdOxInCoV-19 are mainly reported as injection-site pain and
short-term flu-like symptoms [18,95,100,101]. The use of ChAdOx1 nCoV-19 in MS pa-
tients should be concerned, as this vaccine has a potential to cause vaccine-related cases of
transverse myelitis (TM) and other cases of immune-mediated and neurological events in
recipients. However, no similar events are reported for Ad26.COV2-S, showing a slightly
safer profile over ChAdOx1nCoV-19. Moreover, its single dose of injection makes it more
compatible with DMT regimens. This frequency of immune-mediated adverse events
caused by ChAdOxInCoV-19 could be explained by the use of a Simian Adenovirus vector
in this vaccine. Although not particularly related to MS patients or DMTs, there is general
concern around the potential rare risk of venous thrombosis with thrombocytopenia in both
the ChAdOx1InCoV-19 and the Ad26.COV2.S-receiving population. The number of cases of
ChAdOx1InCoV-19 recipients (young ages) in several European countries have experienced
disseminated intravascular coagulation and cerebral venous sinus thrombosis with throm-
bocytopenia. Generally, the stronger immune response in younger people is likely respon-
sible for their susceptibility to vaccine reactions and increased risk of immune-mediated
adverse events. Therefore, the concern raises towards the younger age group of MS patients,
who will be at risk of post-vaccination immune-mediated reactions [95,101-103].

The DNA vaccines do not contain the live virus and do not interfere with or alter the
host cell DNA. Similar to the previous results of trials investigating DNA vaccines against
MERS coronavirus, the results of the Phase I clinical study on the COVID-19 INO-4800
DNA vaccine showed mild local and systemic events, with no report of any immunological
or neurological adverse events [95,104].

Inactivated virus vaccines also have showed a safe profile in MS patients on different
DMTs, as they do not replicate or cause COVID-19 infections in the host. The results of
Phase-1/1I trials for BBIBP-CorV indicated that all adverse reactions were mild to moderate,
with no report of immune-mediated or neurological adverse events [95,105].

According to the American Academy of Neurology’s (AAN) 2019 guidelines, given
the possible risk of infection associated with immunosuppression, live-attenuated vaccines
are not generally recommended in MS patients who are under treatment with DMTs and
those who recently took DMTs. At present, no safety data are available for COVID-19
live-attenuated vaccine MV-014-210 (Meissa) [49,95].
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3. Conclusions

COVID-19 disease will eventually become endemic and thus a potential seasonal risk
for immunosuppressed patients like MS patients. With regard to this fact, all MS patients
with no additional contraindications are recommended to receive approved SARS-CoV-2
vaccines. However, SARS-CoV-2 live-attenuated vaccines are not recommended in these
patients due to the risk of infection. COVID-19-infected MS patients under treatment
with SP1 or anti-CD20 therapies may show a lower immune responses against the virus
particles. Regarding the effect of DMTs on SARS-CoV-2 vaccination, MS patients under
treatment with IFN-f and glatiramer acetate showed protective immune responses against
SARS-CoV-2 vaccines. However, patients treated with cladribine, fingolimod, ocrelizumab
or rituximab generated lower anti-Spike/anti-RBD IgG responses, but protective levels
of CD4+ and CD8+ T-cell responses following vaccination with SARS-CoV-2 vaccines.
Therefore, a time window for vaccination due to B-cell depletion and attenuated humoral
responses by anti-CD20 antibodies is suggested.

Author Contributions: M.G.: data curation, writing—original draft preparation, writing—review
and editing, ].H.: funding acquisition, supervision and review and editing. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was founded by the Institutional Research Programs Progres, grant number:
Q25/LF1 and Cooperatio Program, research area Immunity and Infection IMMU207032.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Alam, T.; Qamar, S. Coronavirus Disease (COVID-19): Reviews, Applications, and Current Status. J. Inform. Univ. Pamulang 2020,
5,213-219. [CrossRef]

2. Garosi, VH.; Tanhaie, S.; Chaboksavar, F.; Kamari, T.; Gheshlaghi, P.A.; Toghroli, R.; Soltaninezhad, S.; Azizi, S.A.; Yazdani, V.;
Mahmoodi, F. An overview of 2019 novel coronavirus COVID-19 pandemic: A review study. J. Educ Health Promot. 2021, 10, 280.
[PubMed]

3. Shi, Y;; Wang, G.; Cai, X.P,; Deng, ] W.; Zheng, L.; Zhu, H.H.; Zheng, M.; Yang, B.; Chen, Z. An overview of COVID-19. J. Zhejiang
Univ. Sci. B 2020, 21, 343-360. [CrossRef] [PubMed]

4. Singhal, T. A Review of Coronavirus Disease-2019 (COVID-19). Indian ]. Pediatr. 2020, 87, 281-286. [CrossRef]

5. Coronavirus Worldometers [Internet]. 2022. Available online: https:/ /www.worldometers.info/coronavirus/ (accessed on 1
February 2022).

6.  WHO. WHO Coronavirus (COVID-19) Dashboard 2022. Available online: https://covid19.who.int/ (accessed on 1 February
2022).

7. WHO. Estimating Mortality from COVID-19 2020. Available online: https://www.who.int/news-room/commentaries/detail /
estimating-mortality-from-covid-19 (accessed on 1 February 2022).

