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HIGHLIGHTS 

 Treatment-induced, early and late neutropenia can develop in MS 

 B-cell depletion shows a low but detectable neutropenia risk 

 Neutropenia risk is a balance of neutrophil production verses activity and death 

 Neutropoiesis can be inhibited by immune dyscrasia favouring B cell recovery 
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ABSTRACT 

Neutropenia serves as a risk factor for severe infection and is a consequence of some immune-

depleting immunotherapies. This occurs in people with multiple sclerosis following chemotherapy-

conditioning in haematopoietic stem cell transplantation and potent B cell targeting agents. Whilst 

CD52 is expressed by neutrophils and may contribute to early-onset neutropenia following 

alemtuzumab treatment, deoxycytidine kinase and CD20 antigen required for activity of cladribine 

tablets, off-label rituximab, ocrelizumab, ofatumumab and ublituximab are not or are only weakly 

expressed by neutrophils. Therefore, alternative explanations are needed for the rare occurrence 

of early and late-onset neutropenia following such treatments. This probably occurs due to 

alterations in the balance of granulopoiesis and neutrophil removal. Neutrophils are short-lived, 

and their removal may be influenced by drug-associated infections, the killing mechanisms of the 

therapies and amplified by immune dyscrasia due to influences on neutropoiesis following growth 

factor rerouting for B cell recovery and cytokine deficits following lymphocyte depletion. This 

highlights the small but evident neutropenia risks following sustained B cell depletion with some 

treatments 

KEYWORDS: Immunotherapy; Immune dyscrasia; Multiple sclerosis; Neutropenia; 

Polymorphonuclear neutrophil 
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1. Multiple sclerosis immunotherapies can induce neutropenia. 

Multiple sclerosis (MS) is the major demyelinating, neurodegenerative disease of central nervous 

system (CNS) [Dobson & Giovannoni 2019]. Disease can be targeted by an increasing number of 

disease modifying therapies, where lymphocyte-depletion exhibits marked control of relapsing MS 

[Dobson & Giovannoni 2019].  However, efficacy is balanced by risks of infection following depletion 

of protective immunity [Dobson & Giovannoni 2019].  

Polymorphonuclear neutrophils are the most abundant leucocyte subtype within the peripheral 

blood that provides an essential first line of immune-defence against infection [Amulic et al. 2012; 

Malech et al. 2014; Burn et al. 2021]. This is notably shown by the life-threatening risks of 

neutropenia during early haematopoietic stem cell therapy (HSCT) following their depletion during 

myeloablative-conditioning [Lima et al. 2013; Sterm et al. 2018]. Whilst neutrophils may be 

expanded and activated or reduced in MS, they are not particularly frequent in CNS-lesions 

compared to lymphocytes and macrophages [Kozuka et al. 2003; Hertwig et al. 2016; Haschka et 

al. 2020]. This supports the mononuclear cell targeting of all current disease-modifying treatments 

[Lucchinetti et al. 2002; Dobson & Giovannoni 2019].  

However, neutropenia has been reported following use of depleting agents used in the treatment 

of MS [Baker et al. 2017a; Rossi et al. 2022; Hammer et al. 2022; Rolfes et al. 2022; Hess et al. 

2023]. Bone marrow myelosuppression, leading to leucopenia, is a well-known, consequence of 

potent cytostatic agents that target dividing cells, such as those used in HSCT and 

immunosuppressive therapy [Giang et al. 1996]. However, direct neutrophil cytotoxicity due to 

target expression of the depleting immunotherapy was not considered likely for many MS-

treatments as neutropenia is often not early-onset and occurs at very low frequency with most 

classes of agents [Baker et al. 2017a; Rossi et al. 2022; Hammer et al. 2022; Rolfes et al. 2022]. 

Indeed, mRNA expression of the membrane spanning 4A1 antigen targeted by CD20-depleting 

(rituximab, ublituximab, ocrelizumab, ofatumumab) antibodies [Cotchett et al. 2021] and 

deoxycytidine kinase (DCK), which is the rate-limiting, deoxyadenosine-phosphorylating enzyme 

required for the apoptotic activity of tri-phosphorylated cladribine [Baker et al. 2019], are absent 

or minimal in neutrophils [Figure 1]. Furthermore, neutrophils express a high level of cytoplasmic 

5’ nucleotidases that dephosphorylate the deoxyadenosine moiety in cladribine (2-chloro-2’-

deoxyadenosine) and counteract the killing potential of cladribine provided by DCK [Baker et al. 

2019]. This is consistent with limited early-onset neutrophil depletion in vivo seen with cladribine 

and ocrelizumab in MS [Baker et al. 2017b; Baker et al. 2019]. In contrast there was a low level 

expression of CD52 by neutrophils [Figure 1], consistent with the more frequent early-onset 

neutropenia following alemtuzumab administration [Baker et al. 2017a; Gaitán et al. 2017; 

Yiannopoulou et al. 2018]. However, as alemtuzumab and cladribine are rapidly cleared from the 

body, risks of neutropenia will be reduced with time.  

