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ABSTRACT

Introduction: Monoclonal antibodies (mAbs) and other biological agents are being increasingly approved
in the last years with very different indications. Their highly heterogeneous immunosuppressive effects,
mechanisms of action and pharmacokinetics require comprehensive individualized vaccination schedules.
Areas covered: Vaccination for immunocompromised patients. Prevention and treatment with mAbs
and other biological therapies.

Expert opinion: Current recommendations on vaccine schedules for patients under mAbs or other biological
treatments are based on expert opinions and are not individualized according to each vaccine and treatment.
No studies are focusing on the high heterogeneity of these agents, which are exponentially developed and
used for many different indications. Recent paradigm changes in vaccine development (boosted by the
COVID-19 pandemic) and in the mAbs use for prophylactic purposes (changing ‘vaccination’ by ‘immuniza-
tion’ schedules) has been witnessed in the last years. We aimed at collecting all mAbs used for treatment or
prevention, approved as of 1 January 2024, by the EMA. Based on available data on mAbs and vaccines, we
propose a comprehensive guide for personalizing vaccination. Recent vaccine developments and current
population strategies (e.g. zoster vaccination or prophylactic nirsevimab) are discussed. This review aims to be
a practical guideline for professionals working in vaccine consultations for immunosuppressed patients.
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1. Introduction highly varied mechanisms of action, indications, and effects,

Monoclonal antibodies (mAbs) have become an increasing
source of therapeutic, diagnostic and, recently, preventive stra-
tegies. They are considered as biological agents and are charac-
terized by an enormous target specificity [1]. MAbs, along with
other biological drugs, have revolutionized the treatment of
numerous diseases, mainly inflammatory and autoimmune dis-
eases, and various types of cancer [2]. These molecules, normally
y-immunoglobulins (Ig G), include a hypervariable region that
binds specifically to the target antigen [3]. They are all named
with the suffix -mab, meaning monoclonal antibody, and various
prefixes referring to the source and the target. Several develop-
ment strategies have been developed in the industry, including
chimerization, humanization and even complete human mAb
generation [4].

Their rapid development and the explosive authorization
and commercialization of these drugs [5], as well as their

make it necessary for clinicians who manage these agents to
be constantly updated.

Several mAbs, given its indications for autoimmune diseases
or cancer, have immunosuppressive effects, which makes it
necessary to reinforce their immunological protection through
specific vaccination schedules [6]. Nevertheless, insufficient
attention has been given to specific vaccine recommendations
according to each type of mAb, underlying disease or vaccine.
Since the last and only review on this topic published in 2020 by
our research group [6], an alarming lack of works regarding this
research line has been noticed. During the COVID-19 pandemics,
however, great efforts were put in conducting studies regarding
the impact of mAbs (especially anti-CD20 therapies) in COVID-
19 vaccine immunogenicity [7-9]. Also, prophylactic mAbs for
preventing COVID-19 outcomes were also developed and stu-
died [10,11]. The question is: why are these efforts not being
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Article highlights

o A total of 144 monoclonal antibodies (mAbs), 63 of them immuno-
suppressive (imAbs) have been approved by the EMA as of January 1,
2024.

o ImAbs presents very different mechanisms of action, elimination half-
life, hepatotoxic, and immunosuppressive properties, thus affecting
different vaccine recommendations.

e Recent advances on vaccine development and indications (e.g.
herpes zoster vaccine) and new uses of mAbs (e.g. nirsevimab as
prophylaxis) must be considered when designing appropriate vaccine
schedules for the immunocompromised patient.

o This review presents a comprehensive list of mAbs and imAbs,
specific recommendations regarding each type of vaccine, optimal
vaccination time schedules and insights regarding future research for
protecting patients under imAb treatments.

conducted for other vaccines that prevent from even more
severe diseases?

The objective of this review was to comprehensively collect
all mAbs (and other biological treatments relevant for vaccina-
tion) authorized by the European Medicines Agency (EMA) to
1 January 2024 and to summarize all the available information
regarding vaccination recommendations for patients under
these treatments. Secondarily, this review also aimed at ana-
lyzing the current developments on mAbs use, and the future
required research in immunization.

2. Current authorized mAbs

This review includes all mAbs authorized by the EMA [5,12]. To
1 January 2024, a total of 114 mAbs were identified. Furthermore,
16 additional biological treatments of interest for immunization
were included in this review. The selected biological treatments
included anakinra and fusion proteins (drugs that end with the
suffix -cept) drugs (abatacept, aflibercept VA, aflibercept IV, bela-
tacept, etanercept and luspatercept), given their high frequency
of use and theirimmunosuppressive effects. Anti-JAK drugs were
also included (abrocitinib, baricitinib, deucravacitinib, filgotinib,
rictlecitinib, ruxolitinib, tofacitinib and upadacitinib) given the
specific vaccine recommendations regarding herpes zoster
reactivation.

Therefore, a total of 130 drugs were analyzed. Nevertheless,
it is important to note that the uses and effects of mAbs are
highly varied. Therefore, it would be relevant not to consider
this group of drugs as a homogeneous one. Table 1

summarizes the main current uses and implications of mAbs,
with representative examples.

According to the information provided by the EMA [12] and
the Animal Cell Technology Industrial Platform (ACTIP) [13],
and after a careful review of the technical data sheet of each
drug, detailed information on each drug is provided in Table 2.
Specifically, the international Anatomical Therapeutic
Chemical (ATC) code, trade names, specific antigen target,
main indications and immunosuppressive effects are detailed.

2.1. Current therapeutic immunosuppressive
monoclonal antibodies (imAbs)

Of the total identified mAbs, 63 (55.3%) presented immunosup-
pressive properties (as well as all the other 16 selected biological
treatments of interest). This means that around half of the
authorized mAbs do not require specific vaccine recommenda-
tions by themselves. Regarding immunosuppressive mAbs
(imAbs), studies conducted during the last 20 years reported
the increased frequency of infectious diseases under these treat-
ments, especially regarding anti-CD20 drugs [14-16].

Urinary and respiratory infections had been reported in
clinical studies for patients under anti-CD20 mAbs [14], serious
bacterial infections were reported in patients under necrosis
factor alpha antagonists [15] or, more recently, higher fre-
quency of reactivation of latent infections, neutropenia and
superinfections were reported for COVID-19 patients under
tocilizumab treatment [16]. Those are examples of an
extended list of studies reporting infectious clinical outcomes
caused by imAb treatments [17]. Despite this, the risk-benefit
balance is still positive, given the great effectiveness of these
therapies for certain severe diseases [18]. Therefore, consensus
documents by the European Society of Clinical Microbiology
and Infectious Diseases (ESCMID) propose prevention and
control strategies for reducing infectious diseases in patients
under biological treatments [19]. In a review published in 2020
by Davis et al. [20], a comprehensive list of infectious compli-
cations following imAb therapies can be consulted.

The data regarding safety in clinical trials and plans to
minimize the risk of infection can be consulted in the
European Public Assessment Reports (EPAR) of the EMA [12].
These potential adverse events require that patients initiating
treatments with imAbs have a specific vaccination consulta-
tion to prevent future possible infections. Nevertheless, in
many cases, clinicians may assume that all mAbs have

Table 1. Current uses, examples, and implications of monoclonal antibodies (mAbs).

Use Examples

Implications

Therapeutic
immunosuppressive mAbs
(imAbs)

Therapeutic non-
immunosuppressive mAbs
Prophylactic mAbs (for primary

and tertiary prevention)

Diagnostic mAbs (for imaging)

Adalimumab, eculizumab,
infliximab, rituximab, etc.

Alirocumab, bevacizumab,
denosumab, omalizumab, etc.
Cilgavimab-tixagevimab,
palivizumab, nirsevimab, etc.
Besilesomab, sulesomab, etc.
Laboratory-research mAbs Anti-myosin, anti-CA 19.9, anti-
CEA, anti-granulocyte, etc.

They generate, by themselves, the need for vaccination indication for the
immunocompromised patient

By themselves, they do not generate an indication for vaccination. Concomitant treatments
and underlying diseases should be evaluated to decide on vaccination
Used to generate passive pre-exposure immunity

Used, together with a radionuclide (usually radioactive technetium, 99mTc), for diagnostic
imaging

They are not drugs, but pure compounds used for research (e.g. for immunohistochemistry
or immunofluorescence as markers). They are not the subject of this review, as they have

no therapeutic or preventive indications and do not generate vaccination indications.
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Table 2. Main characteristics of therapeutic mAbs and other biological agents of interest authorized by the EMA as of January 1, 2024.
Agent (drug) ATC code Tradename Target antigen Main clinical indications® ISP
Monoclonal antibodies (mAbs)
Abciximab BO1AC13  Reopro® Glycoprotein Gpllb/ Ischaemic heart disease, unstable angina No
llla
Adalimumab L04AB04 Amgevita®, Hukyndra®, Hulio®, TNF-alpha Rheumatoid arthritis, juvenile idiopathic arthritis, axial Yes
Humira®, Hyrimoz®, Idacio®, spondylarthrosis, psoriasis, pediatric psoriasis, hidradenitis
Imraldi®, Libmyris®, Yuflyma® suppurativa, Crohn's disease (adult and pediatric), ulcerative
colitis, uveitis
Alemtuzumab L04AA34 Lemtrada® CD52 Active relapsing remitting multiple sclerosis Yes
Alirocumab C10AX14  Praluent® PCSK9 Primary hypercholesterolemia, mixed dyslipidaemia, No
atherosclerotic disease
Amivantamab LOTFX181 Rybrevant® EGFR (and MET) Advanced non-microcytic lung cancer No
Anifrolumab L04AA51  Saphnelo® Interferon receptor Moderate-severe systemic lupus erythematosus Yes
type 1 (IFNAR1)
Atezolizumab LO1XC32 Tecentriq® PD-1 (PD-L1) Urothelial carcinoma, non-microcytic lung cancer, triple- No©
negative breast cancer
Avelumab LO1XC31 Bavencio® PD-1 (PD-L1) Merkel cell carcinoma, renal cell carcinoma No
Basiliximab L04AC02  Simulect® IL-2 receptor Prophylaxis of acute rejection in de novo allogeneic kidney Yes
(CD25). transplantation
Belimumab L04AA26 Benlysta® BLyS Active systemic lupus erythematosus Yes
Belantamab LOTFX15  Blenrep® BCMA Multiple myeloma Yes
mafotodina
Benralizumab RO3DX10 Fasenra® Subunit alpha of Eosinophilic asthma No
the human IL-5
receptor (IL-5 Ra)
Besilesomab VO9HAO3  Scintimun® Granulocytes Diagnosis of osteomyelitis of the extremities No
(BW250/183)
Bevacizumab LOTXC07  Abevmy®, Alymsys®, Avastin®, VEGF Colon or rectum, breast, non-small cell lung cancer, renal cell, No
Onbevzi®, Oyavas® epithelial ovarian, fallopian tube, or primary peritoneal cervix
carcinoma
Bezlotoxumab ~ J06BB21  Zinplava® Clostridium difficile  Prevents recurrence of C. difficile infection No
B toxin
Blinatumomab ~ LO1XC19  Blincyto® CD19 and CD3 Acute lymphoblastic leukemia Yes
Bimekizumab LO4AC21  Bimzelx® IL-17RA Plaque psoriasis Yes
Brentuximab- LO1XC12  Adcetris® CD30 CD30+ Hodgkin's lymphoma, systemic anaplastic large cell Yes
vedotina lymphoma, CD30+ cutaneous T-cell lymphoma
Brodalumab L04AC12  Kyntheum® IL-17RA Moderate to severe plaque psoriasis Yes
Brolucizumab SO1LA06  Beovu® VEGF-A Neovascular exudative age-related macular degeneration, No
diabetic macular edema
Burosumab MO5BX05 Crysvita® FGF-23 X-linked hypophosphatemia No
Canakinumab LO4AC08 llaris® IL-1 beta Periodic fever syndromes, arthritic gout, Still's disease Yes
Caplacizumab BOTAX07 Cablivi® von Willebrand Acquired thrombotic purpura No
factor A1
Casirivimab — NA Ronapreve® SARS-CoV-2 capsid  Pre-exposure prophylaxis for COVID-19. Treatment of COVID-19 No
Imdevimab spike protein at high risk of progression to severe
Catumaxomab ~ LO1XC09 Removab® EpCAM and CD3 Malignant ascites No
Cemiplimab LOTFF06  Libtayo® PD-1 Squamous cell carcinoma of the skin No
Certolizumab- L04AB05 Cimzia® TNF-alpha Rheumatoid arthritis, axial spondyloarthropathy, psoriatic Yes
pegol arthritis, plaque psoriasis
Cetuximab LO1XC06  Erbitux® EGFR Colorectal cancer, squamous cell head and neck cancer No©
Crizanlizumab B0O6AX01 Adakveo® P-selectin Prevention of occlusive crises in sickle cell disease No
Daclizumab LO4AAO8  Zenepax®, Zynbrita® IL-2-alpha receptor Prophylaxis of acute rejection in allogeneic renal Yes
(CD25) transplantation, multiple sclerosis
Daratumumab  LO1XC24 Darzalex® CD38 Multiple myeloma Yes
Denosumab MO05BX04 Prolia®, Xgeva® RANK-L Preventing bone fractures in osteoporosis and bone metastases No
Dinutuximab LOTXC Qarziba® GD2 Neuroblastoma Yes
beta
Dostarlimab LOTFFO7  Jemperli® PD-1 (PD-L1 y PD-  Endometrial cancer No
L2)
Dupilumab D11AHO5 Dupixent® IL-4 and IL-13 Atopic dermatitis No
receptors
Durvalumab LO1XC28  Imfinzi® PD-1 (PD-L1) Non-microcytic lung cancer No
Eculizumab LO4AA25 Bekemv®, Epysqli®, Soliris® C5 (complement) Paroxysmal nocturnal hemoglobinuria, hemolytic uremic Yes
syndrome, myasthenia gravis, neuromyelitis optica in
patients with antibodies against aquaporin 4
Efalizumab L04AA21 Raptiva® LFA-1 CD11a Plaque psoriasis Yes
Elotuzumab L01XC23  Empliciti® SLAMF7 Multiple myeloma Yes
Emicizumab B02BX06 Hemlibra® Activated factor IX  Haemophilia A No
and factor
X (coagulation)
Enfortumab LOTFX13  Padcev® Nectin-4 Urothelial carcinoma No?
vedotin
Epcoritamab LOTFX27  Tepkinly® CD20 (and CD-3) Diffuse large B-cell lymphoma Yes
Eptinezumab N02CD05 Vyepti® CGRP Migraine prophylaxis No
Erenumab N02CX07  Aimovig® CGRP Migraine prophylaxis No

(Continued)
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Table 2. (Continued).