8.  Ioannidis, ].P.A. Infection fatality rate of COVID-19 inferred from seroprevalence data. Bull. World Health Organ. 2021, 99, 19F-33F.
[CrossRef]

9.  Dos Santos, W.G. Impact of virus genetic variability and host immunity for the success of COVID-19 vaccines. Biomed. Pharmacother.
2021, 136, 111272. [CrossRef]

10. Shanmugaraj, B.; Siriwattananon, K.; Wangkanont, K.; Phoolcharoen, W. Perspectives on monoclonal antibody therapy as
potential therapeutic intervention for Coronavirus disease-19 (COVID-19). Asian Pac. ]. Allergy Immunol. 2020, 38, 10-18.
[CrossRef]

11. Anand, U.; Jakhmola, S.; Indari, O.; Jha, H.C.; Chen, Z.S.; Tripathi, V.; de la Lastra, ].M.P. Potential Therapeutic Targets and
Vaccine Development for SARS-CoV-2/COVID-19 Pandemic Management: A Review on the Recent Update. Front. Immunol.
2021, 12, 658519. [CrossRef]

12.  Xiao, K,; Zhai, J.; Feng, Y.; Zhou, N.; Zhang, X.; Zou, ].].; Li, N.; Guo, Y.; Li, X,; Shen, X; et al. Isolation of SARS-CoV-2-related
coronavirus from Malayan pangolins. Nature 2020, 583, 286-289. [CrossRef]

13. Li, L; Wang, X.; Hua, Y,; Liu, P.; Zhou, J.; Chen, J.; An, E; Hou, F; Huang, W.; Chen, J. Epidemiological Study of Betacoronaviruses

in Captive Malayan Pangolins. Front. Microbiol. 2021, 12, 657439. [CrossRef]


http://doi.org/10.32493/informatika.v5i3.6563
http://www.ncbi.nlm.nih.gov/pubmed/34485577
http://doi.org/10.1631/jzus.B2000083
http://www.ncbi.nlm.nih.gov/pubmed/32425000
http://doi.org/10.1007/s12098-020-03263-6
https://www.worldometers.info/coronavirus/
https://covid19.who.int/
https://www.who.int/news-room/commentaries/detail/estimating-mortality-from-covid-19
https://www.who.int/news-room/commentaries/detail/estimating-mortality-from-covid-19
http://doi.org/10.2471/BLT.20.265892
http://doi.org/10.1016/j.biopha.2021.111272
http://doi.org/10.12932/ap-200220-0773
http://doi.org/10.3389/fimmu.2021.658519
http://doi.org/10.1038/s41586-020-2313-x
http://doi.org/10.3389/fmicb.2021.657439

Vaccines 2022, 10, 279 15 of 18

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.
29.
30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

Hatmi, Z.N. A Systematic Review of Systematic Reviews on the COVID-19 Pandemic. SN Compr. Clin. Med. 2021, 3, 419-436.
[CrossRef] [PubMed]

Ahmad, S.; Hafeez, A.; Siddqui, S.A.; Ahmad, M.; Mishra, S. A Review of COVID-19 (Coronavirus Disease-2019) Diagnosis,
Treatments and Prevention. Eur. ]. Med. Oncol. 2020, 4, 116-125. [CrossRef]

Pascarella, G.; Strumia, A.; Piliego, C.; Bruno, F; Del Buono, R.; Costa, F; Scarlata, S.; Agro, EE. COVID-19 diagnosis and
management: A comprehensive review. |. Intern. Med. 2020, 288, 192-206. [CrossRef] [PubMed]

Ortiz-Prado, E.; Simbana-Rivera, K.; Gomez-Barreno, L.; Rubio-Neira, M.; Guaman, L.P.; Kyriakidis, N.C.; Muslin, C.; Jaramillo,
AM.G.; Barba-Ostria, C.; Cevallos-Robalino, D.; et al. Clinical, molecular, and epidemiological characterization of the SARS-CoV-2
virus and the Coronavirus Disease 2019 (COVID-19), a comprehensive literature review. Diagn Microbiol Infect. Dis. 2020, 98,
115094. [CrossRef]

Sellner, J.; Rommer, P.S. Multiple Sclerosis and SARS-CoV-2 Vaccination: Considerations for Immune-Depleting Therapies.
Vaccines 2021, 9, 99. [CrossRef]

Su, J.; Lu, H. Opportunities and challenges to the use of neutralizing monoclonal antibody therapies for COVID-19. Biosci. Trends
2021, 15, 205-210. [CrossRef]

Harvey, W.T; Carabelli, A.; Jackson, B.; Gupta, R.; Thomson, E.C.; Harrison, EM.; Ludden, C.; Reeve, R.; Rambaut, A;
Peacock, S.; et al. SARS-CoV-2 variants, spike mutations and immune escape. Nat. Rev. Microbiol. 2021, 19, 409-424. [CrossRef]
Baker, D.; Roberts, C.A.; Pryce, G.; Kang, A.S.; Marta, M.; Reyes, S.; Schmierer, K.; Giovannoni, G.; Amor, S. COVID-19
vaccine-readiness for anti-CD20-depleting therapy in autoimmune diseases. Clin. Exp. Immunol. 2020, 202, 149-161. [CrossRef]
Sette, A.; Crotty, S. Adaptive immunity to SARS-CoV-2 and COVID-19. Cell 2021, 184, 861-880. [CrossRef]

Bellucci, G.; Rinaldi, V.; Buscarinu, M.C.; Renie, R.; Bigi, R.; Pellicciari, G.; Morena, E.; Romano, C.; Marrone, A.; Mechelli, R.; et al.
Multiple Sclerosis and SARS-CoV-2: Has the Interplay Started? Front. Immunol. 2021, 12, 755333. [CrossRef]

Kuri-Cervantes, L.; Pampena, M.B.; Meng, W.; Rosenfeld, A.M.; Ittner, C.A.G.; Weisman, A.R.; Agyekum, R.S.; Mathew, D.;
Baxter, A.E.; Vella, L.A_; et al. Comprehensive mapping of immune perturbations associated with severe COVID-19. Sci. Immunol.
2020, 5, eabd7114. [CrossRef] [PubMed]

Wolf, A.; Alvarez, E. COVID-19 Vaccination in Patients with Multiple Sclerosis on Disease-Modifying Therapy. Neurol. Clin. Pr.
2021, 11, 358-361. [CrossRef] [PubMed]

Preziosa, P.; Rocca, M.A.; Filippi, M. COVID-19 will change MS care forever—No. Mult. Scler. J. 2020, 26, 1149-1151. [CrossRef]
[PubMed]