In contrast, CD20-depletion, with rituximab (500-1000mg intravenously (i.v.) Q24W), ocrelizumab 

(600mg i.v., Q24W), ublituximab (450mg i.v. Q24W) and ofatumumab (20mg subcutaneously 

(s.c.) Q4W) is continuous [Cotchett et al. 2021]. This leads to long-term and potentially permanent 

depletion of peripheral B cells [Palanichamy et al. 2014; Baker et al.2020a, Baker et al. 2020b; Bar 
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Or et al. 2022; Steinmann et al. 2022]. This has been associated with variable degrees of late-

onset hypogammaglobulinaemia, neutropenia and consequently severe infections [Baker et al. 

2020a, Baker et al. 2020b; Perriguey et al. 2021; Peters & Longbrake 2022; Rossi et al. 2022]. 

However, as there appears to be no or limited CD20 antigen-expression by neutrophils (Figure 1), 

alternative explanations are needed for the observed induction of neutropenia by CD20-depleting 

antibodies. 

2. Potential neutropenia mechanisms of immune-modulating treatments 

Neutrophils serve to remove infection via netosis, cytotoxicity, opsonisation and phagocytosis prior 

to their apoptosis and removal [Malech et al. 2014; Rosales 2018; Burn et al. 2021; Balazs et al. 

2023]. CD20-postitive B cell depletion can result in varying degrees of hypogammaglobulinaemia, 

neutropenia and a small, increased risk of infection [Mushi & Montgomery 2000; Oksbjerg et al. 

2021; Athni & Barmettler 2023; Saidha et al. 2023]. Neutrophils are short-lived and alterations in 

the level of their destruction, notably following their activity, compared to replacement by 

granulopoesis can lead to neutropenia [Schwartzberg 2006]. This may occur via a number of 

different mechanisms (Figure 2).  

Whilst neutrophilia is typically a result of infection, certain (1) infections can also lead to 

neutropenia [Mushi & Montgomery 2000; Schwartzberg 2006]. As continuous CD20-positive B cell 

depletion can predispose individuals to infection [Baker et al.  

 

Furthermore, some (beta lactam) (2) infection-related antibiotic treatment can lead to 

inhibition of granulopoesis and neutropenia that is controlled to some extent by the 

pharmacogenomics of the individual, such as by variants of drug transporters [Neftel et al. 1985; 

Andersohn et al. 2007; Hahn et al. 2016]. Drug-induced neutropenia may rarely occur in response 

to (3) anti-neutrophil autoantibodies [Voog et al. 2003]. However, CD20-depletion will 

probably limit this possibility by blocking the formation of antibody production [Baker et al. 2020a]. 

Indeed, CD20-depleting antibodies have been used to limit anti-neutrophilic cytoplasmic antibody-

induced vascular conditions (Jones et al. 2010; McAdoo et al. 2016). It is possible that CD20-

depletion may lead to (4) expansion of T-cell large granular lymphocytes populations that 

may induce neutrophil apoptosis through Fas and Fas-ligand interactions [Papadaki et al. 2003; 

Vakrakou et al. 2018]. Whilst complement, natural killer cells and macrophages are thought to be 

important for the therapeutic activity of antibodies, neutrophils can contribute to the action of 

antibodies [Cotchett et al. 2021, Behrens et al. 2023]. As such, (5) antibody-dependent cellular 

cytotoxicity activity (ADCC) following Fc-receptor dependent activity of neutrophils can mediate 

the cytotoxicity of therapeutic antibodies [van der Kolk et al. 2002; Nakagawa et al. 2010; Behrens 

et al. 2023]. Clinically-used CD20-positive cell depleting antibodies exhibit variable degrees of 

complement fixation, opsonisation, ADCC, antibody-dependent phagocytosis and apoptosis that will 

impact their biological activity [Cotchett et al. 2021]. Notably ublituximab and ocrelizumab exhibit 

more potent ADCC than ofatumumab or rituximab [Cotchett et al. 2021]. High affinity Fc receptor 

may mediate more vigorous ADCC [Weng et al. 2010], notably the Fc gamma RIIIa 158 V allele 
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has been associated with neutropenia and is a potential tool to identify a high-risk population for 

developing neutropenia after antibody therapy [Weng et al. 2010]. In addition, (7) anti-drug 

antibody responses that develop, sometimes with high frequency (>85%) against antibodies 

used in MS, [Baker et al. 2021; Alvarez et al. 2022] could engage neutrophils (Figure 2). 

Furthermore, during opsonisation/ADCC of B cell targets, it has been reported that neutrophils 

trogocytose CD20 antigen [Valgarddottir et al. 2020]. Given that depletion of T cells following 

transfer of CD20 antigen during B cell interaction, has been suggested to be the reason why CD20-

depleting antibodies control MS [Ochs et al. 2022], neutropenia induced by B cell depleting 

antibodies could be secondary to (8) CD20-trogocytosis and antibody-mediated cytotoxicity, 

if the right conditions for cell cytotoxicity prevail [van Rees et al. 2022]. However as early-onset 

neutropenia following B cell depletion is uncommon [Adler et al. 2019; Rossi et al. 2022], it 

suggests that these possibilities are of limited significance to most individuals.  However, these 

elements (Figure 2) may influence neutrophil activation and death and could become more 

relevant in individuals that exhibit significant neutropoiesis inhibition.Therefore, neutropenia may 

develop following (9) immune dyscrasia and removal of neutropoietic growth factors due 

to T and B cell depletion [Li et al. 2015; Galli et al. 2019]. As such, CD20-immunotherapies, 

essentially permanently deplete most B cell subsets, notably naïve and memory B cells, and so 

remove a cellular source of granulocyte-macrophage colony stimulating factor (Li et al. 2015; 

