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Monoclonal antibodies (mABs) are safe and effective proteins produced in laboratory that may be used to target a single epitope of a highly conserved protein of a virus or a bacterial pathogen. For this purpose, the epitope is selected among those that play the major role as targets for prevention of infection or tissue damage. In this paper, characteristics of the most important mABs that have been licensed and used or are in advanced stages of development for use in prophylaxis and therapy of infectious diseases are discussed. We showed that a great number of mABs effective against virus or bacterial infections have been developed, although only in a small number of cases these are licensed for use in clinical practice and have reached the market. Although some examples of therapeutic efficacy have been shown, not unlike more traditional antiviral or antibacterial treatments, their efficacy is significantly greater in prophylaxis or early post-exposure treatment. Although in many cases the use of vaccines is more effective and cost-effective than that of mABs, for many infectious diseases no vaccines have yet been developed and licensed. Furthermore, in emergency situations, like in epidemics or pandemics, the availability of mABs can be an attractive adjunct to our armament to reduce the impact. Finally, the availability of mABs against bacteria can be an important alternative, when multidrug-resistant strains are involved.
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1 Introduction

Passive immunization through the administration of serum from previously infected or immunized human donors or animals, is known for many years as an effective measure to prevent and treat several infectious diseases. The first example in this regard dates back to the end of the 19th century when anti-diphtheria serum was used to treat and heal several hundred children with this disease (1). Since then, passive immunotherapy with convalescent human serum was used for prophylaxis and therapy of several viral diseases such as measles, varicella-zoster, the 1918 influenza pandemic and Ebola fever (2). Due to logistic problems and occasional severe side effects, serum therapy was progressively abandoned, particularly when, after the second world war, technology improvements allowed the preparation of pooled human immunoglobulin. This could be administered intramuscularly and intravenously and was shown to be significantly more effective and better tolerated (3). Several of these preparations are still on the market and used to treat viral diseases, including hyperimmune preparations against rabies virus, cytomegalovirus, hepatitis B and C viruses, vaccinia virus, varicella-zoster virus, respiratory syncytial virus (RSV) and West Nile virus (4).

However, serum-derived immunoglobulin G (IgG) preparations have their limitations. These preparations contain IgGs directed to all the epitopes of the agent that had previously infected the donor. This means that they contain a large and diverse population of antibodies, most of which are not neutralizing the agent concerned. Moreover, serum-derived IgG preparations harbor the risk of pathogen transmission and significant batch-to-batch variation in antibody content. Finally, obtaining immune donors can be difficult, especially at the start of an epidemic or pandemic. To overcome these limitations, the development of monoclonal antibodies was originally pioneered by Nobel laureates Köhler and Millstein (5). Afterwards, monoclonal antibodies (mABs) and their therapeutic use, especially in cancer, immunological and infectious disease therapy, has really taken of (6, 7). Despite the pipeline needed to produce mABs at a quality that is suitable for human use is complex and expensive, therapies using mABs can be significantly more effective and safer than those using conventional human IgGs. They usually target a single epitope of a preferably highly conserved antigen of a virus or a bacterial pathogen. The target epitope is chosen among those that play the major role in conditioning the development of an infection or a tissue damage. Consequently, mABs are more specific and, consequently, more potent. The risk that this specificity results in increased antigenic escape in infection due to mutation by infectious agents can be overcome with the use of mixtures of two or more mAbs specific for distinct protective epitopes or of bi-specific mABs (8). Moreover, a mAB can be engineered with a significant prolongation of its elimination half-life. This extends long-term clinical effects, favoring administration and duration of clinical efficacy. Finally, they have reduced the risk of side effects, like serum sickness and anaphylaxis that for instance can occur with animal-derived polyclonal preparations (9, 10).

In this paper, characteristics of the most important mAB that have been already licensed or are in advanced development for use in prophylaxis and therapy of infectious diseases will be discussed.