Centonze, D.; Rocca, M.A.; Gasperini, C.; Kappos, L.; Hartung, H.P.; Magyari, M.; Oreja-Guevara, C.; Trojano, M.; Wiendl, H.;
Filippi, M. Disease-modifying therapies and SARS-CoV-2 vaccination in multiple sclerosis: An expert consensus. J. Neurol. 2021,
268, 3961-3968. [CrossRef]

Hughes, R.; Whitley, L.; Fitovski, K.; Schneble, H.-M.; Muros, E.; Sauter, A.; Craveiro, L.; Dillon, P.; Bonati, U.; Jessop, N.; et al.
COVID-19 in ocrelizumab-treated people with multiple sclerosis. Mult. Scler. Relat. Disord. 2021, 49, 102725. [CrossRef]
Hollenbach, J.A.; Oksenberg, ].R. The immunogenetics of multiple sclerosis: A comprehensive review. J. Autoimmun. 2015, 64,
13-25. [CrossRef]

Dobson, R.; Giovannoni, G. Multiple sclerosis—A review. Eur. J. Neurol. 2019, 26, 27-40. [CrossRef]

Hauser, S.L.; Cree, B.A. Treatment of Multiple Sclerosis: A Review. Am. . Med. 2020, 133, 1380-1390.e2. [CrossRef]

Walton, C.; King, R.; Rechtman, L.; Kaye, W.; Leray, E.; Marrie, R.A.; Robertson, N.; La Rocca, N.; Uitdehaag, B.; Van Der Mei, I; et al.
Rising prevalence of multiple sclerosis worldwide: Insights from the Atlas of MS, third edition. Mult. Scler. ]. 2020, 26, 1816-1821.
[CrossRef]

Rachel King, P.B.; Rijke, N.; Napier, C.A.; Walton, C.; Helme, A.; Gilbert, V.; Burr, Z.; Dobson, S. PART 1: Mapping multiple
sclerosis around the world key epidemiology findings. In Atlas of MS, 3rd ed.; The Multiple Sclerosis International Federation
(MSIF): London, UK, 2020.

Coyle, PK.; Gocke, A.; Vignos, M.; Newsome, S.D. Vaccine Considerations for Multiple Sclerosis in the COVID-19 Era. Adv. Ther.
2021, 38, 3550-3588. [CrossRef]

Otero-Romero, S.; Ascherio, A.; Lebrun-Frénay, C. Vaccinations in multiple sclerosis patients receiving disease-modifying drugs.
Curr. Opin. Neurol. 2021, 34, 322-328. [CrossRef] [PubMed]

Moiola, L.; Barcella, V.; Benatti, S.; Capobianco, M.; Capra, R.; Cinque, P.; Comi, G.; Fasolo, M.M.; Franzetti, F; Galli, M.; et al. The
risk of infection in patients with multiple sclerosis treated with disease-modifying therapies: A Delphi consensus statement. Mult.
Scler. J. 2021, 27, 331-346. [CrossRef] [PubMed]

Winkelmann, A.; Loebermann, M.; Reisinger, M.L.E.C.; Hartung, H.-P; Zettl, A.W.U.K. Disease-modifying therapies and
infectious risks in multiple sclerosis. Nat. Rev. Neurol. 2016, 12, 217-233. [CrossRef] [PubMed]

Maghzi, A.H.; Houtchens, M.K,; Preziosa, P,; Ionete, C.; Beretich, B.D.; Stankiewicz, ].M.; Tauhid, S.; Cabot, A.; Berriosmorales, L;
Schwartz, TH.W.,; et al. COVID-19 in teriflunomide-treated patients with multiple sclerosis. J. Neurol. 2020, 267, 2790-2796.
[CrossRef]

Bollo, L.; Guerra, T.; Bavaro, D.E; Monno, L.; Saracino, A.; Angarano, G.; Paolicelli, D.; Trojano, M.; Iaffaldano, P. Seroconversion
and indolent course of COVID-19 in patients with multiple sclerosis treated with fingolimod and teriflunomide. J. Neurol. Sci.
2020, 416, 117011. [CrossRef]


http://doi.org/10.1007/s42399-021-00749-y
http://www.ncbi.nlm.nih.gov/pubmed/33521564
http://doi.org/10.14744/ejmo.2020.90853
http://doi.org/10.1111/joim.13091
http://www.ncbi.nlm.nih.gov/pubmed/32348588
http://doi.org/10.1016/j.diagmicrobio.2020.115094
http://doi.org/10.3390/vaccines9020099
http://doi.org/10.5582/bst.2021.01227
http://doi.org/10.1038/s41579-021-00573-0
http://doi.org/10.1111/cei.13495
http://doi.org/10.1016/j.cell.2021.01.007
http://doi.org/10.3389/fimmu.2021.755333
http://doi.org/10.1126/sciimmunol.abd7114
http://www.ncbi.nlm.nih.gov/pubmed/32669287
http://doi.org/10.1212/CPJ.0000000000001088
http://www.ncbi.nlm.nih.gov/pubmed/34484934
http://doi.org/10.1177/1352458520929971
http://www.ncbi.nlm.nih.gov/pubmed/32567471
http://doi.org/10.1007/s00415-021-10545-2
http://doi.org/10.1016/j.msard.2020.102725
http://doi.org/10.1016/j.jaut.2015.06.010
http://doi.org/10.1111/ene.13819
http://doi.org/10.1016/j.amjmed.2020.05.049
http://doi.org/10.1177/1352458520970841
http://doi.org/10.1007/s12325-021-01761-3
http://doi.org/10.1097/WCO.0000000000000929
http://www.ncbi.nlm.nih.gov/pubmed/33709979
http://doi.org/10.1177/1352458520952311
http://www.ncbi.nlm.nih.gov/pubmed/32940121
http://doi.org/10.1038/nrneurol.2016.21
http://www.ncbi.nlm.nih.gov/pubmed/26943779
http://doi.org/10.1007/s00415-020-09944-8
http://doi.org/10.1016/j.jns.2020.117011