Fernández-Velasco et al. 2021). In addition, some CD20+ B cells produce granulocyte-colony 

stimulating factor (G-CSF) (Corcione & Pistoia 1997). These are important for neutrophil 

development as evidenced by the fact that recombinant G-CSF (Filgrastim/Lenograstim) can be 

used as a rescue medication to counter drug-induced neutropenia in MS [Rossi et al. 2022]. In 

addition, (10) immune dyscrasia due to bone marrow rerouting associated with B cell 

recovery may be cause of late-onset neutropenia, potentially relevant to therapy (Figure 2). Thus, 

in the context of severe B cell depletion the bone marrow preferentially switches to B cell production 

rather than neutropoiesis due to perturbations in stromal derived factor-1/CXCL12 levels [Dunleavy 

et al.2005; Grant et al. 2011]. This chemokine acts via CXCR4 chemokine as a central regulator of 

neutrophil trafficking and the CXCL12 chemokine gradient helps retain neutrophils within the bone 

marrow [De Flippo et al. 2018; Nakamura et al. 2023]. This also regulates early B cell expansion 

that removes the CXCL12 neutrophil migration gradient leading to neutropenia [Egawa et al. 2001]. 

Furthermore, high levels of B cell activation factor (BAFF), a strong stimulator of B-cell recovery, 

may drive haematopoietic lineage arrest of neutrophils to further limit neutropoiesis [Terrier et al. 

2007]. Conversely G-CSF can reprogram bone marrow stromal cells to actively suppress B 

lymphopoiesis [Day et al. 2015], suggesting that B cell and neutrophil biology are in part 

interlinked. 

3. Can neutropenia risk be limited with B cell-depleting agents? 

As continuous and marked B cell depletion appears to facilitate the development of 

hypogammaglobulinaemia and neutropenia that are risk factors for infection, it remains to be seen 

whether these elements can be limited through dosing. As such, extended interval dosing or 

treating to B cell subset repopulation may allow reduced-drug exposure, whilst maintaining efficacy 

and limiting loss of immunoglobulin levels [Baker et al. 2020b; Novi et al. 2020; van Lierop et al. 
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2002; Schuckmann et al. 2023]. Furthermore, whilst neutropenia rates seem similar following 

intravenous (i.v.) infusions of ocrelizumab (600mg i.v. Q24W) and rituximab (typically 1000mg i.v. 

Q24W) when used in neuroinflammatory disease [Hammer et al. 2022], neutropenia following 

subcutaneous (s.c.) ofatumumab (20mg s.c. Q4W) in MS may appear more uncommon (0.3% 

typically ≤ grade 2) than perhaps ocrelizumab (4.4-4.6% ≥ grade 2) and Ublituximab (3.3%≥ 

grade 2) [Hauser et al. 2021; Hauser et al. 2022; Steinman et al. 2022].  In contrast, high-dose 

(1000mg i.v. Q4W) ofatumumab induces neutropenia when used in cancer indications, indicating 

further a class-effect for CD20-depleting antibodies. [Furman et al. 2017; van Oers et al. 2019; 

Sawas et al. 2017].  Likewise, although CD19 antigen is not expressed by neutrophils (Figure 1), 

inebilizumab, which is a CD19-positive cell depleting antibody that inhibits magnetic resonance 

imaging detected lesion formation in MS, also induced neutropenia (~7.5% ≥ grade 2) when used 

(300mg i.v. Q24W) in neuromyelitis optica [Aguis et al. 2017; Cree et al. 2019. Uplizna® SmPC 

2022]. This suggest a similar mechanism to CD20-depleting antibodies may occur following infusion 

of hundreds of milligrammes of antibody. Therefore, neutropenia levels induced by ofatumumab in 

MS may relate to route and notably dosing, possibly via impacts on more limited deep-tissue 

antibody penetration and bone marrow purging, rather than the nature of the antibody. Drug-

induced neutropenia is often short-lasting and recovers within 2-4 weeks (Moore 2016). However, 

neutropenia can sometimes last for months, as sometimes seen following CD20-depletion in the 

absence of cytokine-induced recovery [Moore 2016]. Although some mechanisms, such a growth 

factor associated granulocytosis and activity during infection and antibody-depletion are easy to 

envision as major mechanisms of neutropenia, it is likely that multiple mechanisms (Figure 2) 

contribute to neutropenia in different individuals. However, the low frequency of drug-induced 

neutropenia for such agents, means it is probably not cost-effective to formally investigate 

neutropenia-prevention measures, especially as it generally responds well to treatment with broad 

spectrum antibiotics and recombinant granulocyte colony stimulating factor [Rossi et al, 2022; 

Rauniyar et al. 2022].  

Funding: This study received no funding.  

Acknowledgements: Graphics created with Biorender.com 

Competing Interests declaration: No company was involved in the decision to write or on the 

content of the article of article, however, we are grateful to Dr. Sarah Buck, Novartis for supplying 

meeting presentations. Although considered to be irrelevant within the past three years: DB has 

received honoraria from: Merck KGaA, Novartis, Teva. ASK has nothing relevant to declare. KS has 

received honoraria and/or grant support from Amgen, Biogen, EMD Serono, Merck KGaA, Novartis, 

Roche, Sanofi-Genzyme, and Teva. 