An in-depth research and review of the medical literature was performed. The MEDLINE–PubMed database was searched from January 1, 2000 to December 31, 2022 to collect the literature. The search included randomized placebo-controlled trials, controlled clinical trials, double-blind, randomized controlled studies, and systematic reviews of the last 10 years. The following combinations of keywords were used: “RSV” OR “SARS-CoV-2” OR “COVID-10” OR “HIV” OR “rabies” OR “bacteria” AND “prevention” AND/OR “treatment” AND/OR “vaccine” AND/OR “antibody” AND/OR “monoclonal antibody”. We also performed a manual search of the reference lists of the obtained studies. The search was limited to English-language journals and full papers only.




2 Monoclonal antibodies against viruses



2.1 Respiratory syncytial virus

RSV is a common respiratory virus that primarily circulates during fall, winter, and spring and usually causes only mild to moderate cold-like symptoms in healthy older children, adolescents, and adults (11). On the contrary, it can be very dangerous in infants and older adults in whom it may cause very severe bronchiolitis and pneumonia leading to immediate and long-term dramatic medical, social and economic consequences (12–14). It has been calculated that in the USA, before the COVID-19 pandemic, every year RSV caused in children <5 years of age 2.1 million outpatient visits, 58 000 hospitalizations and 100-300 deaths (15). Preterm infants, those with congenital heart or chronic lung disease neuromuscular disorders or Down’s syndrome are those at the highest risk. Among adults 65 years RSV was considered responsible of 177,000 hospitalizations and 14,000 deaths, mainly in those with severe underlying disease (15).

Epidemiology of RSV infection has significantly changed during the first year of the COVID-19 pandemic, with a substantial reduction of the total number of severe RSV infections, probably due to the impact of the non-pharmaceutical measures put in place by health authorities to reduce COVID-19 circulation (16, 17). However, a significant increase in RSV cases has been already evidenced in 2021 when restrictions were partially or totally withdrawn. This implies that the epidemiology of RSV will soon return to the same or perhaps even more severe, than what was experienced before the pandemic. The reduced circulation of the virus for a couple of seasons may have increased the number of susceptible subjects, thus increasing the risk of a greater number of infections in the fall and winter seasons in moderate climate zones (18).

To reduce RSV disease burden in infants and the elderly, repeated attempts to develop vaccines and mABs were made. Vaccine development was initiated in the 1960s, but it was strongly delayed after a catastrophic failure of the first preparation that had led to the death of two infants (19). Only recently effective and safe preparations have been produced. Several vaccines are in advanced phase of development, and it seems likely that in the next few years several preparations will be approved, that can prevent or mitigate RSV diseases in patients at risk (20, 21). Fortunately, effective and safe mABs, palivizumab (PV) and motavizumab (Mo; MEDI-524, Numax) were developed. MO was proven to be effective for treatment of RSV in infants, including those in higher risk groups, but after the first studies it was no longer developed by the manufacturing company. In contrast, PV has been largely studied in both adults and children. It is not recommended for use in adults, despite some authors suggested that it may represent a safe and effective measure for prevention of RSV disease also in this group of subjects (22). On the contrary, it is not only authorized for use in selected group of children, but it represents the only present measure capable of significantly reduce the total burden of RSV in this pediatric population.



2.1.1 Palivizumab

Palivizumab (PV) is a humanized mAB produced by recombinant DNA technology, targeting a highly conserved region on the extracellular domain of mature RSV F protein, referred to as antigenic site II or site A (23). PV exhibits neutralizing and fusion-inhibitory activity against the virus, so impairing its replication and spread. Due to the evidence that PV could be 45%–82% effective against RSV-related hospitalizations in high-risk infants without risk of severe adverse events (23–25), this mAB was initially authorized for use in preterm babies and in several groups of neonates and infants suffering from underlying disease potentially associated with greater susceptibility to RSV infection or more severe RSV disease (26). Over the years, these indications have been modified several times according to the evidence that the global benefits of PV prophylaxis were lower than expected. Effect on RSV hospitalizations was poor, impact on mortality was not measurable, and effect on the development of subsequent wheezing was minimal (27–29). Failures were mainly ascribed to the presence of RSV strains with mutations in the target antigenic site of the F protein (30). Groups of children for whom PV prophylaxis was considered recommendable was progressively reduced.