Vaccines 2022, 10, 279 16 of 18

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Ciardi, M.R.; Zingaropoli, M.A_; Pasculli, P; Perri, V.; Tartaglia, M.; Valeri, S.; Russo, G.; Conte, A.; Mastroianni, C.M. The periph-
eral blood immune cell profile in a teriflunomide-treated multiple sclerosis patient with COVID-19 pneumonia. J. Neuroimmunol.
2020, 346, 577323. [CrossRef]

Simpson-Yap, S.; De Brouwer, E.; Kalincik, T.; Rijke, N.; Hillert, J.A.; Walton, C.; Edan, G.; Moreau, Y.; Spelman, T.; Geys, L.; et al.
Associations of Disease-Modifying Therapies With COVID-19 Severity in Multiple Sclerosis. Neurology 2021, 97, e1870-1885.
[CrossRef]

Dersch, R.; Wehrum, T.; Fédhndrich, S.; Engelhardt, M.; Rauer, S.; Berger, B. COVID-19 pneumonia in a multiple sclerosis patient
with severe lymphopenia due to recent cladribine treatment. Mult. Scler. ]. 2020, 26, 1264-1266. [CrossRef]

Sharifian-Dorche, M.; Sahraian, M.A.; Fadda, G.; Osherov, M.; Sharifian-Dorche, A.; Karaminia, M.; Saveriano, A.W.; La Piana, R.;
Antel, ].P,; Giacomini, P.S. COVID-19 and disease-modifying therapies in patients with demyelinating diseases of the central
nervous system: A systematic review. Mult. Scler. Relat. Disord. 2021, 50, 102800. [CrossRef]

Sormani, M.P,; Schiavetti, I.; Carmisciano, L.; Cordioli, C.; Filippi, M.; Radaelli, M.; Immovilli, P.; Capobianco, M.; De Rossi, N.;
Brichetto, G.; et al. COVID-19 Severity in Multiple Sclerosis: Putting Data Into Context. Neurol. Neuroimmunol. Neuroinflamm.
2022, 9, €1105. [CrossRef]

Kyriakidis, N.C.; Lopez-Cortes, A.; Gonzalez, E.V.; Grimaldos, A.B.; Prado, E.O. SARS-CoV-2 vaccines strategies: A comprehensive
review of phase 3 candidates. NP] Vaccines 2021, 6, 28. [CrossRef] [PubMed]

Hodgson, S.H.; Mansatta, K.; Mallett, G.; Harris, V.; Emary, K.R.W.; Pollard, A.J. What defines an efficacious COVID-19 vaccine?
A review of the challenges assessing the clinical efficacy of vaccines against SARS-CoV-2. Lancet Infect. Dis. 2021, 21, e26—e35.
[CrossRef]

Pascual-Iglesias, A.; Canton, J.; Ortega-Prieto, A.M.; Jimenez-Guardeno, ].M.; Regla-Nava, ].A. An Overview of Vaccines against
SARS-CoV-2 in the COVID-19 Pandemic Era. Pathogens 2021, 10, 1030. [CrossRef] [PubMed]

Zabalza, A.; Cardenas-Robledo, S.; Tagliani, P.; Arrambide, G.; Otero-Romero, S.; Carbonell-Mirabent, P.; Rodriguez-Barranco, M.;
Rodriguez-Acevedo, B.; Vera, ].L.R.; Resina-Salles, M.; et al. COVID-19 in multiple sclerosis patients: Susceptibility, severity risk
factors and serological response. Eur. J. Neurol. 2021, 28, 3384-3395. [CrossRef]

Cabreira, V.; Abreu, P; Soares-Dos-Reis, R.; Guimaraes, J.; S, M. Multiple Sclerosis, Disease-Modifying Therapies and COVID-19:
A Systematic Review on Immune Response and Vaccination Recommendations. Vaccines 2021, 9, 773. [CrossRef]

Giovannoni, G.; Hawkes, C.; Lechner-Scott, J.; Levy, M.; Waubant, E.; Gold, J. The COVID-19 pandemic and the use of MS
disease-modifying therapies. Mult. Scler. Relat. Disord. 2020, 39, 102073. [CrossRef]

Tasat, D.R.; Yakisich, ].S. Rationale for the use of sphingosine analogues in COVID-19 patients. Clin. Med. 2021, 21, e84—87.
[CrossRef]

Capone, E; Motolese, E; Luce, T.; Rossi, M.; Magliozzi, A.; Di Lazzaro, V. COVID-19 in teriflunomide-treated patients with
multiple sclerosis: A case report and literature review. Mult. Scler. Relat. Disord. 2021, 48, 102734. [CrossRef]

Mantero, V.; Abate, L.; Salmaggi, A.; Cordano, C. Multiple sclerosis and COVID-19: How could therapeutic scenarios change
during the pandemic? J. Med. Virol. 2021, 93, 1847-1849. [CrossRef]

Mares, J.; Hartung, H.-P. Multiple sclerosis and COVID-19. Biomed. Pap. 2020, 164, 217-225. [CrossRef]

Barzegar, M.; Mirmosayyeb, O.; Gajarzadeh, M.; Afshari-Safavi, A.; Nehzat, N.; Vaheb, S.; Shaygannejad, V.; Maghzi, A H.
COVID-19 Among Patients With Multiple Sclerosis: A Systematic Review. Neurol. Neuroimmunol. Neuroinflamm. 2021, 8, e1001.
[CrossRef] [PubMed]

Sormani, M.P,; De Rossi, N.; Schiavetti, I.; Carmisciano, L.; Cordioli, C.; Moiola, L.; Radaelli, M.; Immovilli, P.; Capobianco, M.;
Trojano, M.; et al. Disease-Modifying Therapies and Coronavirus Disease 2019 Severity in Multiple Sclerosis. Ann. Neurol. 2021,
89, 780-789. [CrossRef] [PubMed]