Author contributions: Conceptualization DB, ASK, KS; Formal analysis DB; Visualization DB; 

Writing - original draft DB; Writing - review & editing ASK, KS.   



8 

 

REFERENCES. 

Adler BL, Crew AB, Woodley DT. Early-onset neutropenia after rituximab therapy for bullous 

pemphigoid. Clin Exp Dermatol. 2019; 44:334-336 

Agius MA, Klodowska-Duda G, Maciejowski M, Potemkowski A, Li J, Patra K, Wesley J, Madani S, 

Barron G, Katz E, Flor A. Safety and tolerability of inebilizumab (MEDI-551), an anti-CD19 

monoclonal antibody, in patients with relapsing forms of multiple sclerosis: Results from a phase 1 

randomised, placebo-controlled, escalating intravenous and subcutaneous dose study. Mult Scler. 
2019; 25:235-245.  

Alvarez E, Steinman L, Fox EJ, Hartung HP, Qian P, Wray S, Robertson D, Huang D, Selmaj K, Wynn 

D, Weiss MS, Bosco JA, Power SA, Mok K, Lee L, Cree BA. Neutralizing antibodies and antidrug 

antibodies in the ublituximab phase 3 ULTIMATE I and II studies in relapsing multiple sclerosis. 

P103. ACTRIMS (24-26:2:2022) 2022. [https://www.tgtherapeutics.com/wp-content/uploads/ 
2022/02/ACTRIMS2022_Alvarez_ULTIMATE-I-and-II_2.24.22.pdf [Accessed 11:7:2023] 

Amulic B, Cazalet C, Hayes GL, Metzler KD, Zychlinsky A. Neutrophil function: from mechanisms to 
disease. Annu Rev Immunol. 2012; 30:459-89. 

Andersohn F, Konzen C, Garbe E. Systematic review: agranulocytosis induced by nonchemotherapy 
drugs. Ann Intern Med. 2007; 146:657-665. 

Athni TS, Barmettler S. Hypogammaglobulinemia, late-onset neutropenia, and infections following 

rituximab. Ann Allergy Asthma Immunol. 2023; 130:699-712. 

Baker D, Giovannoni G, Schmierer K. Marked neutropenia: Significant but rare in people with 

multiple sclerosis after alemtuzumab treatment. Mult Scler Relat Disord. 2017a; 18:181-183. 

Baker D, Herrod SS, Alvarez-Gonzalez C, Zalewski L, Albor C, Schmierer K. Both cladribine and 

alemtuzumab may effect MS via B-cell depletion. Neurol Neuroimmunol Neuroinflamm. 2017b; 4: 
e360. 

Baker D, Pryce G, Herrod SS, Schmierer K. Potential mechanisms of action related to the efficacy 
and safety of cladribine. Mult Scler Relat Disord. 2019; 30:176-186. 

Baker D, Roberts CAK, Pryce G, Kang AS, 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. 2020a; 202:149-161 

Baker D, Pryce G, James LK, Marta M, Schmierer K. The ocrelizumab phase II extension trial 

suggests the potential to improve the risk: Benefit balance in multiple sclerosis. Mult Scler Relat 
Disord. 2020b; 44:102279 

Baker D, Asardag AN, Quinn OA, Efimov A, Kang AS. Anti-drug antibodies to antibody-based 

therapeutics in multiple sclerosis. Hum Antibodies. 2021; 29:255-262. 

Balazs I, Horvath A, Heschl B, Khalil M, Enzinger C, Stadlbauer V, Seifert-Held T. Anti-CD20 

treatment and neutrophil function in central nervous system demyelinating diseases. J 
Neuroimmunol. 2023; 381:578136 

Bar-Or A, Wiendl H, Montalban X, Alvarez E, Davydovskaya M, Delgado SR, Evdoshenko EP, 

Giedraitiene N, Gross-Paju K, Haldre S, Herrman CE, Izquierdo G, Karelis G, Leutmezer F, Mares 

M, Meca-Lallana JE, Mickeviciene D, Nicholas J, Robertson DS, Sazonov DV, Sharlin K, Sundaram 

B, Totolyan N, Vachova M, Valis M, Bagger M, Häring DA, Ludwig I, Willi R, Zalesak M, Su W, 

Merschhemke M, Fox EJ. Rapid and sustained B-cell depletion with subcutaneous ofatumumab in 

relapsing multiple sclerosis: APLIOS, a randomized phase-2 study. Mult Scler. 2022; 28:910-924. 

Behrens LM, van Egmond M, van den Berg TK. Neutrophils as immune effector cells in antibody 

therapy in cancer. Immunol Rev. 2023; 314:280-301. 

Burn GL, Foti A, Marsman G, Patel DF, Zychlinsky A. The Neutrophil. Immunity. 2021; 54:1377-
1391. 

Corcione A, Pistoia V. B-cell-derived granulocyte-colony stimulating factor (G-CSF). Methods. 

1997; 11:143. 

 



9 

 

Cotchett KR, Dittel BN, Obeidat AZ. Comparison of the Efficacy and Safety of Anti-CD20 B Cells 
Depleting Drugs in Multiple Sclerosis. Mult Scler Relat Disord. 2021; 49:102787. 