Agent (drug) ATC code Tradename Target antigen Main clinical indications® ISP
Evinacumab C10AX17 Evkeeza® ANGPTL3 Homozygous familial hypercholesterolemia No
Evolocumab C10AX13 Repatha® PCSK9 Hypercholesterolemia and mixed dyslipidaemia, homozygous  No
familial hypercholesterolemia, established atherosclerotic
cardiovascular disease
Faricimab SO1LA09  Vabysmo® VEGF-A and Ang-2  Neovascular age-related macular degeneration, diabetic No
macular edema
Fremanezumab  N02CD03 Ajovy® CGRP Migraine prophylaxis No
Galcanezumab ~ N02CX08 Emgality® CGRP Migraine prophylaxis No
Gemtuzumab-  LOTXCO5 Mylotarg® D33 Acute myeloid leukemia Yes
o0zogamicina
Glofitamab LOTFA80  Columvi® D20 Diffuse large B-cell lymphoma Yes
Golimumab L04AB06  Simponi® TNF-alpha Rheumatoid arthritis, psoriatic arthritis, axial Yes
spondyloarthropathy, ulcerative colitis
Guselkumab L04AC16 Tremfya® IL-23 Plaque psoriasis Yes
Ibritumomab- V10XX02 Zevalin® D20 Follicular non-Hodgkin lymphoma Yes
tuixetan
Idarucizumab VO3AB37 Praxbind® Dabigatran Rapid reversal of the anticoagulant effects of dabigatran No
Inebilizumab L04AA47  Uplizna® D19 Neuromyelitis optica spectrum disorder Yes
Infliximab LO4AB02 Remicade®, Flixabi®, Inflectra®, TNF-alpha Rheumatoid arthritis, Crohn’s disease, ulcerative colitis, Yes
Remsima®, Zessly® ankylosing spondyloarthropathy, psoriatic arthritis, psoriasis
Inotuzumab- LO1XC26 Besponsa® (D22 Acute lymphoblastic leukemia Yes
o0zogamicina
Ipilimumab LOTXC11  Yervoy® CTLA-4 Melanoma and renal cell carcinoma No
Isatuximab LOTFC02  Sarclisa® CD38 Multiple myeloma Yes
Ixekizumab LO4AC13  Taltz® IL-17A Plaque psoriasis and psoriatic arthritis Yes
Lanadelumab BO6ACO5 Takhzyro® Plasma kallikrein Hereditary angioedema No
Lebrikizumab D11AH10 Ebglyss® IL-23 Plaque psoriasis Yes
Loncastuximab ~ LOTFX22  Zynlonta® cb19 Diffuse large B-cell lymphoma and high-grade B-lymphoma Yes
tesirina
Mepolizumab R0O3DX09 Nucala® IL-5 Refractory severe eosinophilic asthma No
Mirikizumab L04AC24 Omvoh® IL-23 Ulcerative colitis Yes
Mogamulizumab LOTFX09  Poteligeo® CCR4 Mycosis fungoides, Sézary syndrome Yes
Mosunetuzumab LOTFX25  Lunsumio® CD20 (y CD3) Follicular lymphoma Yes
Natalizumab L04AA23  Tyruko®, Tysabri® Integrin a4p1 Relapsing-remitting multiple sclerosis Yes
Nirsevimab J06BD08  Beyfortus® RSV F-protein Respiratory syncytial virus (RSV) pre-exposure prophylaxis in No
neonates and infants
Nivolumab LO1XC17 Opdivo® PD-1 Melanoma, non-small cell lung cancer, renal cell carcinoma, No
classical Hodgkin’s lymphoma, spinous cell carcinoma of the
head and neck, urothelial carcinoma
Obinutuzumab ~ LOTXC15 Gazyvaro® D20 Chronic lymphocytic leukemia, follicular lymphoma Yes
Ocrelizumab L04AA36 Ocrevus® D20 Relapsing-remitting multiple sclerosis Yes
Ofatumumab LOTFA02  Kesimpta® D20 Relapsing-remitting multiple sclerosis Yes
Omalizumab R0O3DX05  Xolair® IgE Allergic asthma, chronic spontaneous urticaria No
Palivizumab JO6BB16  Synagis® RSV fusion protein  Prevention of severe RSV disease in high-risk children No
Panitumumab LO1XC08 Vectibix® EGFR Colorectal carcinoma with unmutated RAS (wild type) No©
Pembrolizumab  LOTXC18  Keytruda® PD-1 Melanoma, non-microcytic lung cancer, Hodgkin’s lymphoma, ~ No©
urothelial carcinoma, squamous cell carcinoma of the head
and neck, renal cell carcinoma
Pertuzumab LOTXC13  Perjeta® HER-2 Breast cancer No®
Polatuzumab- LOTXC37  Polivy® CD7% Diffuse cell lymphoma Yes
vedotina
Ramucirumab LOTIXC21  Cyramza® VEGF receptor 2 Gastric, colorectal, hepatocellular, and non-microcytic lung No©
cancer
Ranibizumab SO1LA04  Byooviz®, Lucentis®, Ranvisio®, VEGF-A Exudative age-related macular degeneration, diabetic macular  No
Ximluci® edema, proliferative diabetic retinopathy, venous occlusion,
choroidal neovascularization
Ravulizumab L04AA43  Ultomiris® C5 (complement) Paroxysmal nocturnal hemoglobinuria, atypical hemolytic Yes
uremic syndrome, generalized myasthenia gravis
Regdanvimab J06BD06  Regkirona® SARS-CoV-2 spike  COVID-19 No
protein
Relatlimab- LOTXY03  Opdualag® PD-1 (PD-L1y PD- Melanoma Yes
nivolumab L2)
Reslizumab R0O3DX08 Cingaero® IL-5 Eosinophilic asthma No
Risankizumab LO4AC18  Skyrizi® IL-23 Plaque psoriasis Yes
Rituximab LO1XC02 Mabthera®, Rixathon®, Truxima® CD20 Non-Hodgkin's lymphoma, chronic lymphocytic leukemia, Yes
rheumatoid arthritis, granulomatosis with polyangiitis,
microscopic polyangiitis, pemphigus vulgaris
Romosozumab ~ MO5BX06 Evenity® Sclerostin Osteoporosis No
Sacituzumab- LOTFX17  Trodelvy® Trop-2 Triple-negative breast cancer Yes
govitecan
Sarilumab LO4AC14 Kevzara® IL-6 receptors (IL-6  Rheumatoid arthritis Yes
Ra)
Satralizumab LO4AC19  Enspryng® IL-6 receptors (IL-6  Neuromyelitis optica spectrum disorder Yes

R)

(Continued)
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Table 2. (Continued).

Agent (drug) ATC code Tradename Target antigen Main clinical indications® ISP

Secukinumab LO4AC10  Cosentyx® IL-17A Plaque psoriasis, psoriatic arthritis, ankylosing Yes
spondyloarthropathy

Siltuximab LO4AC11  Sylvant® IL-6 Multicentric Castleman’s disease Yes

Sotrovimab J06BDO5  Xevudy® SARS-CoV-2 spike  COVID-19 No

protein

Spesolimab L04AC22  Spevigo® IL-36 R Generalised pustular psoriasis Yes

Sulesomab VO9HA04 Leukoscan® NCA-90 y CEA Diagnosis of osteomyelitis, including diabetic foot ulceration No

Sutimlimab LO4AA55  Enjaymo® C1s (complement)  Cryoagglutinin hemolytic anemia Yes

Tafasitamab LOTFX12  Minjuvi® D19 Diffuse large B-cell lymphoma Yes

Talquetamab LOTFX80 Talvey® GPRC5D (y CD3) Multiple myeloma Yes

Teclistamab LOTFX24  Tecvayli® BCMA (y CD3) Multiple myeloma Yes

Tezepelumab R0O3DX11 Tezspire® TSLP Asthma No

Tildrakizumab LO4AC17  llumetri® IL-23 Plaque psoriasis Yes

Tislelizumab LOTFF09  Tevimbra® PD-1 (PD-L1y PD-  Squamous cell carcinoma of the oesophagus Yes

L2)
Tixagevimab -  J06BD03  Evusheld® SARS-CoV-2 spike  COVID-19 pre-exposure prophylaxis and treatment for No
Cilgavimab protein preventing progression

Tocilizumab L04AC07  Actemra®, Tyenne® IL-6 receptors Rheumatoid arthritis, juvenile idiopathic arthritis, giant cell Yes
arteritis

Tralokinumab D11AHO7 Adtralza® IL-13 Atopic dermatitis Yes

Trastuzumab L0O1XCO03 Herceptin®, Herwenda®, Herzuma®, HER-2 Breast and gastric cancer No©

Kanjinti®, Ogivri®, Ontruzant®,
Trazimera®

Trastuzumab- LOTFD0O4  Enhertu® HER-2 Breast cancer Yes

deruxtecan

Trastuzumab- LO1XC14  Kadcyla® HER-2 Breast cancer Yes

emtansina

Tremelimumab ~ LOTFX20  Imjudo® CTLA-4 Hepatocellular cancer Yes

Ublituximab LO4AA57  Briumvi® D20 Relapsing-remitting multiple sclerosis Yes

Ustekinumab LO4AC05  Stelara® IL-12 and IL-23 Crohn’s disease, ulcerative colitis, plaque psoriasis, and Yes
pediatric psoriatic arthritis

Vedolizumab LO4AA33  Entyvio® Integrin a4B7 Crohn’s disease, ulcerative colitis Yes

Other no-mAbs biological agents of special interest for vaccination

Abatacept L04AA24  Orencia® CD80 y CD86 Rheumatoid arthritis, psoriatic arthritis, polyarticular juvenile  Yes
idiopathic arthritis

Abrocitinib D11AH08 Cibingo® JAK1 Atopic dermatitis Yes

Aflibercept VA SO1LAO5  Eylea®, Yesafili® VEGF Age-related macular degeneration, macular edema after central No
vein or branch vein occlusion, impaired vision due to
diabetes or myopic choroidal neovascularisation

Aflibercept IV LOTXX44  Zaltrap® VEGF Colorectal cancer No©

Anakinra L04AC03  Kineret® IL-1 receptor 1 (IL- Rheumatoid arthritis, periodic cryopyrin-associated syndromes, Yes

1RI) Still’'s disease

Baricitinib L04AA37 Olumiant® JAK1/JAK2 Rheumatoid arthritis, atopic dermatitis, alopecia areata Yes

Belatacept L04AA28  Nulojix® CD80 y CD86 Prevention of graft rejection in kidney transplantation Yes

Deucravacitinib  LO4AFO7  Sotyktu® TYK2 (JAK family Plaque psoriasis Yes

enzyme)

Etanercept LO4ABO1  Enbrel®, Benepali®, Erelzi® TNF-alpha Rheumatoid arthritis, juvenile idiopathic arthritis, psoriatic Yes
arthritis, axial or ankylosing spondyloarthropathy, plaque
psoriasis

Filgotinib LO4AA45 Jyleseca® JAK1/JAK3 Rheumatoid arthritis, ulcerative colitis Yes

Luspatercept B0O3XA06 Reblozyl® TGF-B Transfusion-dependent anemia due to myelodysplastic Yes
syndrome, betathalassaemia

Ritlecitinib LO4AF08  Litfulo® JAK3 y TEC Alopecia areata Yes

Ruxolitinib LO1EJOT  Jakavi®, Opzelura® JAK1/JAK2 Splenomegaly, myelofibrosis, polycythemia vera, acute or Yes
chronic graft-versus-host disease

Tecnecio 99 Mtc  V09IA09  Lymphoseek® CD206 Diagnosis of melanoma, breast cancer, oral squamous cell No

Tilmanocept carcinoma
Tofacitinib- LO4AA29 Xeljanz® JAK1/JAK3/TyK2 Rheumatoid arthritis, psoriatic arthritis, polyarticular juvenile Yes
citrato idiopathic arthritis, ankylosing spondyloarthropathy, Crohn’s
disease, ulcerative colitis

Upadacitinib L04AA44  Rinvoq® JAK1/JAK3 Rheumatoid arthritis, psoriatic arthritis, ankylosing Yes

hemihidrato spondyloarthropathy, ulcerative colitis, atopic dermatitis

Adapted and updated from [6]. An actively updated summary of approved MCAs can be found at www.antibodysociety.org. The information presented in this table

is available from the Animal Cell Technology Industrial Platform (ACTIP) (13).