Giovannoni, G.; Hawkes, C.H.; Lechner-Scott, J.; Levy, M.; Yeh, E.A.; Baker, D. COVID-19 vaccines and multiple sclerosis
disease-modifying therapies. Mult. Scler. Relat. Disord. 2021, 53. [CrossRef] [PubMed]

Mado, H.; Adamczyk-Sowa, M. Multiple sclerosis patients and COVID-19. Egypt. |. Neurol. Psychiatry Neurosurg. 2021, 57, 43.
[CrossRef] [PubMed]

Mantero, V.; Baroncini, D.; Balgera, R.; Guaschino, C.; Basilico, P.; Annovazzi, P.; Zaffaroni, M.; Salmaggi, A.; Cordano, C. Mild
COVID-19 infection in a group of teriflunomide-treated patients with multiple sclerosis. J. Neurol. 2021, 268, 2029-2030. [CrossRef]
[PubMed]

Mohn, N.; Pul, R;; Kleinschnitz, C.; Priiss, H.; Witte, T.; Stangel, M.; Skripuletz, T. Implications of COVID-19 Outbreak on Immune
Therapies in Multiple Sclerosis Patients—Lessons Learned From SARS and MERS. Front. Immunol. 2020, 11, 1059. [CrossRef]
[PubMed]

Kulikowska, J.; Kulezyniska-Przybik, A.; Mroczko, B.; Kutakowska, A. The Significance of COVID-19 Immunological Status in
Severe Neurological Complications and Multiple Sclerosis—A Literature Review. Int. J. Mol. Sci. 2021, 22, 5894. [CrossRef]
Gelibter, S.; Orrico, M.; Filippi, M.; Moiola, L. COVID-19 with no antibody response in a multiple sclerosis patient treated with
cladribine: Implication for vaccination program? Mult. Scler. Relat. Disord. 2021, 49, 102775. [CrossRef]

De Angelis, M.; Petracca, M.; Lanzillo, R.; Brescia Morra, V.; Moccia, M. Mild or no COVID-19 symptoms in cladribine-treated
multiple sclerosis: Two cases and implications for clinical practice. Mult. Scler. Relat. Disord. 2020, 45, 102452. [CrossRef]
Preziosa, P.; Rocca, M.A.; Nozzolillo, A.; Moiola, L.; Filippi, M. COVID-19 in cladribine-treated relapsing-remitting multiple
sclerosis patients: A monocentric experience. J. Neurol. 2021, 268, 2697-2699. [CrossRef]


http://doi.org/10.1016/j.jneuroim.2020.577323
http://doi.org/10.1212/WNL.0000000000012753
http://doi.org/10.1177/1352458520943783
http://doi.org/10.1016/j.msard.2021.102800
http://doi.org/10.1212/NXI.0000000000001105
http://doi.org/10.1038/s41541-021-00292-w
http://www.ncbi.nlm.nih.gov/pubmed/33619260
http://doi.org/10.1016/S1473-3099(20)30773-8
http://doi.org/10.3390/pathogens10081030
http://www.ncbi.nlm.nih.gov/pubmed/34451494
http://doi.org/10.1111/ene.14690
http://doi.org/10.3390/vaccines9070773
http://doi.org/10.1016/j.msard.2020.102073
http://doi.org/10.7861/clinmed.2020-0309
http://doi.org/10.1016/j.msard.2020.102734
http://doi.org/10.1002/jmv.26796
http://doi.org/10.5507/bp.2020.033
http://doi.org/10.1212/NXI.0000000000001001
http://www.ncbi.nlm.nih.gov/pubmed/34016734
http://doi.org/10.1002/ana.26028
http://www.ncbi.nlm.nih.gov/pubmed/33480077
http://doi.org/10.1016/j.msard.2021.103155
http://www.ncbi.nlm.nih.gov/pubmed/34358943
http://doi.org/10.1186/s41983-021-00287-3
http://www.ncbi.nlm.nih.gov/pubmed/33776407
http://doi.org/10.1007/s00415-020-10196-9
http://www.ncbi.nlm.nih.gov/pubmed/32865629
http://doi.org/10.3389/fimmu.2020.01059
http://www.ncbi.nlm.nih.gov/pubmed/32477373
http://doi.org/10.3390/ijms22115894
http://doi.org/10.1016/j.msard.2021.102775
http://doi.org/10.1016/j.msard.2020.102452
http://doi.org/10.1007/s00415-020-10309-4

Vaccines 2022, 10, 279 17 of 18

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Jack, D.; Nolting, A.; Galazka, A. Favorable outcomes after COVID-19 infection in multiple sclerosis patients treated with
cladribine tablets. Mult. Scler. Relat. Disord. 2020, 46, 102469. [CrossRef] [PubMed]

Celius, E.G. Normal antibody response after COVID-19 during treatment with cladribine. Mult. Scler. Relat. Disord. 2020, 46,
102476. [CrossRef] [PubMed]

Flores-Gonzalez, R.E.; Hernandez, J.; Tornes, L.; Rammohan, K.; Delgado, S. Development of SARS-CoV-2 IgM and IgG antibodies
in a relapsing multiple sclerosis patient on ofatumumab. Mult. Scler. Relat. Disord. 2021, 49, 102777. [CrossRef] [PubMed]
MarraMS, A.R.; Kobayashi, T.; Suzuki, H.; Alsuhaibani, M.; Tofaneto, B.M.; Bariani, L.M.; Auler, M.d.A.; Salinas, J.L.; Edmond,
M.B.; Doll, M.; et al. Short-term effectiveness of COVID-19 vaccines in immunocompromised patients: A systematic literature
review and meta-analysis. |. Infect. 2021; Online ahead of print. [CrossRef]

Galmiche, S.; Nguyen, L.B.L.; Tartour, E.; de Lamballerie, X.; Wittkop, L.; Loubet, P.; Launay, O. Immunological and clinical
efficacy of COVID-19 vaccines in immunocompromised populations: A systematic review. Clin. Microbiol. Infect. 2021, 28,
163-177. [CrossRef]