Cree BAC, Bennett JL, Kim HJ, Weinshenker BG, Pittock SJ, Wingerchuk DM, Fujihara K, Paul F, 

Cutter GR, Marignier R, Green AJ, Aktas O, Hartung HP, Lublin FD, Drappa J, Barron G, Madani S, 

Ratchford JN, She D, Cimbora D, Katz E; N-MOmentum study investigators. Inebilizumab for the 

treatment of neuromyelitis optica spectrum disorder (N-MOmentum): a double-blind, randomised 
placebo-controlled phase 2/3 trial. Lancet. 2019; 394:1352-1363 

Day RB, Bhattacharya D, Nagasawa T, Link DC. Granulocyte colony-stimulating factor reprograms 

bone marrow stromal cells to actively suppress B lymphopoiesis in mice. Blood. 2015; 125:3114-
3117. 

De Filippo K, Rankin SM. CXCR4, the master regulator of neutrophil trafficking in homeostasis and 

disease. Eur J Clin Invest. 2018;48 (Suppl 2): e12949. 

Dobson R, Giovannoni G. Multiple sclerosis - a review. Eur J Neurol. 2019; 26:27-40. 

Dunleavy K, Hakim F, Kim HK, Janik JE, Grant N, Nakayama T, White T, Wright G, Kwak L, Gress 

R, Tosato G, Wilson WH. B-cell recovery following rituximab-based therapy is associated with 
perturbations in stromal derived factor-1 and granulocyte homeostasis. Blood. 2005; 106:795-802. 

Egawa T, Kawabata K, Kawamoto H, Amada K, Okamoto R, Fujii N, Kishimoto T, Katsura Y, 

Nagasawa T. The earliest stages of B cell development require a chemokine stromal cell-derived 

factor/pre-B cell growth-stimulating factor. Immunity. 2001; 15:323-34. 

Fernández-Velasco JI, Kuhle J, Monreal E, Meca-Lallana V, Meca-Lallana J, Izquierdo G, Gascón-

Giménez F, Sainz de la Maza S, Walo-Delgado PE, Maceski A, Rodríguez-Martín E, Roldán E, 

Villarrubia N, Saiz A, Blanco Y, Sánchez P, Carreón-Guarnizo E, Aladro Y, Brieva L, Íñiguez C, 

González-Suárez I, Rodríguez de Antonio LA, Masjuan J, Costa-Frossard L, Villar LM. Effect of 

ocrelizumab in blood leukocytes of patients with primary progressive MS. Neurol Neuroimmunol 
Neuroinflamm. 2021; 8: e940.  

Furman RR, Eradat HA, DiRienzo CG, Hofmeister CC, Hayman SR, Leonard JP, Coleman M, Advani 

R, Chanan-Khan A, Switzky J, Liao QM, Shah D, Jewell RC, Lisby S, Lin TS. Once-weekly 

ofatumumab in untreated or relapsed Waldenström's macroglobulinaemia: an open-label, single-

arm, phase 2 study. Lancet Haematol. 2017; 4: e24-e34. 

Gaitán MI, Ysrraelit MC, Correale J. Neutropenia in patients with multiple sclerosis treated with 
alemtuzumab. JAMA Neurol. 2017; 74:1143-1144. 

Galli E, Hartmann FJ, Schreiner B, Ingelfinger F, Arvaniti E, Diebold M, Mrdjen D, van der Meer F, 

Krieg C, Nimer FA, Sanderson N, Stadelmann C, Khademi M, Piehl F, Claassen M, Derfuss T, Olsson 

T, Becher B. GM-CSF and CXCR4 define a T helper cell signature in multiple sclerosis. Nat Med. 

2019; 25:1290-1300Li 

Grant C, Wilson WH, Dunleavy K. Neutropenia associated with rituximab therapy. Curr Opin 
Hematol. 2011; 18:49-54. 

Giang DW, Goodman AD, Schiffer RB, Mattson DH, Petrie M, Cohen N, Ader R. Conditioning of 

cyclophosphamide-induced leukopenia in humans. J Neuropsychiatry Clin Neurosci. 1996; 8:194-
201 

Hahn A, Fukuda T, Hahn D, Mizuno T, Frenck RW Jr, Vinks AA. Pharmacokinetics and 

pharmacogenomics of β-lactam-induced neutropenia. Pharmacogenomics. 2016; 17:547-559.  

Hammer H, Kamber N, Pistor M, Diem L, Friedli C, Chan A, Hoepner R, Salmen A. Ocrelizumab-

related neutropenia: Effects of age, sex and bodyweight using the FDA Adverse Event Reporting 
System (FAERS). Mult Scler Relat Disord. 2022; 65:104015. 

Haschka D, Tymoszuk P, Bsteh G, Petzer V, Berek K, Theurl I, Berger T, Weiss G. Expansion of 

Neutrophils and Classical and Nonclassical Monocytes as a Hallmark in Relapsing-Remitting Multiple 

Sclerosis. Front Immunol. 2020; 11:594.  

Hauser SL, Kappos L, Montalban X, Craveiro L, Chognot C, Hughes R, Koendgen H, Pasquarelli N, 

Pradhan A, Prajapati K, Wolinsky JS. Safety of ocrelizumab in patients with relapsing and primary 
progressive multiple sclerosis. Neurology. 2021; 97:e1546-e1559. 