3mmunosuppression. "Most of these indications are only for specific situations (e.g. severe disease, refractory to treatment, etc.). Specific indications are available at
EMA technical data sheets (5). Immunosuppression caused by frequent concomitant chemotherapy. dUnknown frequency of adverse reactions associated with
immunosuppression. It is considered as non-immunosuppressive until more information is available (important to assess concomitant treatments).

immunosuppressive properties and, therefore, generate irra-
tional vaccine overuse. As detailed in Table 2, only around half
of the authorized mAbs to date require immunization as part
of a risk group. However, it is important to consider the

underlying diseases and other concomitant treatments before
taking a decision on immunization. Coordination with other
services and healthcare professionals is essential to find the
best time for initiating vaccination, when possible.
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In order to provide appropriate vaccination recommenda-
tions, it is essential to know whether these drugs have hepa-
totoxicity effects and the elimination half-life (pharmacokinetic
properties) of each of them. This information and other rele-
vant data (type of immunosuppression and specific vaccine
recommendations) included in their technical data sheets for
all identified imAbs are presented in Table 3.

3. Prophylactic mAbs for primary and tertiary
prevention

Although the objectives of this review are aimed at mAbs with
therapeutic indications (which may or may not potentially
require specific vaccination), in recent years several mAbs
have been authorized with an indication not contemplated
to date — prevention. Therefore, in addition to the diagnostic
and therapeutic applications already known and approved, we
must include in the future panorama the preventive applica-
tions of targeted biological therapies. We are therefore witnes-
sing a paradigm shift with respect to the most frequent
strategies to date in vaccination consultation (offering mAbs
as immunization tool for immunocompromised patients,
rather than vaccinating immunocompromised patients due
to immunosuppressive mAbs), especially relevant for subjects
potentially not-responders to vaccines. This reflects the enor-
mous variability in the current characteristics and uses of
mAbs. It is therefore necessary to avoid homogenization of
this highly varied group of drugs and to tend toward indivi-
dualization and specific knowledge of each of them, an objec-
tive that this review aims to facilitate.

A representative example of how this paradigm shift has
influenced clinical decisions, is that many national vaccine
associations and important reviews on the topic suggest chan-
ging the name ‘vaccine schedules’ by ‘immunization sche-
dules’ (including mAbs at the same level as vaccines) [21].

The first high-impact example of prophylactic mAb was the
combination of cilgavimab and tixagevimab, marketed as
Evusheld® by AstraZeneca® and initially used in COVID-19
pre-exposure prophylaxis [22]. Nevertheless, as this drug was
designed considering the SARS-CoV-2 variants circulating at
the time of its development, several countries deauthorized its
use subsequently. This decision was based on the frequency of
non-susceptible-to-Evusheld® variant strains. For example,
when the variant omicron XBB.1.5. exceeded the 60% of
cases in the U.S.A., the Food and Drug Administration (FDA)
withdrew its commercialization on 27 January 2023 [23].
However, the era of mAbs as prophylaxis tools had already
started. Other mAbs were authorized with the same pre-
exposure prophylaxis indications (primary and tertiary preven-
tion of COVID-19), like casirivimab + imdevimab (Ronapreve®),
apart from other mAbs used for COVID-19 treatment (regdan-
vimab or sotrovimab) intended to reduce the risk of progres-
sion to severe disease.

Another important field in which this indication for mAbs
has been developed is the prevention of respiratory syncytial
virus (RSV). Palivizumab was, in fact, the first mAb authorized
with preventive indications several decades ago, for the pro-
phylaxis of RSV infection in at-risk neonates. Other mAbs with
this indication are currently being developed, such as

motavizumab, but recently (November 2022) nirsevimab
(Beyfortus®) was approved for passive pre-exposure immuni-
zation in infants (considered as a vaccine by general popula-
tion). It should be noted that RSV became, together with
influenza, COVID-19, and pneumococcal pneumonia, one of
the most frequent causes of respiratory infection in the
elderly, so research is also being conducted on the develop-
ment of immunizations for this group, such as the RSV prefu-
sion protein F vaccine based on adenovirus serotype 26 (Ad26.
RSV.preF) [24]. In 2023, some regions of Spain such as
Andalusia or Galicia pioneered worldwide a population-
based prophylaxis with nirsevimab; the first time a mAb is
used as pre-exposure prophylaxis at the population level,
analogous to vaccines [25]. In the case of Andalusia, a region
in southern Spain with over 8.5 million inhabitants, during the
2023-2024 campaign, systematic administration of this drug
was indicated for all children under 6 months of age born
between 1 April 2023, and 31 March 2024, as well as for
children at high risk of severe RSV disease [25]. In the case of
Galicia (northwestern Spain), early results on implementation
experience, with excellent results on coverage and safety,
have been published [26], although the effectiveness of the
measure has yet to be evaluated.

The routine use of this drug for prophylaxis at the popula-
tion level is a milestone in the use of mAbs, and the evaluation
of its impact in the prevention of RSV infection or severe
disease in children will be useful in making decisions about
extending this practice to other contexts.

These are all examples of the use of the pharmacological
technology of mAbs and biological agents for preventive pur-
poses, which are likely to expand in the future and contribute,
together with the development of vaccines, to better protec-
tion from specific diseases at the population level.

4. Vaccination recommendations for patients under
imAb therapies

4.1. Current available evidence and general
recommendations

Since the last review published on this topic in 2020 [6], there
has been an explosive increasement in the number of mAbs
authorized by the EMA (from 72 in 2020 to 114 in 2024) [5],
which represents a mean of 10.5 new mAbs each year.
Updated recommendations on vaccination of immunocom-
promised patients in general are available from the Centers
for Disease Control and Prevention (CDC) [27,28], but no con-
crete information is reported regarding patients under imAb
treatments to date. More importantly, there is a scarcity of
primary studies that rigorously analyze the effectiveness of
vaccination at different time periods according to each imAb.
Therefore, most current recommendations are mainly based
on expert opinions, which are the main source of official
documents on this topic [27-30], including those referring to
COVID-19 vaccines [31].

The most recent published reviews regarding vaccination
of the immunocompromised host [6,32-34] consistently
recommend vaccination against influenza and pneumococcal
disease, along with appropriate immunization against COVID-
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Table 3. Characteristics for vaccination recommendations regarding immunosuppressive monoclonal antibodies (imAbs) and other immunosuppressive biological

agents of interest.

Agent (drug)

Type of
1S%

Elimination half-life

(tr2)"

Hepatotoxicity

Specific vaccination recommendations in the technical datasheet®

Immunosuppressive monoclonal antibodies (imAbs)

Adalimumab

Alemtuzumab

Anifrolumab
Basiliximab
Belantamab
mafotodina
Belimumab

Bimekizumab

Blinatumomab

Brentuximab-
vedotin

Brodalumab

Canakinumab
Certolizumab-

pegol

Daclizumab

Daratumumab

Dinutuximab
Eculizumab

Efalizumab
Elotuzumab
Epcoritamab

Gemtuzumab-
o0zogamicina

Glofitamab
Golimumab
Guselkumab

Ibritumomab-
tuixetan
Inebilizumab

Infliximab

Moderate

Severe

Moderate
Severe
Severe

Moderate

Moderate

Severe

Severe
Moderate
Moderate

Moderate

Moderate

Severe

Severe
Moderate

Moderate

Severe

Severe

Severe

Severe
Moderate
Moderate

Severe

Moderate

Moderate

t12 = 14 days

t12=5 dayS

t12 =22 days
t12 =7 days
t12 = 14 days

t12 =19 days

t12 =23 days

ti2=2hours

ty2=5 dayS
= tp=tip i
=t;, =11 days

t12 =26 days
t12 = 14 days

ti2=21days

ti2=15-23 days

Y= 8 days
ti2=11days

t12 =5-10 days
t12 = 6-8 days
t12 = 22-25 days

t1/2= 160 hours

t2=1,5days
ti2 =12 days
ti2=15-18 days

t1,2 =28 hours

t12 =18 days

tio= 8-9 dayS

ELE (very common). Hepatitis,
reactivation of hepatitis B,
autoimmune hepatitis (rare)

HUS (very common). Cholecystitis,
Epstein-Barr hepatitis,
autoimmune hepatitis (rare)

ELE (very common)

ELE (very common).
Hyperbilirubinemia (common)

ELE (very common)

Hepatitis (common). Cirrhosis,
cholestasis, e hyperbilirubinemia,
cholelithiasis (rare)

ELE (very common). Autoimmune
hepatitis (rare). Fulminant
hepatitis (frequency unknown).

Hepatitis B reactivation (rare)

Hepatocellular lesion (rara)
Jaundice (rare)

ELE (common)

ELE (common)

ELE, hyperbilirubinemia (very
common). Veno-occlusive liver
disease, hepatomegaly, jaundice
(common). Liver failure, Budd-
Chiari syndrome (rare)

ELE (common)

ELE (common). Cholelithiasis (rare)

Risk of HBV reactivation has been
observed with other antibodies
that decrease the number of
B-lymphocytes (excluded in trials
with this drug)

ELE (frequent). Hepatitis,
cholecystitis, autoimmune
hepatitis, jaundice (rare). Liver
failure (frequency unknown).

Vaccination during treatment is possible, except in the case of live
vaccines.

Vaccination should be administered at least 6 weeks prior to
treatment with alemtuzumab. Life viral vaccines are
contraindicated.

Concomitant use of live or attenuated vaccines should be avoided

Contraindication to live vaccines. No evidence on immunization

No specific recommendations on vaccination are reported in the
datasheet

Vaccination during treatment or within 30 days is not
recommended for live vaccines. Evidence on maintaining
antibody titers to previous pneumococcal, tetanus, and influenza
vaccines [36]

Vaccination with live vaccines is not recommended during
treatment

Vaccination with live vaccines is not recommended in the previous
2 weeks, during treatment or until normal B-lymphocyte levels
are restored

No specific recommendations on vaccination are reported in the
datasheet

Live vaccines should not be administered during treatment

Live vaccines should not be administered during treatment

Vaccination during treatment is possible. Live vaccines should not
be administered. A clinical trial demonstrated good
immunogenicity with pneumococcal and influenza vaccines [37]

Vaccination during treatment is possible. Vaccination with live
vaccines during treatment and 4 months after discontinuation is
not recommended. An experimental study demonstrated good
immunogenicity with influenza vaccine [38]

No specific recommendations on vaccination are reported in the
datasheet

Vaccination is recommended after 10 weeks of the last cycle

Vaccination is recommended before starting treatment with
eculizumab. Patients should be vaccinated against
meningococcal A, C, Y, W, 135 and B at least 2 weeks before the
start of treatment. If vaccinated before these 2 weeks, they
should receive antibiotic prophylaxis. Children under 18 years of
age should be vaccinated against Haemophilus influenzae.

Vaccination with live vaccines is not recommended. Vaccination 2
weeks before or 8 weeks after treatment is recommended.

No specific recommendations on vaccination are reported in the
datasheet

Live and/or attenuated vaccines should not be administered at the
same time

No specific recommendations on vaccination are reported in the
datasheet

Immunisation with live vaccines is not recommended

Vaccination is possible during treatment. Avoid use of live vaccines

Vaccination prior to treatment is recommended. Live vaccines are
not recommended, but if necessary, 2 weeks before or 12 weeks
after treatment

Vaccination with live vaccines is not recommended. No evidence of
active immunization during treatment

All immunizations should be administered according to
immunization guidelines at least 4 weeks prior to the start of
inebilizumab. Immunization with vaccines made with live or
attenuated microbes is not recommended during treatment and
until B-lymphocyte repletion. Infants born to mothers exposed to
inebilizumab during pregnancy should not receive vaccines
made with live or attenuated microbes prior to confirmation of
recovery of B-lymphocyte counts in the infant. Non-live vaccines,
as indicated, may be administered prior to recovery

Vaccination according to local protocols, before starting treatment.
Vaccination during treatment is possible. Live vaccines should be
avoided

(Continued)
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Table 3. (Continued).