Presently, PV is authorized for prevention of RSV disease in infants: 1) who are born < 29 weeks’ gestation and are <12 months old at the start of the RSV season; 2) who develop chronic lung disease of prematurity, defined as gestational age <32 weeks and a requirement for >21% oxygen for at least the first 28 days after birth; 3) who are <12 months old and suffer from a hemodynamically significant congenital heart defect, including those with acyanotic heart disease that needs medication to control congestive heart failure and requires cardiac surgical procedures and those with moderate to severe pulmonary hypertension. Moreover, selected cases of children with anatomic pulmonary abnormalities or neuromuscular disorder and severe immune deficit may be considered for PV prophylaxis (31).

The approved dose of palivizumab is 15 mg/kg of body weight, administered intramuscularly once a month for a maximum of 5 months, just the duration of the RSV season that usually occurs from November to March in the Northern hemisphere. As the drug has an elimination half-life in pediatric patients varying from 17 days (32) to 26.8 days (33), this schedule of administration assures persistent PV serum concentrations higher than the minimum protective level of 40 μg/mL (33, 34). Compliance to the suggested scheme of administration is critical to maintain the maximum prophylaxis efficacy. The first dose should be given before the start of the RSV season. Earlier administration leaves the infant exposed to infection in the last months of RSV season. On the contrary, the opposite occurs if the administration is late compared to the start of the RSV season. Unfortunately, compliance was frequently found suboptimal with rates lower than 50%. Higher values were found only when prophylaxis was given through monthly home visits by a health professional or reminder telephone calls to parents or caregivers and extensive counseling of parents were planned (35).

Finally, PV is very expensive, and its cost/effectiveness ratio is debated. A systematic review of the studies published until 2018 showed that from a payer perspective, PV was relatively cost-effective in infants with bronchopulmonary dysplasia, congenital heart disease, term infants from specific remote communities, and preterm infants with and without lung complications (36). Economic analyses have failed to demonstrate overall savings in health care dollars because of the high cost if all infants who are at risk receive prophylaxis. This finding, together with the intricacy of the intramuscular administration has led to several attempts to find easier and less expensive PV administration. The intranasal use of PV and its substitution with a biosimilar have been proposed (37). Targeted localized use of prophylactic and therapeutic antibodies is suggested as a potential solution to reduce expenses as they can be produced without the stringent regulatory requirements of manufacturing injectable antibodies and lower doses are needed when the infection is restricted locally to an external surface (37). A trial enrolling both adults and preterm infants given PV by intranasal route, but no results have been till now published (38). A significant reduction of expenses can also derive from the production and use of a PV biosimilar, particularly when, as in the case of PV, the patent on the technology of the original antibody is expired and its use is strongly recommended at least for a group of subjects. A PV biosimilar is in preclinical development in Netherlands and Spain, but even in this case there aren’t reliable data regarding results of the human challenge (39). It is obvious that a PV biosimilar nasally administered would solve at least two of the problems limiting the extensive use of PV, i.e. parenteral administration and high cost. However, the problem of repeated administration would remain for all the months of the RSV season, which could create organizational problems that strongly limit the achievement of high levels of coverage, especially in countries with a health system of limited efficiency.




2.1.2 New monoclonal antibodies effective against respiratory syncytial virus (RSV)

In recent years, significant advances in the knowledge of RSV fusion protein structure, antigenicity, and immunogenicity have led to the development of new mABs with greater efficacy and fewer logistical barrier to administration than PV. To increase efficacy, mABs targeting highly neutralization-sensitive epitopes sited on the pre-fusion F protein where produced (40). Moreover, to make administration easier, mABs were engineered with multiple substitutions, generally the M252Y/S254T/T256E (YTE) mutation, within their Fc region. This was associated with a considerable prolongation of the antibody elimination rate with the consequent possibility of obtaining, even with a single administration, protective concentrations against RSV for a longer period, corresponding to that of the entire RSV season (41).

Among all the possible new anti RSV mABs, the one with the most advanced development is nirsevimab (NSM), that possesses all the innovative structural characteristics cited above to improve efficacy and make administration easier. For this mAB, a large series of pharmacokinetic and clinical findings indicate that a single administration of NSM at the recommended dosage can significantly reduce in all the children, regardless gestational age and underlying disease, the risk of RSV-induced LRTI and related hospitalization throughout the season in which RSV circulates (42). Starting from these premises, this mAB was approved in Europe (43). Later will be the introduction of NSM to the market in the USA where the request for authorization of use is delayed compared to Europe.