Ciotti, ].R.; Valtcheva, M.V.; Cross, A.H. Effects of MS disease-modifying therapies on responses to vaccinations: A review. Mult.
Scler. Relat. Disord. 2020, 45, 102439. [CrossRef] [PubMed]

Tazza, F; Lapucci, C.; Cellerino, M.; Boffa, G.; Novi, G.; Poire, I.; Mancuso, E.; Bruschi, N.; Sbragia, E.; Laroni, A.; et al.
Personalizing ocrelizumab treatment in Multiple Sclerosis: What can we learn from Sars-Cov2 pandemic? J. Neurol. Sci. 2021, 427,
117501. [CrossRef]

Negahdaripour, M.; Shafiekhani, M.; Moezzi, S.M.I.; Amiri, S.; Rasekh, S.; Bagheri, A.; Mosaddeghi, P; Vazin, A. Administration
of COVID-19 Vaccines in ImmunocompromisedPatients. Int. Immunopharmacol. 2021, 99, 108021. [CrossRef]

Disanto, G.; Sacco, R.; Bernasconi, E.; Martinetti, G.; Keller, F.; Gobbi, C.; Zecca, C. Association of Disease-Modifying Treatment
and Anti-CD20 Infusion Timing With Humoral Response to 2 SARS-CoV-2 Vaccines in Patients With Multiple Sclerosis. JAMA
Neurol. 2021, 78, 1529-1531. [CrossRef]

Herishanu, Y.; Rahav, G.; Levi, S.; Braester, A.; Itchaki, G.; Bairey, O.; Dally, N.; Shvidel, L.; Ziv-Baran, T.; Polliack, A.; et al.
Efficacy of a Third BNT162b2 mRNA COVID-19 Vaccine Dose in Patients with CLL who Failed Standard Two-dose Vaccination.
Blood 2021, 139, 678-685. [CrossRef]

Konig, M.; Torgauten, H.M.; Tran, T.T.; Holmoy, T.; Vaage, ].T.; Lund-Johansen, F.; Nygaard, G.O. Immunogenicity and Safety of a
Third SARS-CoV-2 Vaccine Dose in Patients With Multiple Sclerosis and Weak Immune Response After COVID-19 Vaccination.
JAMA Neurol. 2022, 24, 215109. [CrossRef] [PubMed]

Connolly, C.M.; Teles, M.; Frey, S.; Boyarsky, B.J.; Alejo, J.L.; Werbel, W.A.; Albayda, J.; Christopher-Stine, L.; Garonzik-Wang, J.;
Segev, D.L.; et al. Booster-dose SARS-CoV-2 vaccination in patients with autoimmune disease: A case series. Ann. Rheum Dis.
2022, 81, 291-293. [CrossRef] [PubMed]

Jespers, VL.R.; Hulstaert, F; Wyndham Thomas, C.; Van Montfort, T.; Van Damme, P.; Dogné, ].M.; Soentjens, P.; Ramaekers, D.
Rapid Review of the Evidence on a COVID-19 Booster dose after a Primary Vaccination Schedule. 2021. Available online:
https:/ /kce.fgov.be/sites/default/files /atoms/files / Third %20Covid-19%20vaccination_Report_ DUTCH.pdf (accessed on 27
January 2022).

Shapiro, L.C.; Thakkar, A.; Campbell, S.T.; Forest, S.K.; Pradhan, K.; Gonzalez-Lugo, ].D.; Quinn, R.; Bhagat, T.D.; Choudhary,
G.S.; McCort, M.; et al. Efficacy of booster doses in augmenting waning immune responses to COVID-19 vaccine in patients with
cancer. Cancer Cell 2021, 40, 3-5. [CrossRef] [PubMed]

Marlet, J.; Gatault, P; Maakaroun, Z.; Longuet, H.; Stefic, K.; Handala, L.; Eymieux, S.; Gyan, E.; Dartigeas, C.; Gaudy-Graffin, C.
Antibody Responses after a Third Dose of COVID-19 Vaccine in Kidney Transplant Recipients and Patients Treated for Chronic
Lymphocytic Leukemia. Vaccines 2021, 9, 1055. [CrossRef] [PubMed]

Ahaley, S. An Investigation of Three SARS-CoV-2 mRNA doses in Multiple Sclerosis Vaccine Non-Responders 2021. Available
online: https://www.news-medical.net/news/20211020/ An-investigation-of-three-SARS-CoV-2-mRNA-doses-in-multiple-
sclerosis-vaccine-non-responders.aspx (accessed on 27 January 2022).

Werbel, W.A.; Boyarsky, B.].; Ou, M.T.; Massie, A.B.; Tobian, A.A.R.; Garonzik-Wang, ].M.; Segev, D.L. Safety and Immunogenicity
of a Third Dose of SARS-CoV-2 Vaccine in Solid Organ Transplant Recipients: A Case Series. Ann. Intern. Med. 2021, 174,
1330-1332. [CrossRef] [PubMed]

Guerrieri, S.; Lazzarin, S.; Zanetta, C.; Nozzolillo, A.; Filippi, M.; Moiola, L. Serological response to SARS-CoV-2 vaccination in
multiple sclerosis patients treated with fingolimod or ocrelizumab: An initial real-life experience. J. Neurol. 2021, 269, 39-43.
Apostolidis, S.A.; Kakara, M.; Painter, M.M.; Goel, R.R.; Mathew, D.; Lenzi, K.; Rezk, A.; Patterson, K.R.; Espinoza, D.A;
Kadri, J.C.; et al. Cellular and humoral immune responses following SARS-CoV-2 mRNA vaccination in patients with multiple
sclerosis on anti-CD20 therapy. Nat. Med. 2021, 27, 1990-2001. [CrossRef]

Moor, M.B.; Suter-Riniker, F; Horn, M.P.; Aeberli, D.; Amsler, J.; Moller, B.; Njue, L.M.; Medri, C.; Angelillo-Scherrer, A.;
Borradori, L.; et al. Humoral and cellular responses to mRNA vaccines against SARS-CoV-2 in patients with a history of
CD20 B-cell-depleting therapy (RituxiVac): An investigator-initiated, single-centre, open-label study. Lancet Rheumatol. 2021, 3,
e789—-e797. [CrossRef]