Agent (drug)

Type of
1S%

Elimination half-life
(tr2)°

Hepatotoxicity

Specific vaccination recommendations in the technical datasheet®

Inotuzumab-
ozogamicina

Isatuximab
Ixekizumab

Lebrikizumab

Loncastuximab
tesirina
Mirikizumab
Mogamulizumab
Mosunetuzumab

Natalizumab

Obinutuzumab

Ocrelizumab

Ofatumumab

Polatuzumab-
vedotin
Ravulizumab

Relatlimab-
nivolumab
Risankizumab

Rituximab

Sacituzumab-
govitecan
Sarilumab

Severe

Severe

Moderate

Moderate

Severe

Moderate
Severe

Severe

Severe

Severe

Moderate

Moderate

Severe

Moderate

Severe

Moderate

Severe

Severe

Moderate

ti2 =12 days

tyo= 28 dayS
t12 =13 days

tyo= 24 dayS

ti2=21days

Y= 9 days
tyo= 17 dayS

t12 =16 days

tyo= 16 dayS

t12 = 26-36 days

t12 =26 days

ti2 =16 days

ti2 =12 days

tip= 50 days

tyo= 27 dayS

t1/2 = 28-29 days

t1/2=22-32 days (IVR),
30 days (SCR)

t12 =24 hours

ti2=21days

HUS, hyperbilirubinaemia (very
common). Veno-occlusive liver
disease (frequent)

ELE (very common)

ELE (rare)
Acute hepatitis, hepatitis (rare)

ELE (very common)

ELE (frequent), hyperbilirubinaemia
(rare), liver damage (unknown
frequency)

HBV reactivation (frequency
unknown)

HBV reactivation (frequency
unknown)

HBV reactivation (frequency
unknown)

ELE (frequent). Hepatocellular
damage (frequency unknown).

ELE (very frequent), hepatitis
(frequent), cholangitis (frequent)

HBV reactivation (frequent)

ELE (common)

Vaccination with live vaccines is not recommended. Vaccination is
recommended 2 weeks before and, after treatment, when normal
B-lymphocyte levels are restored

No specific recommendations on vaccination are reported in the
datasheet

Vaccination with live vaccines is not recommended. No evidence on
immunization with inactivated vaccines

If a patient has received a live virus or bacterial vaccine, it is
recommended to wait a minimum of 4 weeks before starting
treatment. Treated patients should not receive vaccines made
with live microorganisms during treatment or for at least 17
weeks thereafter

No specific recommendations on vaccination are reported in the
datasheet

Avoiding the use of live vaccines in treated patients

No specific recommendations on vaccination are reported in the
datasheet

Live and/or attenuated vaccines should not be administered at the
same time

Vaccination with live vaccines is not recommended (no evidence of
safety). A small study of 60 patients showed no difference in
humoral response to diphtheria toxoid compared to untreated
patients [39]. Humoral response to mRNA-1273 COVID-19 vaccine
is preserved [40]

Vaccination is not recommended during treatment or until
B-lymphocytes have recovered for live vaccines

Vaccination is not recommended during treatment or until
B-lymphocytes have recovered for live vaccines. There is
evidence of a good response to immunization against influenza,
pneumococcal-23 [41] and diphtheria toxoid [12]. Influenza
vaccination is recommended during treatment with ocrelizumab.
Vaccination is recommended at least 6 weeks before starting
treatment. Humoral response to mRNA-1273 COVID-19 vaccine
can be altered [40]

All immunizations should be administered according to
immunization guidelines at least 4 weeks before the start of
treatment for live or live attenuated vaccines and whenever
possible, at least 2 weeks before the start of treatment with
ofatumumab for inactivated vaccines. Ofatumumab may interfere
with the efficacy of inactivated vaccines. The safety of
immunization with live or live attenuated vaccines following
treatment with ofatumumumab has not been studied.
Immunization with live or live attenuated vaccines is not
recommended during treatment and after discontinuation until
B-lymphocyte repletion occurs. Infants born to mothers who
have been treated with ofatumumab during pregnancy should
not receive live or live attenuated vaccines until recovery of
B-lymphocyte counts has been confirmed

Live vaccines should not be administered

Vaccinate all patients against N. meningitidis two weeks before
starting ravulizumab treatment and/or receiving prophylactic
antibiotic treatment. Patients under 18 years of age should be
vaccinated against Haemophilus influenzae and pneumococcal
infections

No specific recommendations on vaccination are reported in the
datasheet

Vaccination prior to treatment is recommended. Live vaccines are
not recommended during treatment, and if necessary, 4 weeks
before or 21 weeks after treatment

Vaccination is not recommended during treatment or until
B-lymphocytes have recovered for live vaccines. Immunization
with inactivated vaccines may be less according to [42-44].
Vaccination with inactivated viruses during treatment should be
completed at least 4 weeks before the next cycle. COVID-19
vaccines and boosters should be prioritized more than 6 months
after receiving the last dose of rituximab [45], or after B cell
recovery [46]

No specific recommendations on vaccination are reported in the
datasheet

Vaccination with live vaccines is not recommended. Vaccination is
recommended before the start of treatment

(Continued)
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Agent (drug)

Type of
1S%

Elimination half-life

(tr2)"

Hepatotoxicity

Specific vaccination recommendations in the technical datasheet®

Satralizumab

Secukinumab

Siltuximab

Spesolimab

Sutimlimab

Tafasitamab

Talquetamab

Teclistamab

Tildrakizumab

Tislelizumab

Tocilizumab

Tralokinumab

Trastuzumab-
emtansina

Trastuzumab-
deruxtecan
Tremelimumab

Ublituximab

Ustekinumab

Vedolizumab

Otros agentes biolégicos inmunosupresores de interés

Abatacept

Moderate

Moderate

Severe

Moderate

Severe

Severe

Severe

Severe

Moderate

Moderate

Moderate

Moderate

Severe

Severe

Severe

Severe

Moderate

Moderate

Moderate

t12 =30 days

ti2 =27 days

t12 =16 days

tyo= 26 dayS

ti2 =16 days

tyo= 17 dayS

ti2 =12 days

t12 =4 days

tyo= 23 dayS

t12 = 24 days

12 =8-14 days (IVR),

13 days (SCR)

tyo= 22 dayS

t12 =4 days

t1, =7 days
tyo= 14 dayS

t12 =22 days

ti2=21days

tyo= 25 dayS

tyo= 14 dayS

ELE, hyperbilirubinemia (common)

HBV reactivation (frequency
unknown)

ELE, hyperbilirubinemia (common)

ELE (very common)

ELE (common), elevated alkaline
phosphatase (very common),
reactivation of hepatitis
B (frequency unknown)

ELE and hyperbilirubinaemia (very
common), immune related
hepatitis (common)

ELE and hyperbilirubinaemia
(frequent). Liver damage,
jaundice, hepatitis (rare). Renal
failure (very rare).

ELE (very common),
hyperbilirubinemia (common).
Renal failure, nodular
regenerative hyperplasia, portal
hypertension (rare).

ELE (very common),
hyperbilirubinemia (common)

ELE (very common), hepatitis
(common).

ELE (common)

Live or attenuated vaccines should not be administered at the same
time as satralizumab

Vaccination is possible during treatment. Life-long vaccination is
not recommended. Humoral immunity response to
meningococcal and influenza vaccines is not suppressed

Vaccination is not recommended during the treatment of live
vaccines

The interval between live vaccines and the start of treatment with
spesolimab should be at least 4 weeks. Live vaccines should not
be administered for at least 16 weeks after treatment

Patients should be vaccinated as if they are persistently deficient in
the complement, including vaccination against meningococcus
and pneumococcus. Patients without prior vaccination should
receive encapsulated vaccination at least 2 weeks before
receiving the first dose

It is not recommended to vaccinate with live vaccines
concomitantly with treatment. In case of exposure during
pregnancy, newborns should be monitored for B-lymphocyte
depletion and vaccination with live viruses should be postponed
until the B-lymphocyte count has recovered

Vaccination with live virus vaccines is not recommended for at least
4 weeks before the start of treatment, during treatment and at
least 4 weeks after treatment

Vaccination with live virus vaccines is not recommended for at least
4 weeks before the start of treatment, during treatment and at
least 4 weeks after treatment

Vaccination is not recommended during treatment for live vaccines
and, if necessary, 4 weeks before or 17 weeks after treatment

No specific recommendations on vaccination are reported in the
datasheet

Vaccination with live vaccines is not recommended. Vaccination
prior to initiation of treatment is recommended. In a clinical trial
[47], an adequate response to pneumococcal-23 and tetanus
toxoid vaccine was demonstrated. Adequate response to
influenza vaccine has also been reported [48]. Some studies
reported humoral response to COVID-19 vaccination, although
lower than in controls [49]

Vaccines made with live and attenuated microorganisms should not
be administered concomitantly (if needed, give them before
treatment). Inactivated vaccines can be administered
simultaneously (the efficacy of the immune response in
meningococcal and tetanus vaccines has been demonstrated).

No specific recommendations on vaccination are reported in the
datasheet

No specific recommendations on vaccination are reported in the
datasheet

No specific recommendations on vaccination are reported in the
datasheet

Vaccination with live or attenuated vaccines is not recommended
during treatment or until B-lymphocyte replenishment. All
vaccines should be administered at least 4 weeks before the start
of treatment for live or attenuated vaccines and, whenever
possible, at least 2 weeks before the start of treatment for
inactivated vaccines. In infants born to mothers treated during
pregnancy, vaccines containing live or attenuated micro-
organisms should not be administered before recovery of
B-lymphocyte counts has been confirmed.

Vaccination during treatment is not recommended for live vaccines,
but, if necessary, 2 weeks before or 15 weeks after treatment.
There is evidence of good response to pneumococcal and
tetanus vaccination [50]. Inactivated vaccination is possible
during treatment.

Vaccination is not recommended for live vaccines (no evidence of
safety). Vaccination is recommended before starting treatment.
There is evidence of response to HBV vaccination [51]

Vaccination during treatment is possible, except for live vaccines (3
months after treatment)

(Continued)
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Table 3. (Continued).

Type of  Elimination half-life
Agent (drug) IS° (ti,2)° Hepatotoxicity Specific vaccination recommendations in the technical datasheet®
Abrocitinib Moderate t1,2="5hours - Vaccination according to local protocol, prior to initiation of
treatment. No live vaccines should be administered during
treatment. No evidence of active immunization during treatment
Anakinra Moderate t12 = 4-6 days ELE (rare). Non-infectious hepatitis ~ Vaccination during treatment is not recommended for live vaccines
(frequency not known)
Baricitinib Moderate t12=9-13 hours ELE (common) Live or attenuated vaccines should not be used shortly before or
during treatment
Belatacept Severe t12 =9-10 days ELE (frequent), cholelithiasis (rare), ~ Vaccination during treatment with live vaccines is not
hepatic cyst (rare), hepatic recommended. Uncertain clinical relevance of immunization with
steatosis (rare) inactivated vaccines
Etanercept Moderate t1,2=70hours ELE, autoimmune hepatitis (rare) Vaccination during treatment with live vaccines is not
recommended. Uncertain clinical relevance of immunization with
inactivated vaccine
Deucravacitinib  Moderate t12 =10 hours - Live vaccines should be avoided in patients undergoing treatment
Filgotinib Moderate ti12=7-19 hours - Live vaccines should not be administered during treatment.
Luspatercept Moderate t12 =13 days ELE, hyperbilirubinemia (very No specific recommendations on vaccination are reported in the
common) datasheet
Ritlecitinib Moderate ti2=2hours ELE (rare) The use of live or attenuated vaccines should be avoided during
treatment. Before starting treatment, it is recommended that
patients are up to date with all vaccinations, including
prophylactic shingles (zoster) vaccines.
Ruxolitinib Severe ti,2=3hours HBV reactivation (rare), ELE No specific recommendations on vaccination are reported in the
(common) datasheet
Tofacitinib- Moderate ti2=3hours ELE (frequent), cholelithiasis (rare), ~ Vaccination according to local protocol, prior to initiation of
citrato hepatic cyst (rare), hepatic treatment. Live vaccines should not be administered during
steatosis (rare) treatment. Live vaccines should be administered at least 2 weeks
before starting treatment (4 weeks)
Upadacitinib- Moderate t12=9-14 hours - Vaccination according to local protocol, prior to initiation of
hemihidrato treatment. Live vaccines should not be administered during or

just prior to treatment.