Initially, efficacy and safety of NSM was tested in preterm infants in a randomized, placebo controlled clinical trial enrolling 969 preterm (29 weeks 0 days to 34 weeks 6 days of gestation) infants and 484 matched controls (44). Participants received NSM, at a dose of 50 mg in a single intramuscular injection, or placebo at the start of an RSV season. Throughout the 150-day period after the dose, the incidence of RSV-associated medically attended lower respiratory tract infections (MALRTIs) was significantly lower (70.1%) in treated children than in controls. RSV disease was diagnosed in 2.6% vs 9.5% of the children, respectively (P<0.001). Even better were the results of prophylaxis administration when hospitalization rate due to RSV-associated MALRTIs was considered. In this case, reduction in treated infants was 78.4% lower (95% confidence interval [CI], 51.9 to 90.3). Only 0.8% of children receiving NSM were hospitalized compared to 4.1% of those given placebo (P<0.001). Safety of NSM was considered to be good as incidence of adverse events, including those severe and high, was quite similar in treated infants and controls and considered unrelated to the mAB administration and probably associated with prematurity. No notable hypersensitivity reactions occurred. The analysis of pharmacokinetic data collected in children given NSM clearly explained why 50 mg were adequate to assure a long-term effect. Serum elimination half-life was estimated to be 62.5–72.9 days. Moreover, on day 151 after administration, serum concentrations in about 98% of NSM recipients were above the 90% effective concentration level of 6.8 μg/mL (44).

Later, NSM was tested in late preterm and term infants in a randomized, placebo-controlled phase 3 trial enrolling a total of 1,478 children, among whom 987 received NSM (50 mg if they weighed <5 kg or 100 mg if they weighed ≥5 kg) and 491 were treated with placebo (45). Results were quite like those previously reported in preterm infants as efficacy of NSM in the prevention of RSV-associated MALRTIs was 74.5% (95% CI, 49.6 to 87; P<0.0019). Only 1.2% of children who received NSM prophylaxis suffered from an RSV-associated MALRTIs compared to 5.0% of those receiving placebo. Reduction of hospitalizations was also relevant as hospitalization rates due to RSV were 0.6% in the NSM group and 1.6% in the placebo group. Efficacy of NSM was 62.1% (95% CI, −8.6 to 86.8). Unfortunately, probably due to the low number of hospitalized children in both groups the difference in hospitalization was not statistically significant (P=0.07l). Moreover, subgroup analysis revealed that relative risk reduction of medical-attended RSV-associated LRTI was age-related as it was higher in children aged > 3 months at randomization (92.2% vs 58.8%) and in those weighting ≥ 5 kg at day 1 of the study (85.7% vs 52.4%) (45). Pharmacokinetic data showed that serum concentrations of NSM associated with protection could be detected through 150 days after administration across age and weight subgroups (46). NSM was safe and well tolerated. The total number of adverse events was similar in treated children and controls (13.4% vs 12.8%) as was the incidence of severe adverse events (6.8% vs 7.3%), none of which were considered related to NSM nirsevimab or placebo (46).

These findings, together with relatively low price, made several experts think that a universal use of RSV prophylaxis in children was possible (47–49). Instead of a few, highly selected, children, these new mABs could have allowed the protection from RSV disease and related problems all the infants and toddlers. Recently collected data seem to confirm experts’ expectations. A static decision-analytic model of the US birth cohort during its first RSV season has estimated NSM impact on RSV-disease and related costs (50). Assuming a 71% and 80% uptake rates in healthy infants and palivizumab-eligible infants, respectively, together with an immediate onset and a 5-month duration of protection, it has been calculated that using NSV 290 174 RSV-medically attended lower respiratory tract illness and 24 986 hospitalizations could be avoided and $612 million 2021 USD saved (50). Similar findings were reported by Voirin et al. who developed a dynamic mathematical model capable of providing initial insights into the direct and indirect effects of NMV on RSV transmission (51). Assuming a 71% coverage and 70% efficacy, these authors reported that administering NMV to all the infants entering their first RSV epidemic season or born during the epidemic season (1 November–31 March), a 50% and 35% reduction of MALRTIs among infants aged 0–6 months and 6–12 months during the RSV epidemic season could be obtained, respectively, independently of any effect of the mAB on viral shedding. Moreover, if it is assumed that NMV administration could reduce viral shedding with about 50%, a further 16% increase of avoided MALRTIs could be calculated (51).