10 

 

Hauser SL, Cross AH, Winthrop K, Wiendl H, Nicholas J, Meuth SG, Giacomini PS, Saccà F, Zielman 

R, Das Gupta A, Hu X, Pingili R, Sullivan R, DeLasHe ras V, Su W, KapposL. Long-term safety of 

ofatumumab in patients with relapsing multiple sclerosis (S14.004) Neurology 2022, 98 (18 

Supplement) 2481.www.medcommshydhosting.com/MSKnowledgecenter/aan/2022/ofatumumab/

posters/Long_term_Safety_of_Ofatumumab_Poster.pdf (Accessed 12 July 2023] 

Hertwig L, Pache F, Romero-Suarez S, Stürner KH, Borisow N, Behrens J, Bellmann-Strobl J, Seeger 

B, Asselborn N, Ruprecht K, Millward JM, Infante-Duarte C, Paul F. Distinct functionality of 
neutrophils in multiple sclerosis and neuromyelitis optica. Mult Scler. 2016; 22:160-73. 

Hess F, Uibel P, Berthele A, Hemmer B. Ocrelizumab-associated severe neutropenia: an 

underestimated complication of treatment of multiple sclerosis with anti-CD20 antibodies?. 

Nervenarzt. 2023; 9:1–3. 

Jones RB, Tervaert JW, Hauser T, Luqmani R, Morgan MD, Peh CA, Savage CO, Segelmark M, Tesar 

V, van Paassen P, Walsh D, Walsh M, Westman K, Jayne DR; European Vasculitis Study Group. 

Rituximab versus cyclophosphamide in ANCA-associated renal vasculitis. N Engl J Med. 2010; 
363:211-220. 

Kozuka T, Kojima K, Kaneda K, Takenaka K, Manabe Y, Hirata Y, Okuma S, Toki H, Tanimoto M. 

Autoimmune neutropenia associated with multiple sclerosis. Intern Med. 2003; 42:102-104. 

Lima SS, França MS, Godoi CC, Martinho GH, de Jesus LA, Romanelli RM, Clemente WT. Neutropenic 

patients and their infectious complications at a University Hospital. Rev Bras Hematol Hemoter. 
2013;35(1):18-22. 

Li R, Rezk A, Miyazaki Y, Hilgenberg E, Touil H, Shen P, Moore CS, Michel L, Althekair F, 

Rajasekharan S, Gommerman JL, Prat A, Fillatreau S, Bar-Or A; Canadian B cells in MS Team. 

Proinflammatory GM-CSF-producing B cells in multiple sclerosis and B cell depletion therapy. Sci 
Transl Med. 2015; 7:310ra166. 

Li R, Patterson KR, Bar-Or A. Reassessing B cell contributions in multiple sclerosis. Nat Immunol. 
2018; 19:696-707.  

Luna G, Alping P, Burman J, Fink K, Fogdell-Hahn A, Gunnarsson M, Hillert J, Langer-Gould A, Lycke 

J, Nilsson P, Salzer J, Svenningsson A, Vrethem M, Olsson T, Piehl F, Frisell T. Infection Risks Among 

Patients With Multiple Sclerosis Treated With Fingolimod, Natalizumab, Rituximab, and Injectable 
Therapies. JAMA Neurol. 2020; 77:184-191. 

Mabbott NA, Baillie JK, Brown H, Freeman TC, Hume DA. An expression atlas of human primary 
cells: inference of gene function from coexpression networks. BMB Genomics, 2013, 14,632.  

Malech HL, Deleo FR, Quinn MT. The role of neutrophils in the immune system: an overview. 
Methods Mol Biol. 2014; 1124:3-10.  

McAdoo SP, Bedi R, Tarzi R, Griffith M, Pusey CD, Cairns TD. Ofatumumab for B cell depletion 

therapy in ANCA-associated vasculitis: a single-centre case series. Rheumatology. 2016; 55: 1437-
1442. 

Moore DC. Drug-Induced Neutropenia: A Focus on rituximab-induced late-onset neutropenia. 
Pharm Therapeut. 2016; 41:765-768.  

Munshi HG, Montgomery RB. Severe neutropenia: a diagnostic approach. West J Med. 2000; 
172:248-52 

Nakagawa T, Natsume A, Satoh M, Niwa R. Nonfucosylated anti-CD20 antibody potentially induces 

apoptosis in lymphoma cells through enhanced interaction with FcgammaRIIIb on neutrophils. Leuk 
Res. 2010; 34:666-71.  

Nakamura N, Jo T, Arai Y, Matsumoto M, Sakai T, Tsunemine H, Takaori-Kondo A, Arima N. Benefits 

of plerixafor for mobilization of peripheral blood stem cells prior to autologous transplantation: a 
dual-center retrospective cohort study. Cytotherapy. 2023; 25:773-781. 

Neftel KA, Hauser SP, Müller MR. Inhibition of granulopoiesis in vivo and in vitro by beta-lactam 

antibiotics. J Infect Dis. 1985; 152:90-8.  