Adapted and updated from [6]. CTLA4, antigen 4 associated with cytotoxic cytotoxic T-lymphocytes; ELE, elevated liver enzymes; EGFR, epidermal growth factor
receptor; EpCAM, epithelial cell adhesion molecule; FGF, fibroblast growth factor; GD2, carbohydrate disialoganglioside 2; RSV, respiratory syncytial virus; SLAMF7,
signaling lymphocyte activation molecule family member 7; TNF, tumoral necrosis factor; TSLP, thymic stromal lymphopoietin; VEGF, vascular endothelial growth
factor.

dlmmunosuppression (IS) classified as severe: very common infections (except upper respiratory tract) or infrequent but relevant infections (HBV reactivation,
reactivation and primary infection with tuberculosis virus or JC virus), as well as very common lymphopenia or neutropenia. Moderate IS: very common but mild
infections. Some rare but relevant (HBV reactivation, reactivation and/or primary TB or JC virus infection), as well as frequent lymphopenia or neutropenia. With
respect to frequency, the following classification of adverse events was considered (according to the label): very common (=1/10), common (=1/100 to < 1/10),
infrequent (=1/1,000 to < 1/100), rare (=1/10,000 to < 1/1,000) and unknown frequency (cannot be estimated from available data).

PElimination half-lives obtained from pharmacokinetic assays included in the European Public Assessment Report (EPAR) for each medicinal product, European
Medicines Agency [12]. In general, it is recommended to wait 5-7 half-lives to eliminate approximately 100% of the drug from the body. Therefore, this column
estimates the minimum duration of immunosuppression for each imAb.

‘Recommendations based on the label of each imAb according to the European Medicines Agency [12]. This information is available publicly. Besides, information of

recent COVID-19 vaccine immunization studies was included by the authors.

19. The other inactivated vaccines are recommended only at
high-risk specific situations, and live or attenuated vaccines
are generally contraindicated (except for very concrete con-
texts). Clinical trial-based recommendations on the immuno-
genicity of vaccines in patients under immunosuppressive
therapy are very scarce. In most cases, these studies examine
only one autoimmune disease (often rheumatological dis-
eases) and the use of a specific vaccine (usually 13-valent
pneumococcal conjugate vaccine) in a low sample size and
very specific populations. Besides, these studies show variable
data on immunogenicity in the first months after treatment
with anti-TNFa mAbs, although reasonably good seroconver-
sion rates, but a marked decrease in vaccine response under
rituximab treatment [35], as confirmed in a recent meta-
analysis [36]. Our review highlights the need for more studies
of this nature, not only for pneumococcal vaccines and anti-
TNFa mAbs, but for all currently available drugs and vaccines.
Besides, most studies published to date did not assess cross-
immunity (but only direct protection), or clinical outcomes
(but only laboratory data like antibody titers). Thus, rigorous

studies that specifically analyze the best vaccination schedule
and specific vaccines for each drug and pathology are still
required for guiding future recommendations (currently
based on expert opinions).

Vaccination recommendations should be based on several
aspects. First, the immunosuppressive characteristics of the
treatment. Second, the type of vaccines available. Third, the
specific context of each patient (epidemiological situation and
basement risk factors). Table 3 summarizes the degree of
immunosuppression caused by each imAb, and recommenda-
tions according EMA datasheets [5], including published stu-
dies on immunogenicity and vaccination response for each
treatment [37-52].

Figure 1 shows a proposal of an algorithm for vaccination
guidance for patients receiving treatment with mAbs. First, the
immunosuppressive capacity of the drug should be verified,
along with underlying diseases and treatments, to recom-
mend or not specific vaccinations. Once an imAb is detected,
the specific vaccines and time schedules could be assessed by
consulting Tables 3 and 4 (data based on the technical data
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| Is the mAb immunosuppressive (imAb)? (consult Table 2) |

Does the patient receive other immunosuppressive

YES

| Specific vaccine recommendations are required |
|

treatments or present specific conditions that 1 l
require vaccination?
I | Which vaccines? | | When is the best moment? | Are there specific situations
l 1 1 (pregnancy, newborn, etc.)?
l | Consult Table 5 | | Consult Table 4 | Consult Table 3 (specific

No specific vaccine
recommendations are
required

Specific vaccine
recommendations according to
local/national guidelines are

vaccine recommendations for

special situations reported in
the technical datasheet)

)

required L

Y

Design a vaccination schedule according to the imAb (type, duration and posology),
the vaccines required, the concomitant treatments and pathologies, and the

recommendations of local or national guidelines

l Multidisciplinary teams should organize committees for continuous update, coordination, and consensus of concrete complex cases. Decisions should be adapted to local or national recommendations l

Figure 1. Proposal of an algorithm of vaccination guidance for patients receiving treatment with mAbs (decisions should be adapted according to local or national

guidelines).

sheets of all imAbs and current international recommenda-
tions). These decisions, however, should be adapted according
to local guidelines and policies.

4.1.1. Live or attenuated vaccines

Live or attenuated vaccines are generally contraindicated during
treatment with imAbs (Table 3) and should never delay the start
of the treatment if it is indicated and urgent. However, if initia-
tion of treatment can wait or is scheduled for a later date, it is
advisable to check immunity status against measles, mumps, and
varicella prior to treatment. According to serological markers,
prior vaccination might be recommended. In general, during
the 4 weeks before the start of imAb treatment, live or attenu-
ated vaccines should not be recommended. Table 4 shows the
recommended optimal vaccination interval after the end of imAb
treatment, based on current available evidence. For example,
after anti-TNFa or anti-interleukin treatments, an interval of 3-
6 months should be waited before vaccination [53-56], and up to
12 months after imAb targeting B-lymphocyte receptors (ocreli-
zumab, rituximab, etc.). In cases where there are no specific
recommendations, we recommend an optimal waiting time of
5 half-lives for drug elimination, although each situation should
be individualized according to treatment, pathology, and
vaccination.

4.1.2. Inactivated vaccines

Although inactivated vaccines are not explicitly contraindicated,
their effectiveness for immunocompromised patients could be
minimal or null if recommended intervals are not followed. In
general, vaccination 2 weeks prior to start of imAb treatment is
recommended [57]. In certain occasions, this scenario is not
possible (the imAb has yet started) and vaccination must be
performed during the treatment. In those cases, drug dose and
treatment intervals should be considered to decide the best time
for vaccination, generally a few days (or hours) before the next

dose of imAb [6]. Nevertheless, when this situation happens,
revaccination after the end of imAb treatment could be advisa-
ble. If vaccination will be performed after imAb treatment, an
interval of approximately 3 months is generally recommended.
Table 4 shows the recommended optimal intervals for best
practice according to the imAbs mechanism of action, pharma-
cokinetic properties (5 times the half-life of elimination) and is
based on previous expert recommendations.

4.1.3. Optimal time for vaccination

As previously highlighted, only imAbs (not all mAbs) require
vaccination recommendations by themselves. Nevertheless,
choosing the right time and type of vaccine for each situation
(according to specific diseases and treatments) remains
a challenge. No studies to date have accurately analyzed the
effectiveness of each vaccination schedule and recent syntheses
show high heterogeneity in the results available [32]. The only
consistent recommendation is that vaccination, if possible,
should be administered before the start of imAb treatment
[58]. Therefore, if the clinician knows that an imAb treatment is
to be started on a scheduled basis in the future, early referral to
the specific vaccination (e.g. Preventive Medicine service) con-
sultation is necessary. However, vaccination should not delay
treatment if treatment is essential [57]. Table 3 shows the mini-
mum duration of the immunosuppression according to the elim-
ination half-life (as the effect may be longer). Table 4 shows the
minimum optimal time required for vaccination before and after
the end of treatment for each imAb, depending on whether the
vaccines are inactivated or live/attenuated vaccines.

4.2. Specific vaccine recommendations

Table 5 shows the specific vaccine recommendations for each
type of imAb, according to the results of this review, which
should be adapted to local guidelines recommendations.
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Table 4. Recommended time intervals for the administration of vaccines in patients treated with imAbs or other biological agents of interest.

Treatment

Live or attenuated vaccines

Inactivated vaccines

imAb (and other

Elimination

From vaccination to

From end of
treatment to

From vaccination to

Mechanism of  biological agents time (5 start of treatment vaccination (AFTER start of treatment ~ From end of treatment to vaccination
action of interest) half-lifes) (BEFORE imAb) imAb) (BEFORE imAb) (AFTER imAb)
TNF-a Adalimumab 10 weeks 4 weeks 12 weeks No minimum interval,  No minimum interval, but vaccine
antagonists  Certolizumab- 10 weeks 4 weeks 12 weeks but vaccine may may not be effective.
pegol not be effective. Optimal recommendation:
Etanercept 3 weeks 4 weeks 4-12 weeks Optimal elimination time (5 half-lives of
Golimumab 9 weeks 4 weeks 12 weeks recommendation: elimination) or at least 12 weeks
Infliximab 7 weeks 4 weeks 12 weeks 2 weeks.
Anti IL-1 Anakinra 2 days 4 weeks 12 weeks
Canakinumab 19 weeks 4 weeks 19 weeks
IL2 receptor Basiliximab 5 weeks 4 weeks 12 weeks
(CD25) Daclizumab 15 weeks 4 weeks 15 weeks
blockers
Anti IL-6 Siltuximab 12 weeks 4 weeks 12 weeks
IL-6 receptor Sarilumab 15 weeks 4 weeks 15 weeks
blockers Satralizumab 22 weeks 4 weeks 22 weeks
Tocilizumab 10 weeks 4 weeks 12 weeks
Anti IL-13 Tralokinumab 16 weeks 4 weeks 16 weeks
Anti IL-17-A Bimekizumab 17 weeks 4 weeks 17 weeks
Brodalumab 8 weeks 4 weeks 12 weeks
Ixekizumab 10 weeks 4 weeks 12 weeks
Secukinumab 20 weeks 4 weeks 20 weeks
Anti 1L12/23 Ustekinumab 15 weeks 4 weeks 15 weeks
Anti IL-23 Guselkumab 13 weeks 4 weeks 13 weeks
Lebrikizumab 17 weeks 4 weeks 17 weeks
Mirikizumab 7 weeks 4 weeks 7 weeks
Tildrakizumab 17 weeks 4 weeks 17 weeks
Risankizumab 21 weeks 4 weeks 21 weeks
IL-36 receptor ~ Spesolimab 18 weeks 4 weeks 16 weeks
blockers
Inhibitors of Abatacept 10 weeks 4 weeks 12 weeks
CD28 and Belatacept 8 weeks 4 weeks 12 weeks
CD80/CD86
union
Inhibitors of Anifrolumab 16 weeks 4 weeks 16 weeks
IFN-1
BCMA Belantamab 10 weeks 4 weeks 12 weeks
mafotodina
Teclistamab 3 weeks 4 weeks 4 weeks 4 weeks 4 weeks
Anti-BLyS Belimumab 14 weeks 4 weeks 14 weeks 4 weeks 4 weeks
SLAMF7 Elotuzumab 6 weeks 4 weeks 12 weeks 4 weeks 6 weeks
blockers
Integrin a4p1 Natalizumab 12 weeks 4 weeks 12 weeks 4 weeks 12 weeks
Integrin a4p7  Vedolizumab 18 weeks 4 weeks 18 weeks 4 weeks 18 weeks
Anti CD11 and  Efalizumab 7 weeks 4 weeks 12 weeks 4 weeks 7 weeks
anti LFA-1
Anti CD19 Inebilizumab 13 weeks 4 weeks 13 weeks 4 weeks 13 weeks
Loncastuximab 15 weeks 4 weeks 15 weeks 4 weeks 15 weeks
tesirina
Tafasitamab 12 weeks 4 weeks 12 weeks 4 weeks 12 weeks
Anti CD19 and  Blinatumomab 1 dia 4 weeks 12 weeks 4 weeks 4 weeks
anti CD3
Anti CD20 Epcoritamab 18 weeks 4 weeks 12 months 4 weeks 18 weeks
Glofitamab 8 days 4 weeks 12 months 4 weeks 4 weeks
Ibritumomab- 6 days 4 weeks 12 months 4 weeks 4 weeks
tuixetan
Mosunetuzumab 12 weeks 4 weeks 12 months 4 weeks 12 weeks
Obinutuzumab 19 weeks 4 weeks 12 months 4 weeks 6 months
Ocrelizumab 26 weeks 4 weeks 12 months 4 weeks 6 months
Ofatumumab 12 weeks 4 weeks 12 months 4 weeks 6 months
Rituximab 23 weeks 4 weeks 12 months 4 weeks 6 months
Ublituximab 16 weeks 4 weeks 16 weeks 2 weeks 16 weeks
Anti CD22 Inotuzumab- 9 weeks 4 weeks 12 weeks 4 weeks 9 weeks
o0zogamicina
Anti CD30 Brentuximab- 4 weeks 4 weeks 12 weeks 4 weeks 4 weeks
vedotin
Anti CD33 Gemtuzumab- 5 weeks 4 weeks 12 weeks 4 weeks 5 weeks
o0zogamicina
Anti CD38 Daratumumab 17 weeks 4 weeks 17 weeks 4 weeks 17 weeks
Isatuximab 20 weeks 4 weeks 20 weeks 4 weeks 20 weeks
Anti CD52 Alemtuzumab 4 weeks 6 weeks 12 months 6 weeks 6 months