Clesrovimab (formerly MK-1654) is a mAB similar to NSM as it targets the site IV of the RSV pre-fusion F protein and the same YTE mutation (52). Studies are ongoing to evaluate whether clesrovimab would reduce the incidence of RSV-associated MALRTI from Days 1 through 150 postdose compared to placebo in presence of an appropriate safety profile.





2.2 SARS-CoV-2

Through March 21, 2023, a total of 761,071,826 COVID-19 cases have been reported to the WHO, with 6,879,677 deaths (53). These numbers largely underreport the true burden of SARS-CoV-2 infection, as a great number of cases occurring in healthy subjects remained asymptomatic, despite significantly contributing to the circulation of the virus and the development of new COVID-19 cases among the susceptible population (54). The impact of COVID-19 was dramatic not only for the health system, but also from a social and economic point of view (55). Most of the severe cases were diagnosed in the elderly and in people with underlying chronic severe disease regardless of age, although severe COVID-19 requiring hospitalization and leading to death have been repeatedly reported even in the healthy adult population and relevant social problems were evidenced in adolescents and young adults (56). Children, especially the youngest, were initially marginally involved but, when a significant number of adults became protected by previous infection or vaccine immunization, prevalence of pediatric COVID-19 cases significantly increased (57). The emergence of variants against which children were unprotected further increased the percentage of children found positive to SARS-CoV-2 infection. In the period October 10, 2021, to September 29, 2022, when the Omicron variant became progressively dominant, the percentage of pediatric COVID-19 cases on the total number of COVID-19 cases diagnosed in the USA rose from 16.6% to 18.4% (58). Moreover, clinically relevant long-term consequences of COVID-19, including the multisystem inflammatory -64syndrome of children (MIS-C) (59) and neonates (MIS-N) (60) and long-COVID (61–63) were repeatedly described.

To prevent and treat COVID-19, together with antivirals and vaccines, development of mABs was planned. The evidence that the SARS-CoV-2 spike protein was critical for SARS-CoV-2 infection and COVID-19 development led to the conclusion that inactivation of S protein functions by specifically prepared mABs could be an effective measure (64). Development of mABs against S protein was strongly accelerated and in the first months after pandemic declaration several preparations became available (65).

Most of mABs targeted epitopes on the receptor binding domain (RBD) contained in the subunit 1 of the S protein that allows SARS-CoV-2 to attach to its receptor, the angiotensin-converting enzyme 2 (ACE2) on the host cell. A small number of mABs was directed against other components of the S1 subunit such as the N-terminal domain (NTD) and the receptor-binding motif (RBM) (66). After careful evaluation and the evidence that they could positively influence the course of COVID-19 infection without significant risk of adverse events even in the pediatric population (67–69), most of them were licensed for use, alone or as combinations. Unfortunately, the anticipated efficacy of the different mABs varied dramatically depending on the circulating virus variant. Several of them (sotrovimab, bamlanivimab plus etesevimab, casirivimab plus imdevimab), initially highly effective against the original SARS-CoV-2 variants of concern (VOCs), remained only partially effective against the Delta variant and lost any effect when the Omicron variant, particularly the most recent BA.4 and BA.5 subvariants, became predominant. Presently, only bebtelovimab (BEB) (70–72) and the combination tixagevimab-cilgavimab (TC) (73–75) retain in vitro neutralization activity against at least some of the circulating Omicron subvariants. In particular, BEB is considered potentially in vivo active against Omicron BA.5 and Omicron BA.4.6/BF.7 and TC only against BA.5. Both remain authorized for emergency use in both adults and children (aged > 12 years and weighting >40 kg). BEB is authorized for patients with mild to moderate COVID-19 who are at high risk for progression to severe COVID-19 and cannot use the antivirals oral paxlovid or intravenous remdesivir (76). However, lacking data showing that BEB can be effective in patients with severe COVID-19, this mAB is not authorized for use in hospitalized patients. Moreover, it cannot be ignored that the true efficacy of BEB should still be carefully monitored as the emergency authorization has been decided, although studies carried out in patients infected by the Omicron variant were lacking and only in vitro tests showing Omicron variant inactivation were available. The data supporting BEB authorization were collected in a group of 714 patients with mild to moderate COVID-19 enrolled in a period that Alpha and Delta variants were predominant (77). Compared to placebo, BEB led to a reduction in viral load on Day 5 after treatment, in time to sustained symptom resolution and in rates of COVID-19 related hospitalization and death through Day 29 (77). Moreover, no data have been collected in children and the authorization for use in those aged > 12 years and weighting > 40 kg was decided considering the similarity between these patients and adults in COVID-19 course and response to drug administration.