Tallantyre, E.C.V.N.; Anderson, V.; Asardag, A.N.; Baker, D.; Bestwick, J.; Bramhall, K.; Chance, R.; Evangelou, N.; George, K,;
Giovannoni, G.; et al. COVID-19 vaccine response in people with multiple sclerosis. medRxiv 2021, 91, 89-100. [CrossRef]


http://doi.org/10.1016/j.msard.2020.102469
http://www.ncbi.nlm.nih.gov/pubmed/32919180
http://doi.org/10.1016/j.msard.2020.102476
http://www.ncbi.nlm.nih.gov/pubmed/32882501
http://doi.org/10.1016/j.msard.2021.102777
http://www.ncbi.nlm.nih.gov/pubmed/33508573
http://doi.org/10.1016/j.jinf.2021.12.035
http://doi.org/10.1016/j.cmi.2021.09.036
http://doi.org/10.1016/j.msard.2020.102439
http://www.ncbi.nlm.nih.gov/pubmed/32769063
http://doi.org/10.1016/j.jns.2021.117501
http://doi.org/10.1016/j.intimp.2021.108021
http://doi.org/10.1001/jamaneurol.2021.3609
http://doi.org/10.1182/blood.2021014085
http://doi.org/10.1001/jamaneurol.2021.5109
http://www.ncbi.nlm.nih.gov/pubmed/35072702
http://doi.org/10.1136/annrheumdis-2021-221206
http://www.ncbi.nlm.nih.gov/pubmed/34493492
https://kce.fgov.be/sites/default/files/atoms/files/Third%20Covid-19%20vaccination_Report_DUTCH.pdf
http://doi.org/10.1016/j.ccell.2021.11.006
http://www.ncbi.nlm.nih.gov/pubmed/34838186
http://doi.org/10.3390/vaccines9101055
http://www.ncbi.nlm.nih.gov/pubmed/34696163
https://www.news-medical.net/news/20211020/An-investigation-of-three-SARS-CoV-2-mRNA-doses-in-multiple-sclerosis-vaccine-non-responders.aspx
https://www.news-medical.net/news/20211020/An-investigation-of-three-SARS-CoV-2-mRNA-doses-in-multiple-sclerosis-vaccine-non-responders.aspx
http://doi.org/10.7326/L21-0282
http://www.ncbi.nlm.nih.gov/pubmed/34125572
http://doi.org/10.1038/s41591-021-01507-2
http://doi.org/10.1016/S2665-9913(21)00251-4
http://doi.org/10.1002/ana.26251

Vaccines 2022, 10, 279 18 of 18

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Gallo, A.; Capuano, R.; Donnarumma, G.; Bisecco, A.; Grimaldi, E.; Conte, M.; D’Ambrosio, A.; Galdiero, M.; Tedeschi, G.
Preliminary evidence of blunted humoral response to SARS-Cov-2 (MRNA) vaccine in multiple sclerosis patients treated with
ocrelizumab. J. Neurol. Sci. 2021, 429, 3523-3526. [CrossRef]

Buttari, F.; Bruno, A.; Dolcetti, E.; Azzolini, F,; Bellantonio, P.; Centonze, D.; Fantozzi, R. COVID-19 vaccines in multiple sclerosis
treated with cladribine or ocrelizumab. Mult. Scler. Relat. Disord. 2021, 52, 102983. [CrossRef] [PubMed]

Etemadifar, M.; Sigari, A.A.; Sedaghat, N.; Salari, M.; Nouri, H. Acute relapse and poor immunization following COVID-19
vaccination in a rituximab-treated multiple sclerosis patient. Hum. Vaccines Immunother. 2021, 17, 3481-3483. [CrossRef] [PubMed]
Achiron, A.; Mandel, M.; Dreyer-Alster, S.; Harari, G.; Magalashvili, D.; Sonis, P.; Dolev, M.; Menascu, S.; Flechter, S.; Falb, R.;
et al. Humoral immune response to COVID-19 mRNA vaccine in patients with multiple sclerosis treated with high-efficacy
disease-modifying therapies. Ther. Adv. Neurol. Disord. 2021, 14, 17562864211012835. [CrossRef]

Capuano, R.; Donnarumma, G.; Bisecco, A.; Grimaldi, E.; Conte, M.; d’Ambrosio, A.; Matrone, F; Risi, M.; Borgo, RM,;
Altieri, M.; et al. Humoral response to SARS-CoV-2 mRNA vaccine in patients with multiple sclerosis treated with natalizumab.
Ther. Adv. Neurol. Disord. 2021, 14, 17562864211038111. [CrossRef]

Bigaut, K.; Kremer, L.; Fleury, M.; Lanotte, L.; Collongues, N.; de Seze, J. Impact of disease-modifying treatments on humoral
response after COVID-19 vaccination: A mirror of the response after SARS-CoV-2 infection. Rev. Neurol. 2021, 177, 1237-1240.
[CrossRef] [PubMed]

Katz, J.; Bouley, A.; Lathi, E.; Douglas, E.; Jungquist, R.M.; O’Shea, I. Humoral and T-cell responses to SARS-CoV-2 vaccination in
multiple sclerosis patients treated with ocrelizumab. Mult. Scler. ]. 2021, 27, 786-787. [CrossRef]

Conte, W.L. Attenuation of antibody response to SARS-CoV-2 infection in patients with multiple sclerosis on ocrelizumab: A
case-control study. Mult. Scler. Relat. Disord. 2021, 52, 103014. [CrossRef]

Michiels, Y.; Houhou-Fidouh, N.; Collin, G.; Berger, ].; Kohli, E. Humoral Response Induced by Prime-Boost Vaccination with the
ChAdOx1 nCoV-19 and mRNA BNT162b2 Vaccines in a Teriflunomide-Treated Multiple Sclerosis Patient. Vaccines 2021, 9, 1140.
[CrossRef]