(Continued)
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Treatment Live or attenuated vaccines Inactivated vaccines
From end of
imAb (and other  Elimination  From vaccination to treatment to From vaccination to
Mechanism of  biological agents time (5 start of treatment vaccination (AFTER start of treatment ~ From end of treatment to vaccination
action of interest) half-lifes) (BEFORE imAb) imAb) (BEFORE imAb) (AFTER imAb)
Anti CD79 Polatuzumab- 9 weeks 4 weeks 12 weeks 4 weeks 9 weeks
vedotin
Anti GD-2 Dinutuximab beta 6 weeks 4 weeks 12 weeks 4 weeks 6 weeks
CCR1 Mogamulizumab 12 weeks 4 weeks 12 weeks 4 weeks 12 weeks
Anti CTLA-4 Tremelimumab 10 weeks 4 weeks 10 weeks 4 weeks 10 weeks
HER-2 Trastuzumab- 3 weeks 4 weeks 12 weeks 4 weeks 3 weeks
emtansina
Trastuzumab- 5 weeks 4 weeks 5 weeks 4 weeks 5 weeks
deruxtecan
Anti-GPRC5D Talquetamab 8 weeks 4 weeks 4 weeks 4 weeks 4 weeks
Anti PD-1 Relatlimab- 20 weeks 4 weeks 20 weeks 4 weeks 20 weeks
nivolumab
Tislelizumab 17 weeks 4 weeks 17 weeks 4 weeks 17 weeks
Anti TFG-B Luspatercept 9 weeks 4 weeks 9 weeks 4 weeks 9 weeks
Anti Trop-2 Sacituzumab- 5 days 4 weeks 12 weeks 4 weeks 4 weeks
govitecan
Complement Sutimlimab 12 weeks 4 weeks 12 weeks 2 weeks 12 weeks
C1 factor
Complement Eculizumab 8 weeks 4 weeks 8 weeks 2 weeks 8 weeks
C5 factor Ravulizumab* 36 weeks 4 weeks 36 weeks 2 weeks 36 weeks
Anti-JAK Abrocitinib 1 day 4 weeks 4 weeks 4 weeks 4 weeks
Baricitinib 3 days 4 weeks 4 weeks 4 weeks 4 weeks
Deucravacitinib 2 days 4 weeks 4 weeks 4 weeks 4 weeks
Filgotinib 4 days 4 weeks 4 weeks 4 weeks 4 weeks
Ritlecitinib 2 days 4 weeks 4 weeks 4 weeks 4 weeks
Ruxolitinib 1 day 4 weeks 4 weeks 4 weeks 4 weeks
Tofacitinib-citrato 1 day 4 weeks 4 weeks 4 weeks 4 weeks
Upadacitinib- 3 days 4 weeks 4 weeks 4 weeks 4 weeks
hemihidrato

Recommendations summarized by the authors based on the of the European Medicines Agency (EMA) datasheets [12], the elimination half-life of the drug (Table 3)

and previous recommendations of the Spanish government [57].

*|deally, meningococcal vaccination should be administered 2 weeks prior to treatment with ravulizumab.

4.2.1. Influenza vaccination

Inactivated influenza vaccines are proven to be safe in patients
under immunosuppressive treatments [59], including anti
CD20 imAbs [60], and in patients diagnosed with immunosup-
pressive diseases [60,61]. Nevertheless, the quantity and qual-
ity of current evidence on vulnerable populations are still
lacking. Adequate intervals might be essential for reaching
greater response, increasing immunogenicity from 25% to
80% in certain cases [62]. Influenza vaccine, although less
immunogenic than other vaccines, has proven to reduce the
severity of the disease in immunocompromised patients.
However, the effectiveness of this vaccine widely varies
according to the population, being very low (50% at best)
for hematopoietic stem cell transplant recipients [63] — better
for the adjuvanted MF59 vaccine — [64], or organ transplant
recipients (especially low for lung transplantation) [65]. For
these patients, greater immune response has been reported
for double-dose vaccination strategies [66]. For patients diag-
nosed with inflammatory conditions under imAb therapies,
some influenza strains produce lower serological response
[67]. Other influenza vaccines have been developed in the
last years. For example, high-dose influenza vaccine has
shown more effectiveness than standard-dose vaccines for
certain populations [68]. Nevertheless, as happens to MF59,
these vaccine strategies have been eminently tested in older
adults, but studies specifically conducted in immunocompro-
mised patients, or patients under imAb treatment, are still

lacking. Besides, live attenuated, adjuvated and potentiated
influenza vaccines have been developed and could be useful
for immunocompromised patients, although not enough stu-
dies have been developed to reach definite conclusions.

Inactivated influenza vaccination has proven to be safe for
immunocompromised patients and somehow effective for
preventing influenza-like disease [69], and cellular memory
after vaccination has been associated with better response
to non-vaccine influenza mutations [70]. Finally, as the effec-
tiveness of influenza vaccination is not optimal, relatives and
healthcare professionals attending immunocompromised
patients should be vaccination during each season for increas-
ing the protection of this vulnerable population.

Based on the literature search, we recommend annual
influenza vaccination (inactivated vaccine) for all patients
receiving imAb treatments.

4.2.2. Pneumococcal vaccination

Pneumococcal vaccination is also routinely recommended for
all immunocompromised patients [6,26,58,60]. The sequential
pneumococcal vaccination strategy (pneumococcal conju-
gated vaccine 13, PCV-13, followed by pneumococcal polysac-
charide vaccine 23, PPSV-23) was classically recommended
given the immunogenicity (generation of antibodies for
one year at least) proven in clinical trials [71]. These vaccines
are safe [72] in patients under imAb therapies, but the immu-
nogenicity might be compromised if the level of
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Table 5. Recommended minimum vaccines for patients on treatment with imAbs and other immunosuppressive biological agents of interest.

Agent (imAbs and other biological agents of interest) Influenza® Pneumococcal® COVID-19% HBV® HAV' Meningococcal HiB

Vaccines®

Zoster (shingles)?

Abatacept
Abrocitinib
Adalimumab
Alemtuzumab
Anakinra
Anifrolumab
Baricitinib
Basiliximab
Belantamab mafotodina
Belatacept
Belimumab
Bimekizumab
Blinatumomab
Brentuximab-vedotin
Brodalumab
Canakinumab
Certolizumab-pegol
Daclizumab
Daratumumab
Dinutuximab beta
Deucravacitinib
Eculizumab
Efalizumab
Elotuzumab
Etanercept
Epcoritamab
Filgotinib
Gemtuzumab-ozogamicina
Glofitamab
Golimumab
Guselkumab
Inebilizumab
Ibritumomab-tuixetan
Infliximab
Inotuzumab-ozogamicina
Isatuximab
Ixekizumab
Lebrikizumab
Loncastuximab tesirina
Luspatercept
Mirikizumab
Mogalumizumab
Mosunetuzumab
Natalizumab
Obinutuzumab
Ocrelizumab
Ofatumumab
Polatuzumab-vedotin
Ravulizumab
Relatlimab-nivolumab
Risankizumab
Ritlecitinib

Rituximab

Ruxolitinib
Sacituzumab-govitecan
Sarilumab
Satralizumab
Secukinumab
Siltuximab
Spesolimab
Sutimlimab
Tafasitamab
Talquetamab
Teclistamab
Tildrakizumab
Tislelizumab
Tocilizumab
Tofacitinib citrato
Tralokinumab
Trastuzumab-emtansina
Trastuzumab-deruxtecan
Tremelimumab

N N N N N N N N N N N N N N O NN

I N N N N N N N N N N N R R R RN

N N N N N N N N N N N N N N O O NN

N N N N N N N R N N N N N N R N N N R R R RN EN

v

v
v

NN

NN N NN NN NN NN INENEN

N NCNEENEN

N N NN

a

v
a

a

v

a

*(only for lupus nephritis)

(Continued)
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Table 5. (Continued).

Vaccines®

Agent (imAbs and other biological agents of interest) Influenza® Pneumococcal® COVID-19% HBV® HAV' Meningococcal HiB Zoster (shingles)?

Ublituximab v v v v
Upadacitinib hemihidrato v v v v v
Ustekinumab v v v v
Vedolizumab v v v v b

®The MMR (or varicella-zoster virus) vaccine should be administered if the patient is susceptible, regardless of the type of drug. This will require following the
vaccination instructions for live attenuated vaccines. Diphtheria and tetanus vaccination should be evaluated every 10 years, and 5 doses should be administered if
the patient is not adequately vaccinated and immunized.

PEvaluate inactivated influenza vaccination in all vaccination campaigns.

‘Sequential vaccination (23-valent polysaccharide vaccine and, 12 months later, 13-valent conjugate vaccine), or conjugated 20-valent pneumococcal vaccination,
depending on the individual patient’s vaccination schedule, previous vaccination and local recommendations.

d4COVID-19 adequate immunization is recommended for all patients receiving imAbs. The type and moment of vaccination will depend on current local guidelines
(regarding type of vaccine, number of boosters, circulating variants.

€In all cases, assess whether the patient has received an HBV vaccination regimen and request serology including surface antibodies (HBsAb). Depending on the
result, consider primary vaccination, revaccination, or nothing.

fAssessment of HAV vaccination is included in at-risk patients who are on treatment with an imAb that either causes HBV reactivation as a described side effect or
causes frequent hepatitis or transaminase increases (see Table 3).

9At present (January 2024), vaccination against herpes zoster is indicated in patients treated with anti-JAK drugs in several settings [57]. However, we include
information on those drugs that cause reactivation of herpes zoster according to the technical data sheet, as well as the described frequency of this problem, in
order to facilitate subsequent evaluations of the indications for this vaccine. ®Very common adverse reaction (=1/10) or common according to the data sheet (>1/
100 to < 1/10), ®Infrequent adverse reaction (=1/1,000 to < 1/100), “Rare adverse reaction (=1/10,000 to < 1/1,000), “Adverse reaction of unknown frequency (some
cases reported, but with no plausible causal relationship or without sufficient data to establish the frequency). The rest of the drugs (no letter assigned) do not
show any frequency of herpes zoster reactivation reported in the data sheet.

*Vaccination against H. influenzae and pneumococcus 2 weeks prior to start of treatment only in children under 18 years of age. In adults, vaccination with

meningococcus without H. influenzae.

immunosuppression is too high. This situation has been
widely studied mainly for patients with rheumatoid arthritis
under rituximab (anti-CD20) treatment (25% response rate,
compared with 90% response rate without this treatment)
[35,73]. Similarly, the response rate of patients with inflamma-
tory bowel disease under anti-TNF-a therapy might be also
reduced (60%) [74].

Evidence on other imAbs suggest an impaired serologic
response to pneumococcal vaccines (especially conjugated vac-
cine) [75], but data on the concrete effect of certain imAbs is still
insufficient. Other studies conducted on new imAbs such as
belimumab in patients with autoimmune diseases reported ade-
quate response rates [76]. For each specific case, pneumococcal
and influenza vaccination should be administered considering
the immunosuppression characteristics of each imAb, as sum-
marized in Table 5. As for the high-dose influenza vaccine, several
expert opinions recommend a two-dose regimen of conjugate
pneumococcal vaccines for immunosuppressed patients (e.g.
patients treated with ibrutinib or splenectomized patients).
Again, not enough specific studies are available to reach definite
conclusions, and future studies should focus on evaluating the
impact of such interventions.

It is important to highlight the potential role that new
conjugate vaccines (15-, 20- or 21-valent) with experience of
use in countries such as the United States may acquire in the
immediate future [77,78]. The extent to which 13-valent con-
jugate vaccine and the 23-valent polysaccharide will change
their indications and how this may affect vaccination sche-
dules in patients treated with imAbs will be the subject of
research and evaluation in the near future. For example, in
Belgium, the use of the 20-valent conjugate vaccine has been
proposed as the preferred option for vaccination in adults in
at-risk groups with comorbidities and in patients aged 65-85
years [79], and cost-utility was reported for this intervention

[80]. In Andalusia (Southern Spain), the 20-valent conjugate
vaccine (VNC20), Apexxnar®, is recommended in the general
population aged 60-73 years who have not received previous
pneumococcal conjugate vaccination, and in at-risk groups
[81]. Besides, 15-Valent pneumococcal conjugate vaccine
V114 has proven safety and immunogenicity in a recent clin-
ical trial conducted on allogeneic hematopoietic cell
transplant recipients [82]. Nevertheless, despite all recommen-
dations of pneumococcal vaccination for patients under
immunosuppressive treatment, compliance with this vaccina-
tion schedule is yet far from the desirable [83].

Based on the literature search, we recommend pneumo-
coccal vaccination for all patients receiving imAb treatments.