The combination tixagevimab/cilgavimab is authorized for emergency use for pre-exposure prophylaxis against COVID-19 for immunocompromised individuals or those who cannot be vaccinated or mount a satisfactory post-vaccination immune response (78). Also in this case, results of the study showing the positive effect of the combination were collected before the emergence of the Omicron and deserve confirmation (79). Pediatric studies are still lacking.




2.3 Examples of other viruses



2.3.1 Human immunodeficiency virus

Antiviral therapy has significantly improved the prognosis of patients with human immunodeficiency virus (HIV) infection. However, in some cases, despite complex antiviral therapy, multidrug resistant HIV strains emerge with increased risk of severe AIDS development and death. To face these problems antibody-based strategies were considered and some mAbs were developed (80). Ibalizumab is the most largely studied. It is a recombinant humanized immunoglobulin (Ig) G4 mAB derived from mouse and acts inhibiting HIV entry into the CD4 T cell. The mAB binds to the CD4 T cell extracellular domain 1 and 2 so preventing those conformational changes within the complex of the CD4 T cell and the HIV envelope gp120 that allow viral fusion and cell entry (81) Ibalizumab is approved for intravenous use as part of a combination antiretroviral regimen in heavily treatment-experienced patients with multidrug resistant (MDR) HIV-1 infection who did not respond to the current antiretroviral regimen (82). This mAB was approved after a study, including 40 patients with limited treatment options, had shown that addition of this mAB to their failing antiretroviral regimen could lead to a very fast reduction of HIV-RNA levels and after 24 weeks of treatment 43% of participants achieved HIV RNA suppression (83).




2.3.2 Rabies

Rabies is a fatal, acute and progressive encephalomyelitis that is estimated to cause about 60 000 human deaths each year. Despite it is an ancient illness for which the first vaccine was developed by Louis Pasteur more than 130 years ago, it is still considered one of the most neglected diseases. No effective treatment is presently available and research in this regard is very poor. Only in recent years some improvement has been made as far as prevention is concerned (84).

Rabies is caused by neurotropic viruses from the Rhabdoviridae family belonging to the Lyssavirus genus. Virus genome encodes five proteins: nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G) and the RNA polymerase (L). G protein is sited on the surface of the virus envelope and is the main target of the immune response. Five antigenic sites within G protein have been identified. Among them, sites I and III are considered the most important as neutralizing antibodies from human vaccines primarily act against them (85).

Rabies can be prevented with post-exposure prophylaxis, composed of vaccines and anti-rabies immunoglobulins; the vaccine alone is not enough as, in some cases, the disease develops before the vaccine can take effect. Prophylaxis should be administered as fast as possible and no later than 7 days from exposure. It should be considered in patients with category II lesions (nibbling of uncovered skin, minor scratches or abrasions without bleeding) and is mandatory in patients with category III lesions (single or multiple transdermal bites or scratches, contamination of mucous membrane or broken skin with saliva from animal licks, exposures due to direct contact with bats) (86). Immunoglobulins derived from the blood plasma of horses or humans commonly used for post-exposure prophylaxis of rabies have several limitations relating to supply, cost, and quality (87). To overcome these limits, several mABs have been developed, and five have reached clinical trials. Rabishield and the combination miromavimab plus docaravimab are the preparations in the most advanced stage of development. They are licensed in India for post-exposure prophylaxis in conjunction with vaccine administration (88). Rabishield acts binding to a conformational epitope of the rabies G protein and, due to this mono-specificity, has two potential limitations, lack of neutralization of future emerging rabies variants and risk for selection of viral escape mutants (89). Indeed, it is poorly effective against rabies viruses carrying the N336D mutation in G protein, a variant identified in most of 60% of the African isolates, and which is not uncommon in North America (90).The combination, that targets antigenic sites I and III of the G protein, may overcome these limitations (91). Given together, these mAbs have been found able to neutralize multiple rabies virus lineages and to protect Syrian hamsters from a lethal rabies virus challenge (92). However, when compared to traditional human rabies immunoglobulin, the two preparations had similar prophylactic effect (93).