Novi G, Bovis F, Fabbri S, Tazza F, Gazzola P, Maietta I, Currò D, Bruschi N, Roccatagliata L, Boffa 

G, Lapucci C, Pesce G, Cellerino M, Solaro C, Laroni A, Capello E, Mancardi G, Sormani M, Inglese 



11 

 

M, Uccelli A. Tailoring B cell depletion therapy in MS according to memory B cell monitoring. Neurol 

Neuroimmunol Neuroinflamm. 2020; 7: e845 

 

Ochs J, Nissimov N, Torke S, Freier M, Grondey K, Koch J, Klein M, Feldmann L, Gudd C, Bopp T, 

Häusser-Kinzel S, Weber MS. Proinflammatory CD20+ T cells contribute to CNS-directed 
autoimmunity. Sci Transl Med. 2022; 14: eabi4632. 

Oksbjerg NR, Nielsen SD, Blinkenberg M, Magyari M, Sellebjerg F. Anti-CD20 antibody therapy and 
risk of infection in patients with demyelinating diseases. Mult Scler Relat Disord. 2021; 52:102988. 

Pang V, Seery N, Wesselingh R, Yeh W, Zhong M, Tan T, Dwyer C, Nesbitt C, Rath L, Perera D, 

Bridge F, Skibina O, Bosco JJ, Jokubaitis V, Marriott M, Butkueven H, Van Der Walt A, Massey J, 

Sutton I, Monif M. Neutropaenia complications from ocrelizumab and rituximab treatment. Mult 

Scler Relat Disord. 2023;81:105147.  

Papadaki T, Stamatopoulos K, Stavroyianni N, Paterakis G, Phisphis M, Stefanoudaki-Sofianatou K. 

Evidence for T-large granular lymphocyte-mediated neutropenia in Rituximab-treated lymphoma 

patients: report of two cases. Leuk Res. 2002; 26:597-600. 

Palanichamy A, Jahn S, Nickles D, Derstine M, Abounasr A, Hauser SL, Baranzini SE, Leppert D, 

von Büdingen HC. Rituximab efficiently depletes increased CD20-expressing T cells in multiple 
sclerosis patients. J Immunol. 2014; 193:580-586. 

Perriguey M, Maarouf A, Stellmann JP, Rico A, Boutiere C, Demortiere S, Durozard P, Pelletier J, 

Audoin B. Hypogammaglobulinemia and infections in patients with multiple sclerosis treated with 

rituximab. Neurol Neuroimmunol Neuroinflamm. 2021; 9: e1115  

Peters J, Longbrake EE. Infection risk in a real-world cohort of patients treated with long-term B-

cell depletion for autoimmune neurologic disease. Mult Scler Relat Disord. 2022; 68:104400.  

Rauniyar R, Rauniyar R, Agrawal A, Yadav S, Avula S. Severe late-onset neutropania induced by 
ocrelizumab in a multiple sclerosis patient: A case report. Clin Case Rep. 2022; 10: e05299. 

Rolfes L, Pfeuffer S, Huntemann N, Schmidt M, Su C, Skuljec J, Aslan D, Hackert J, Kleinschnitz K, 

Hagenacker T, Pawlitzki M, Ruck T, Kleinschnitz C, Meuth SG, Pul R. Immunological consequences 

of cladribine treatment in multiple sclerosis: A real-world study. Mult Scler Relat Disord. 2022; 

64:103931. 

Rosales C. Neutrophil: A Cell with Many Roles in Inflammation or Several Cell Types? Front Physiol. 
2018; 9:113 

Rossi L, Dinoto A, Bratina A, Baldini S, Pasquin F, Bosco A, Sartori A, Manganotti P. Neutropenia 

complicating anti-CD20 treatment in patients with multiple sclerosis: A retrospective case series 
and a systematic review of reported cases. Mult Scler Relat Disord. 2022; 68:104090. 

Saidha S, Bell J, Harold S, Belisario JM, Hawe E, Shao Q, Wyse K, Maiese EM. Systematic literature 

review of immunoglobulin trends for anti-CD20 monoclonal antibodies in multiple sclerosis. Neurol 
Sci. 2023; 44:1515-1532. 

Schuckmann A, Steffen F, Zipp F, Bittner S, Pape K. Impact of extended interval dosing of 

ocrelizumab on immunoglobulin levels in multiple sclerosis. Med. 2023 Jun 9;4(6):361-372.e3.  

Baker D, Pryce G, James LK, Marta M, Schmierer K. The ocrelizumab phase II extension trial 

suggests the potential to improve the risk: Benefit balance in multiple sclerosis. Mult Scler Relat 

Disord. 2020; 44:102279. 

 

Schwartzberg LS. Neutropenia: etiology and pathogenesis. Clin Cornerstone. 2006;8 Suppl 5: S5-
11. 

Stern L, McGuire H, Avdic S, Rizzetto S, Fazekas de St Groth B, Luciani F, Slobedman B, Blyth E. 

Mass Cytometry for the Assessment of Immune Reconstitution After Hematopoietic Stem Cell 
Transplantation. Front Immunol. 2018; 9:1672. 