4.2.3. COVID-19 vaccination

Since the start of the COVID-19 pandemic, a large number and
types of vaccines have been developed to optimize preven-
tion strategies [84]. Virus-like particles (VLPs), protein subunit
vaccines, DNA, RNA-based and viral vector-based, inactivated,
and live-attenuated vaccines are the most frequent strategies
developed in current clinical trials, although protein subunit,
RNA-based and non-replicating viral vector-based platforms
have been majorly used worldwide [84]. Since its develop-
ment, in contrast to research on other vaccines over the last
decades, much interest was put into evaluating the effective-
ness of these vaccines in immunocompromised patients, given
the disproportional impact of the pandemic in this population
[30]. For example, despite lower than in healthy controls,
humoral vaccine response to mRNA COVID-19 vaccination
was evident for patients receiving anti-IL-6 receptor imAbs,
stronger than those receiving anti CD20 therapies [85].
Something similar was reported for patients receiving natali-
zumab (preserved response) compared with ocrelizumab
(altered response) [41]. Several studies have been conducted
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regarding response in patients under anti CD20 imAbs [7-9]
but, in general, COVID-19 vaccines and boosters should be
prioritized in this subgroup, more than 6 months after receiv-
ing the last dose of treatment [46], or after recovery of
B lymphocytes level [47].

The optimal interval before receiving COVID-19 vaccines for
these patients (under anti CD20 imAb treatments) was reported
to be, at least, 5.5 months after the last dose of treatment [9].
Currently, an additional dose of COVID-19 is recommended in
several countries in immunocompromised patients if they have
not been infected or vaccinated within the last 3 months (regard-
less of previous infections or doses received).

Some studies reported humoral response to COVID-19 vac-
cination in patients receiving tocilizumab (an imAb that was
indicated for COVID-19, to prevent the development of severe
disease), although lower than in controls [50]. Also, prophy-
lactic mAbs for preventing COVID-19 severe outcomes are also
being developed and studied [10,11].

Despite all these studies, precise data to guide vaccination
and treatment approaches in immunocompromised people
are generally lacking and extrapolated from other populations,
so research in this field, along with the effectiveness of each
vaccine on current circulating variants, is still needed [31].

Based on the literature search, we recommend COVID-19
vaccination for all patients receiving imAb treatments, according
to local guidelines (considering the circulating variants, previous
COVID-19 vaccines, and current local recommendations).

4.2.4. Meningococcal vaccination

Humoral immunity, spleen function and the activity of the com-
plement system are immunologically relevant for the adequate
response to encapsulated bacteria. The ACWY meningococcal
vaccination (2 doses with a 4-week minimum interval) and the
B serogroup vaccination (2 doses with a 4-week minimum inter-
val) are recommended for patients with functional or anatomical
asplenia [27] and for patients with deficiencies in the comple-
ment pathway, including imAbs that specifically affects the com-
plement (eculizumab, ravulizumab or sutimlimab). As for
pneumococcal vaccination, some experts suggest the use of
a two-dose regimen of conjugate meningococcal vaccines for
immunosuppressed patients (e.g. splenectomized patients)
although specific studies on this topic are still lacking.

Based on the literature search, we recommend meningo-
coccal vaccination of patients under treatment with eculizu-
mab, ravulizumab or sutimlimab, with appropriate booster
schedules.

4.2.5. Haemophilus influenzae B vaccination

Similar to meningococcal vaccines, for patients with functional or
anatomical asplenia [27], and with complement pathway defi-
ciency (i.e. patients under treatment with eculizumab, ravulizu-
mab or sutimlimab), Haemophilus influenzae type B vaccine
(single dose) should also be included. This is due to the increased
risk of encapsulated bacterial infections in this population sub-
group. H. influenzae type B vaccine is also recommended for
patients undergoing chemotherapy for malignant neoplasms
[27], for hematopoietic stem cell transplant recipients [86], and
could also be recommended for patients with inflammatory

bowel disease under immunosuppressive treatment [29],
although this indication is not entirely clear. In the recent years,
several studies have reported the need for developing optimal
non-typeable H. influenzae vaccines in a few current clinical trials,
due to the emergence of these pathogens [86,87].

Based on the literature search, we recommend vaccination
against H. influenzae type B in patients treated with eculizu-
mab, ravulizumab or sutimlimab, with appropriate booster
vaccination schedules.

4.2.6. Hepatitis B vaccination

Hepatitis B vaccines have proven to be among the safest both for
general population [88] and for patients under imAb treatment
[89]. In some specific vulnerable populations such as patients
under antineoplastic treatments, these vaccines have shown effi-
cacy [90]. Nevertheless, their effectiveness might decrease in
patients with autoimmune or chronic diseases and especially in
transplant recipients, where efficacy is less than 50% [89,91].
Approximately 5% of general population are non-responders to
the vaccine, and this percentage is much higher in at-risk groups
(mainly dialysis-dependent and immunocompromised patients)
[92]. It has been recently suggested that adjuvanted ASO4C vac-
cine (Fendrix®), currently recommended for patients with kidney
diseases, produces an adequate immune response in patients with
immunosuppressive biological therapies [93]. Nevertheless, the
decision on whether to vaccine or not against hepatitis B always
depends on the context (age, epidemiologic risk factors, etc.) so
individualization is required for this immunization.

Several schedules have been recommended, with differences
in the dose (20 or 40 mcg), and in time between doses (generally
3-4 doses for 6 months or during 4 months in accelerated sche-
dules). Given the higher non-response rates in immunocompro-
mised patients, some studies propose high-dose (40 mcg)
strategies for transplant recipients [94] or for patients under
certain imAb treatments. Besides, adjuvanted vaccines are gen-
erally preferred given that booster vaccination could restore
antibody titers if they are decreased [95], then offering
a potentially adequate solution for non-responders. Although
the best recommendation is one-dose revaccination, some stu-
dies analyzed a second 3-dose vaccine strategy as an alternative,
with inconsistent conclusions [96,97]. Intradermal administra-
tion, new adjuvants or the use of Toll-like receptor agents,
between others, are new strategies that might generate greater
immunogenicity. The imAb therapy could worsen the prognosis
and outcomes of hepatitis B infection, therefore vaccination
should be administered in patients with high-risk exposures
[98,99]. The best decision on how to manage non-responders
(e.g. high-dose vaccine, intradermal administration, different vac-
cines or different schedules) will depend on the design of specific
studies conducted on immunocompromised patients.

Besides, patients under potentially hepatotoxic imAb therapies
should also receive this vaccination. Evidence suggest that hepa-
titis B vaccination should be administered to patients with inflam-
matory bowel disease [32] or multiple sclerosis [100,101] under
imAb treatments. To sum up, hepatitis B vaccination seems recom-
mendable for most patients under imAb therapy if antibody titers
are not sufficient. Hence, pre-treatment serological tests are
needed (HBsAg, anti-HBc and anti-HBs), and also after vaccination,
as several therapies may affect the response to the vaccine.



Based on the available literature, hepatitis B vaccination is
recommended for all patients on imAb treatment and with
unknown or negative serology.

4.2.7. Hepatitis a vaccination

Vaccination against hepatitis A would be reasonable in at-risk
groups [6], especially in those under treatment with hepatotoxic
imAbs [102]. Ideally, as for the other vaccines, vaccination should
be administered before the start of immunosuppressive treat-
ment. Table 3 shows the imAbs (and other immunosuppressive
biologic agents of interest) for which an increased risk of hepatitis
B reactivation (adalimumab, daratumumab, obinutuzumab, ocre-
lizumab, ofatumumumab, rituximab, ruxolitinib and siltuximab) or
acute hepatitis (mogamulizumab) has been described in the data
sheet. Of these, only rituximab showed a high frequency of this
problem (between 1 in 100 and 1 in 1,000). In addition, Table 3
shows those drugs that frequently produce elevated liver enzymes
or liver inflammation (abatacept, alemtuzumab, baricitinib, belan-
tamab-mafodotin, belatacept, blinatumomab, brentuximab-
vedotomab, brentuximab-vedotomab, mogalumizumab, moga-
mulizumab, brentuximab-vedotin, certolizumab-pegol, daclizu-
mab, efalizumab, epcoritamab, gemtuzumab-ozogamicin,
glofitamab, golimumab, inebilizumab, infliximab, inotuzumab-
ozogamicin, loncastuximab tesirin, luspatercept, mirikizumab,
mosunetuzumab, natalizumab, polatuzumab-vedotin, relatlimab-
nivolumab, sarilumab, satralizumab, tafasitamab, talquetamab,
teclistamab, tocilizumab, tofacitinib citrate, trastuzumab-
emtansine, trastuzumab-deruxtecan and tremelimumab), repre-
senting 54% of all imAbs. Although non-immunosuppressive
mADb, nivolumab-induced hepatitis has been reported as a rare
side effect [103], so hepatitis A vaccination might be also recom-
mendable for patients under this treatment.

Vaccination against hepatitis A, in addition to the aforemen-
tioned cases, can also be recommended in patients with inflam-
matory bowel disease under any immunosuppressive treatment
[13,30] who showed effective responses. An extra priming dose
of vaccine has also been recommended for immunocompro-
mised patients [104]. Nevertheless, despite recommendations
by some experts [54], there is insufficient evidence to support
the indication for a booster after completion of the 2-dose
primary vaccination series (although it is currently recommended
for immunocompromised patients in several countries). Human
immunoglobulin, apart from the vaccine, should be adminis-
tered to patients on imAb treatment that have been potentially
exposed to hepatitis A virus [105].

Similar to hepatitis B vaccination, serological response to
hepatitis A vaccine should be monitored, 1 to 2 months after
the completion of vaccination schedule.

Based on the current available literature, hepatitis
A vaccination should be recommended to all patients treated
with hepatotoxic imAbs, at risk of hepatitis A exposure or with
negative or unknown serology.

4.2.8. Human papillomavirus vaccine (HPV)

According to several national associations [55,103,104], tetra-
valent HPV vaccines (HPV4) is indicated for patients diagnosed
with inflammatory rheumatic diseases and inflammatory
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bowel diseases [13,55] under imAb therapy. A two-dose immu-
nization schedule (0, 6-12 months) for immunocompromised
patients [105] is generally recommended, although in some
countries a three-dose schedule is implemented [57]. Some
experts have also recommended this vaccine for patients
treated with alemtuzumab, preferably women <26 years [106].

Nevertheless, currently the nonavalent vaccine (9vHPV) is
the only marketed alternative, which is more effective than
HPV4 by extending protection against five other oncogenic
HPV types [105,107].

According to our literature search, no conclusive evidence
has been found to recommend or not recommend HPV vacci-
nation in patients undergoing treatment with imAbs.

4.2.9. Herpes zoster vaccination

Live herpes zoster vaccines are not recommended for patients
under imAb therapy. The adjuvanted vaccine (Shingrix®),
approved in 2018 by the EMA, is currently indicated for most
patients under immunosuppressive treatments. A 2-dose vac-
cination schedule is safe and effective for hematopoietic cell
transplant recipients [108], patients with tumors or receiving
chemotherapy [109] and patients’ treatment with imAbs,
including anti-CD20 drugs [110]. A randomized controlled
trial in renal transplant recipients (NCT02058589) also showed
promising results.

Its immunogenicity and safety in patients under treatment with
JAK-2 inhibitors (baricitinib, tofacitinib, ruxolitinib) has also been
demonstrated, as these agents increase the risk of developing
herpes zoster reactivation and serious complications such as post-
herpetic neuralgia [111]. Recently, the indication for herpes zoster
vaccine has been approved in several countries for patients trea-
ted with JAK inhibitors (anti-JAK), including abrocitinib, baricitinib,
deucravacitinib, filgotinib, rictlecitinib, ruxolitinib, tofacitinib and
upadacitinib, which lead to the inclusion of these agents (despite
not being imAbs) in this document. Nevertheless, as thoroughly
collected in Table 5, high frequency of herpes zoster reactivation
has also been reported for several other imAbs (apart from anti-
JAK) in the technical datasheet. That reason led some countries (or
regions like Andalusia, Spain) to broaden the indications of herpes
zoster vaccines to most imAbs [112].

The indicated regimen consists of two doses, with an optimal
interval between doses of 2 months, which can be reduced to 1
month in situations of imminent immunosuppression or under
clinical criteria [112]. Although no specific recommendations
have been found for patients on imAb treatment, patients with
solid tumors should be considered, as the relative risk of devel-
oping herpes zoster has been reported to be five times higher
than in the general population [110]. It is important to emphasize
that vaccination is indicated regardless of serology and prior
varicella vaccination. Vaccination against varicella is not neces-
sary in patients who are going to be vaccinated against herpes
zoster. Finally, recent systematic reviews have highlighted the
safety and effectiveness of the recombinant vaccine in immuno-
compromised patients [113,114].

According to our literature search, herpes zoster vaccina-
tion (to prevent herpes zoster infection and post-herpetic
neuralgia) is recommended in patients aged >18 years with
unknown or negative serology, who are 1) hematopoietic
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stem cell transplant recipients, 2) patients with solid organ
transplant or awaiting solid organ transplantation, 3) treated
with anti-JAK, or 4) treated with chemotherapy for solid
tumors, hematological malignancies, or HIV infection, accord-
ing to the recent official recommendations [112,115]. No
conclusive evidence was found to whether or not to recom-
mend vaccination against herpes zoster in patients on treat-
ment with imAbs. However, the frequency of herpes zoster
reactivation for some imAbs is similar or even higher than for
some anti-JAK drugs, which is why we include this informa-
tion in Table 5.