Kelly, H.; Sokola, B.; Abboud, H. Safety and efficacy of COVID-19 vaccines in multiple sclerosis patients. J. Neuroimmunol. 2021,
356, 577599. [CrossRef]

Furlan, A.; Forner, G.; Cipriani, L.; Vian, E.; Rigoli, R.; Gherlinzoni, F.; Scotton, P. COVID-19 in B Cell-Depleted Patients After
Rituximab: A Diagnostic and Therapeutic Challenge. Front. Immunol. 2021, 12. [CrossRef]

Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al.
Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. ]. Med. 2021, 384, 403—416. [CrossRef] [PubMed]

Polack, EP,; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Pérez Marc, G.; Moreira, E.D.; Zerbini, C.;
et al. Safety and efficacy of the BNT162b2 mRNA COVID-19 vaccine. N. Engl. ]. Med. 2020, 383, 2603-2615. [CrossRef] [PubMed]
Lotan, I.; Wilf-Yarkoni, A.; Friedman, Y.; Stiebel-Kalish, H.; Steiner, I.; Hellmann, M.A. Safety of the BNT162b2 COVID-19 vaccine
in multiple sclerosis (MS): Early experience from a tertiary MS center in Israel. Eur. . Neurol. 2021, 28, 3742-3748. [CrossRef]
[PubMed]

Sadoff, J.; Le Gars, M.; Shukarev, G.; Heerwegh, D.; Truyers, C.; de Groot, A.M.; Stoop, J.; Tete, S.; Van Damme, W.; Leroux-Roels, L; et al.
Interim Results of a Phase 1-2a Trial of Ad26.COV2.S Covid-19 Vaccine. N. Engl. ]. Med. 2021, 384, 1824-1835. [CrossRef]
Voysey, M.; Clemens, S.A.C.; Madhi, S.A.; Weckx, L.Y.; Folegatti, PM.; Aley, PK.; Angus, B.; Baillie, V.L.; Barnabas, S.L.; Bhorat,
Q.E.; et al. Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2, an interim analysis of four
randomised controlled trials in Brazil, South Africa, and the UK. Lancet 2021, 397, 99-111. [CrossRef]

Cattaneo, M. Thrombosis with Thrombocytopenia Syndrome associated with viral vector COVID-19 vaccines. Eur. |. Intern. Med.
2021, 89, 22-24. [CrossRef] [PubMed]

Chatterjee, R.; Ghosh, M.; Sahoo, S.; Padhi, S.; Misra, N.; Raina, V.; Suar, M.; Son, Y.-O. Next-Generation Bioinformatics
Approaches and Resources for Coronavirus Vaccine Discovery and Development—A Perspective Review. Vaccines 2021, 9, 812.
[CrossRef]

Tebas, P; Yang, S.; Boyer, ].D.; Reuschel, E.L.; Patel, A.; Christensen-Quick, A.; Andrade, V.M.; Morrow, M.P,; Kraynyak, K.; Agnes,
J.; et al. Safety and immunogenicity of INO-4800 DNA vaccine against SARS-CoV-2: A preliminary report of an open-label, Phase
1 clinical trial. EClinicalMedicine 2021, 31, 100689. [CrossRef]

Xia, S.; Zhang, Y.; Wang, Y.; Wang, H.; Yang, Y,; Gao, G.F; Tan, W.; Wu, G.; Xu, M.; Lou, Z,; et al. Safety and immunogenicity of an
inactivated SARS-CoV-2 vaccine, BBIBP-CorV: A randomised, double-blind, placebo-controlled, phase 1/2 trial. Lancet Infect. Dis.
2021, 21, 39-51. [CrossRef]


http://doi.org/10.1007/s10072-021-05397-7
http://doi.org/10.1016/j.msard.2021.102983
http://www.ncbi.nlm.nih.gov/pubmed/33990054
http://doi.org/10.1080/21645515.2021.1928463
http://www.ncbi.nlm.nih.gov/pubmed/34015240
http://doi.org/10.1177/17562864211012835
http://doi.org/10.1177/17562864211038111
http://doi.org/10.1016/j.neurol.2021.05.001
http://www.ncbi.nlm.nih.gov/pubmed/34172292
http://doi.org/10.1016/j.msard.2021.103382
http://doi.org/10.1016/j.msard.2021.103014
http://doi.org/10.3390/vaccines9101140
http://doi.org/10.1016/j.jneuroim.2021.577599
http://doi.org/10.3389/fimmu.2021.763412
http://doi.org/10.1056/NEJMoa2035389
http://www.ncbi.nlm.nih.gov/pubmed/33378609
http://doi.org/10.1056/NEJMoa2034577
http://www.ncbi.nlm.nih.gov/pubmed/33301246
http://doi.org/10.1111/ene.15028
http://www.ncbi.nlm.nih.gov/pubmed/34288285
http://doi.org/10.1056/NEJMoa2034201
http://doi.org/10.1016/S0140-6736(20)32661-1
http://doi.org/10.1016/j.ejim.2021.05.031
http://www.ncbi.nlm.nih.gov/pubmed/34092488
http://doi.org/10.3390/vaccines9080812
http://doi.org/10.1016/j.eclinm.2020.100689
http://doi.org/10.1016/S1473-3099(20)30831-8

	Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) 
	Ethiology of COVID-19 Disease 
	Pathogenesis of SARS-CoV-2 
	Vaccine Platforms against COVID-19 

	Multiple Sclerosis 
	Cause and Risk Factors 
	Multiple Sclerosis and Infections 
	COVID-19 Disease in MS Patients 
	DMTs and COVID-19 Disease: Benefits-to-Risk Ratio 
	Effects of DNTs on Antibody Responses in COVID-19-Infected Patients 
	Effect of DMTs on Immunity against SARS-CoV-2 Vaccination 
	SARS-CoV-2 Vaccines’ Safety in MS Patients 

	Conclusions 
	References