Steinman L, Fox E, Hartung HP, Alvarez E, Qian P, Wray S, Robertson D, Huang D, Selmaj K, Wynn 

D, Cutter G, Mok K, Hsu Y, Xu Y, Weiss MS, Bosco JA, Power SA, Lee L, Miskin HP, Cree BAC; 

ULTIMATE I and ULTIMATE II Investigators. Ublituximab versus Teriflunomide in Relapsing Multiple 
Sclerosis. N Engl J Med. 2022; 387:704-714 



12 

 

Terrier B, Ittah M, Tourneur L, Louache F, Soumelis V, Lavie F, Casadevall N, Candon S, Hummel 

A, Mariette X, Buzyn A. Late-onset neutropenia following rituximab results from a hematopoietic 

lineage competition due to an excessive BAFF-induced B-cell recovery. Haematologica. 2007; 92: 
e20-3. 

Uplizna® Summary of product characteristics https://www.ema.europa.eu/en/documents/ 

assessment-report/uplizna-epar-public-assessment-report_en.pdf [accessed 5 December 2023] 

Valgardsdottir R, Cattaneo I, Klein C, Introna M, Figliuzzi M, Golay J. Human neutrophils mediate 

trogocytosis rather than phagocytosis of CLL B cells opsonized with anti-CD20 antibodies. Blood. 
2017; 129:2636-2644. 

Vakrakou AG, Tzanetakos D, Valsami S, Grigoriou E, Psarra K, Tzartos J, Anagnostouli M, Andreadou 

E, Evangelopoulos ME, Koutsis G, Chrysovitsanou C, Gialafos E, Dimitrakopoulos A, Stefanis L, 

Kilidireas C. A case of Alemtuzumab-induced neutropenia in multiple sclerosis in association with 
the expansion of large granular lymphocytes. BMC Neurol. 2018; 18:178. 

van der Kolk LE, de Haas M, Grillo-López AJ, Baars JW, van Oers MH. Analysis of CD20-dependent 
cellular cytotoxicity by G-CSF-stimulated neutrophils. Leukemia. 2002; 16:693-9 

van Lierop ZY, Toorop AA, van Ballegoij WJ, Olde Dubbelink TB, Strijbis EM, de Jong BA, van Oosten 

BW, Moraal B, Teunissen CE, Uitdehaag BM, Killestein J, Kempen ZLV. Personalized B-cell tailored 

dosing of ocrelizumab in patients with multiple sclerosis during the COVID-19 pandemic. Mult Scler. 

2022; 28:1121-1125 

 

van Oers M, Smolej L, Petrini M, Offner F, Grosicki S, Levin MD, Davis J, Banerjee H, Stefanelli T, 

Hoever P, Geisler C. Ofatumumab maintenance prolongs progression-free survival in relapsed 
chronic lymphocytic leukemia: final analysis of the PROLONG study. Blood Cancer J. 2019; 9:98 

van Rees DJ, Brinkhaus M, Klein B, Verkuijlen P, Tool ATJ, Schornagel K, Treffers LW, van Houdt 

M, Kater AP, Vidarsson G, Gennery AR, Kuijpers TW, van Bruggen R, Matlung HL, van den Berg TK. 

Sodium stibogluconate and CD47-SIRPα blockade overcome resistance of anti-CD20-opsonized B 

cells to neutrophil killing. Blood Adv. 2022; 6:2156-2166. 

Voog E, Morschhauser F, Solal-Céligny P. Neutropenia in patients treated with rituximab. N Engl J 

Med. 2003 Jun 26;348(26):2691-4 Papadaki T, Stamatopoulos K, Anagnostopoulos A, Fassas A. 
Rituximab-associated immune myelopathy. Blood. 2003; 102:1557-8. 

Wu C, Orozco C, Boyer J, Leglise M, Goodale J, Batalov S, Hodge CL, Haase J, Janes J, Huss JW, 

Su AI. BioGPS: an extensible and customizable portal for querying and organizing gene annotation 

resources. Genome Biol. 2009, 10, R130.  

Weng WK, Negrin RS, Lavori P, Horning SJ. Immunoglobulin G Fc receptor FcgammaRIIIa 158 V/F 

polymorphism correlates with rituximab-induced neutropenia after autologous transplantation in 
patients with non-Hodgkin's lymphoma. J Clin Oncol. 2010; 28:279-84 

Yiannopoulou KG, Papadimitriou D, Anastasiou AI, Siakantaris M. Neutropenia with fatal outcome 

in a multiple sclerosis patient 23 days after alemtuzumab infusion. Mult Scler Relat Disord. 2018; 

23:15-16. 

 

 

.  

 

 

 

 

  



13 

 

Figure 1: Neutrophil expression of depleting immunotherapy targets used in multiple sclerosis 

 

Microarray gene expression data was extracted from the human primary cell atlas 

(www.biogps.org) [Wu et al. 2009; Mabbott et al. 2013]. The results represent the mean + 

standard deviation (n=3-4/group) relative gene expression assessed by Affymetrix Human Genome 

U133 Plus 2.0 expression arrays for CD19 (Probe 206398_at), MS4A1/CD20 (probe 210356_x_at), 

deoxycytidine kinase (DCK. Probe 203302_at) and CD52 (204661_at). CD19-depleting antibody is 

licenced for neuromyelitis optica 
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Figure 2. Potential mechanisms of drug-induced neutropenia 

 

Potential mechanisms associated with neutropenia following CD20 depletion were based on 

literature review and immunological principles. ADA anti-drug antibody GM-CSF granulocyte 

macrophage colony stimulating factor, G-CSF granulocyte colony stimulating factor. PMN 

Neutrophil. Created with Biorender.com 

 