4.2.10. Diphtheria, tetanus, and acellular pertussis (DTaP)
vaccination

Recommendations regarding DTaP vaccination for immunosup-
pressed patients are the same as for general population. The
recommended schedule includes a 3-dose series followed by 2
booster doses. For patients over 65 years old, an additional
booster could be necessary. Other strategies propose a booster
dose of DT or DTaP each 10years during all the life [116].
However, the risk-benefit balance must be weighed since the
tetanus vaccine has rare but potentially serious adverse effects
(e.g. Arthus-type hypersensitivity reactions) [117].

Periodic measurement of antibody titers after vaccination
to determine the immune response may help to guide revac-
cination in immunocompromised children [53], although it is
not usually recommended for adult immunocompromised
patients [57]. In contrast to non-immunocompromised sub-
jects, biologically treated patients with a tetanus-prone
wound should receive an injection of tetanus immune globu-
lin (TIG), regardless of their C. tetani immunization status [118].

Based on the literature search, we recommend DTaP vacci-
nation of patients undergoing imAb treatment with the same
recommendations as for the general population.

4.2.11. Tuberculosis vaccination
The live attenuated tuberculosis vaccine, bacillus Calmette-
Guérin (BCG) is not recommended for patients under immu-
nosuppressive therapy, unless it is administered 4 weeks
before the start of treatment. Before solid organ transplanta-
tion, BCG vaccination is only recommended in certain situa-
tions (endemic areas or when exposure to tuberculosis is not
avoidable and preventive measures are not possible) [119].
Evidence suggest that BCG might somehow protect against
other Mycobacterium species and even other pathogens such
as pertussis or pneumococcal antigens [120], therefore redu-
cing the risk of infections [121]. It is also been suggested that
it reduces all-cause mortality for children [122] and it might
prevent autoimmune conditions [123]. Nevertheless, all these
studies have been conducted in healthy infants and are not
conclusive for the purposes of this review. Besides, no other
tuberculosis vaccines have been approved to date, and it can
cause the disease (tuberculosis) in immunosuppressed
patients [124].

According to the current literature, there is no sufficient
data to recommend BCG vaccination in patients under imAb
therapy, and it should be avoided during the treatment.

5. Current discussions and developments

Several imAbs generate a relevant immunosuppression affecting
lymphocyte-B-mediated response, thus affecting their capacity
to adequately response to vaccination. Besides, some of them
require long waiting vaccinating times. For example, anti CD20
imAbs (rituximab, ocrelizumab, obinutuzumab, etc.) require wait-
ing for vaccination at least 6 months after the end of treatment
[57]. This fact remarks the importance of guaranteeing vaccina-
tion of these patients before treatment. That implies that clinical
specialists could help referring these patients to the vaccination
consultation before the initiation of imAb therapy, which is the
most effective interval even for anti-CD20 imABs [60]. Besides, it
is not clear if vaccination during certain treatments (e.g. anti-
CD20) is effective, or if these vaccines are being administered
without clinical or serological benefits. As no studies have con-
cretely approached this dilemma, clinicians cannot risk not vac-
cinating. The risk-benefit balance is yet to be established for
each type of imAb and vaccine. Similarly, when imAbs are admi-
nistered together with other chemotherapy drugs or highly
immunosuppressing treatments, all vaccines that have been
administered during treatment should be repeated after the
end of the therapy, when the immune response is recovered.
Nevertheless, the immune response may not be optimal and
continue to decline [125].

Another issue of particular concern is that of pregnant
women requiring treatment with imAbs. There is a need to
promote and intensify peer education to instruct other profes-
sionals (including gynecologists, pediatricians, and general prac-
titioners) when to refer pregnant women requiring imAb
treatment for specialized vaccination consultation. Several
imAbs (Table 3) require, according to the technical datasheet,
an analysis of B lymphocyte count in the newborns and, in cases
of depletion, the use of live or attenuated vaccines should be
avoided until normal lymphocyte levels are restored.

Current vaccine recommendations are generally common
(equal) for most immunocompromised patients, regardless the
specific type of treatment. Moreover, not all mAbs are immuno-
suppressive (and therefore requiring vaccination); we present
a list of non-immunosuppressive mAbs as Supplementary Table
S1. Regarding imAbs, their high heterogeneity makes it neces-
sary for vaccine schedules to be adapted. We propose a general
decision algorithm in Figure 1, which may vary according to local
or national recommendations. Nevertheless, more efforts in indi-
vidualizing these vaccine strategies are still required.

Other promising area for future research includes the incor-
poration of different vaccines to official recommendations. As
an example, an analysis of the potential benefits of incorpor-
ating the 20-valent pneumococcal conjugate vaccine (PCV20)
or other new vaccines, compared to previously available vac-
cines is needed. The high-dose influenza vaccine (currently
recommended for the elderly in several countries, because of
immunosenescence reasons) could also be recommended for
immunocompromised patients (including those under imAb
treatment) but, again, safety and effectiveness studies in this
population are lacking. The consequences in terms of preven-
tion of invasive pneumococcal disease with PCV20 and RSV
infection in children with nirsevimab are two lines of research
that will also serve to make decisions regarding the



reinforcement or extension of these preventive measures in
other contexts.

Hepatitis B vaccine should also be considered for any patient
on imAb therapies, and hepatitis A vaccine should be recom-
mended when hepatotoxic effects have been reported.
However, the decision on when to use these vaccines (according
to epidemiologic risk factors), the type and doses preferred, and
when to perform serologic test to assess the response, are still
under debate.

Many other vaccines have been shown to be effective in
certain patients and under specific biological treatments
(e.g. human papillomavirus vaccine). The indication for
herpes zoster vaccination has also been accepted for some
particular drugs. Some potential uses of BCG vaccines have
been proposed, but as they are live attenuated vaccines,
the risk-benefit balance is not clear and, therefore, vaccina-
tion cannot be recommended. Future research on this vac-
cine should be conducted on patients under imAb
therapies.

Besides, some relevant but very uncommon adverse
events have been associated with several vaccines. For all
these cases, the benefits outweigh the potential risks, but
patients have to be fully informed, especially at a time
when anti-vaccine movements are proliferating. Adequate
information on benefits and risks and evidence-based
recommendations should guide vaccination consultation
decisions.

There are also some ‘forgotten’ issues regarding protec-
tion of immunocompromised patients. First, the vaccination
of the domestic environment (co-habitants and close rela-
tives), and other preventive measures rather than vaccina-
tion [33]. Future studies analyzing the best way of recruiting
such contacts and the adequate required vaccines will be
relevant. Health promotion including healthy lifestyles, use
of masks in clinical environments and general prevention
attitudes, especially during seasonal influenza, RSV and
COVID-19, are critical for improving current strategies
mainly based on vaccination. Second, the inclusion of
other pharmacological preventive measures rather than (or
together with) vaccination (e.g. mAb prophylaxis like nirse-
vimab, pre-exposure prophylaxis - PrEP for VIH, passive
immunization with immunoglobulins, etc.).

The use of nirsevimab for prevention of RSV infection in
children in some regions of Spain is currently under debate.
How this expensive measure is effective at the population
level will guide future recommendations on mAb use for
prophylactic purposes. In addition, the joint use of imAbs,
as authorized in 2023 with the relatlimab-nivolumab com-
bination, opens another door to the pharmacological devel-
opment of combinations, as occurs with other agents such
as antivirals.

New indications are also in constant debate. For exam-
ple, indications of hepatitis A vaccine for imAbs that pre-
sented high frequency of hepatic complications, or
indications on exact biological treatments that require
herpes zoster vaccination (for the moment, anti-JAKs are
the only consistent recommendations). Finally, optimizing
COVID-19 vaccine boosters according to imAbs is also
needed.
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6. Conclusions

In this review, a comprehensive list of mAbs authorized by the
EMA as of January 2024 is available, along with their main
characteristics and current vaccination recommendations.
The level of immunosuppression, optimal time schedules,
and best practice for vaccine schedule organization are
approached, and current discussed issues that will lead future
research are presented. Injectable influenza, COVID-19, pneu-
mococcal, and hepatitis B vaccination is recommended for all
patients on imAb therapy. Hepatitis A vaccination should be
considered when the imAb or other immunosuppressive treat-
ments have reported hepatotoxicity. Herpes zoster vaccine
should be recommended in patients treated with anti-JAK
(which could be broadened in the near future); however, the
recommendations given in this review should be considered
with caution, as patients should be assessed on an individual
basis and according to local guidelines. Concomitant diseases
and treatments, the duration, posology, and initiation of imAb
treatment, immunosuppression status, clinical history, and
local guidelines according to each epidemiologic situation
should be considered for individualizing vaccination.
Therefore, this practical review should be considered as
a compendium of minimum recommendations, to which
further indications should be added depending on the char-
acteristics of each patient. Future studies addressing the cur-
rent issues discussed in this review will be useful for
optimizing the adequacy of vaccination schedules.

7. Expert opinion

Despite the enormous explosion of mAb authorization and
commercialization, and the recent advances in vaccine devel-
opment, most recommendations on vaccination for patients
under imAb treatment are based on expert opinions and
consensus documents to date [57]. A comprehensive review
of the literature identified an alarming absence of studies
analyzing adequate vaccine recommendations and immuno-
genicity for patients under imAbs, except for recent COVID-19
vaccine schedules. These data are, however, essential for guar-
anteeing safety and infection prevention on especially vulner-
able patients.

The wide variety of antigen targets, biological mechan-
isms of action, elimination time, and effects on immunology,
creates great uncertainty for healthcare professionals work-
ing in specialized vaccine consultations. Most of these pro-
blems would be solved through two strategies: 1) by
creating and maintaining multidisciplinary teams continu-
ously updating on imAbs and immunization strategies,
and 2) by supporting and investing in specific research
projects aimed at analyzing the optimal vaccination sche-
dule for each individualized imAb.

This review and future research on this topic could
improve the individualization of vaccinated patients under
imAb treatment and homogenize evidence-based vaccina-
tion recommendations between different centers and ser-
vices. To this end, practical guidelines that could be easily
implemented in clinical practice according to updated
recommendations would be very useful. This would lead
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reviews and advances in this topic to impact real-world
outcomes (specifically, the adequate immunization of vul-
nerable patients and the reduction of outcomes caused by
preventable infections). Besides, changes can be realistically
implemented in clinical practice by continuously updating
clinical guidelines through coordinated reviews on the
advances in this field.

Nevertheless, the limited number of current original analy-
tical follow-up studies with sufficiently large sample sizes on
outcomes regarding vaccination schedules of patients on
imAb therapy may delay the adoption of effective preventive
measures. In our opinion, it would be essential to promote
and finance studies of such design. Several lacks in this field
are related to the need of a research agenda funded by Public
Trust. It is likely that vaccination industries have low interest in
investigating the effectiveness and the immunogenicity of
vaccines among immunocompromised people, for absence
of relevant commercial return. While these studies are con-
ducted, it is necessary to find the ideal balance between
general vaccination recommendations and individualization.
The ultimate goal in this field would be to generate continu-
ously updated comprehensive guidelines to help clinicians
take the best decision regarding vaccination of patients
under any imAb treatment. Ideally, future research projects
should be focused on the real response (not only laboratory
but also clinical outcomes) to specific vaccination schedules. It
is difficult to evaluate real-world outcomes regarding vaccine
effectiveness. To define surrogate endpoints for future trials
will be essential (e.g. infection case rates, but also hospitaliza-
tion, ICU admission, mortality or other prognostic endpoints
regarding severity of the infection) to correctly evaluate the
impact of these vaccines from a clinical point of view.

The conduction of updated periodic reviews on the hetero-
geneity and variety of imAbs, their characteristics and risks,
and the design of studies to evaluate the most adequate
vaccination strategies, are essential. These efforts might
guide actions in the future years, as this review intend, updat-
ing the data previously published in 2020 [6]. Besides, homo-
genization of the clinical practice regarding vaccination of the
immunocompromised patient is necessary, as decision highly
vary among countries and hospitals.

It is increasingly essential to update the knowledge and
clinical practice according to the current treatments and
vaccines. It is possible that in 5-10years the quantity and
variety of approved imAbs will be profuse, as the different
vaccine technologies and available options. In the recent
years, numerous different technologies have been success-
fully applied to specific vaccines. It is likely than in the
following years a large number of different vaccines (different
doses, adjuvanted or not, mRNA technology, adenovirus...)
are likely to be approved in the coming years. Decisions on
how to manage these data and decide wisely will depend on
the design of rigorous longitudinal studies. We believe that
the future of this line of research lies in the individualization
of vaccination, based on specific treatments and approved
vaccines, always based on robust scientific evidence. We
encourage researchers to make efforts in this field and
share their data with the scientific community. Hopefully,
this review may serve as a starting point for facilitating

practical tools for vaccine consultations of the immunocom-
promised patient.
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