3 Examples of monoclonal antibodies against bacteria

With the evidence that antimicrobial resistance to commonly used antibiotics was progressively increasing and the development of new antibiotics effective on resistant pathogens was not fast enough to cover therapeutic needs, interest to mABs capable of inhibiting bacterial infections by neutralizing bacterial toxins and killing pathogenic bacteria has significantly raised (94). Several antibacterial antibodies, mainly targeting Bacillus anthracis (Ba), Clostridium difficile (Cd), Staphylococcus aureus (Sa) and Pseudomonas aeruginosa (Pa) have been developed and tested. Only 3 are authorized for use in humans to date: raxibacumab, obiltoxaximab, and bezlotoxumab (94).

Raxibacumab is a human mAb that prevents anthrax toxin-mediated cell damage through the inactivation of a component of the anthrax toxin (protective antigen) and the following inhibition of the lethal toxin internalization (95). It has been found effective in rabbits and monkeys and is approved for the intravenous treatment of adults and children with inhalational anthrax in combination with appropriate antibacterial drugs, and for prophylaxis of inhalational anthrax when alternative therapies are not available or are not appropriate (96, 97). Efficacy was established in experimental animals, whereas safety and dosages have been evaluated in adult volunteers (98). Pediatric dosages were extrapolated from adult pharmacokinetics (99). Obiltoxaximab is a second mAB potentially effective against Ba (100). It targets the same anthrax toxin component as raxibacumab, is given intravenously, and is authorized for the same indications as raxibacumab.

Bezlotoxumab is a mAB potentially effective against Cd (101). It neutralizes toxin B, the most potent toxin of this pathogen. It is supposed that this mAB acts when bacterial toxins alter the epithelial cells and disrupt the gut wall barrier function. This allows paracellular translocation of the mAB to the intestinal lumen, followed by neutralization of the toxin, recovery of the epithelium, and reestablishment of gut barrier (101). After evidence of a positive effect in experimental animals, bezlotoxumab was evaluated in humans. Phase 3 trials have shown that intravenous infusion of antibody bezlotoxumab as adjunct treatment for Cd infection significantly reduces the risk of recurrences over 12 weeks for adult patients with identified risk factors for recurrence (age >65 years, prior history of Cd infections, immunocompromised, and Cd infection severity). Patients without risk factors had no benefit (101). Starting from these premises, this mAB is approved to reduce recurrence of Cd infection in patients 18 years of age or older who are receiving antibacterial drug treatment of Cd infection and are at high risk for recurrence. Children are excluded. Bezlotoxumab should only be used in conjunction with antibacterial drug. Moreover, although generally safe, heart failure can follow administration and its use in patients with previously diagnosed heart problems should receive this mAB only when the advantages overcome the potential risk (102).

Regarding Sa, several mABs targeting bacterial antigens with relevant importance in the pathogenesis of Sa infection have been developed in recent years although none of them has been licensed for human use (102). Among them, are those directed against adhesins, cell-wall modifying enzymes, surface glycopolymers, biofilm matrix components, and toxins (103). Results of initial studies were negative for some of them, and this led to their exclusion from further development. Monoclonal ABs targeting alpha-hemolysin (α-HL), a key virulence factor of Sa, got the most attention. This factor can damage red blood cells, promote ischemic necrosis and induce cell apoptosis (104, 105). The greatest part of circulating Sa, including methicillin-resistant Sa (MRSA), possess this toxin and this explains why its inactivation was considered a potential measure to control difficult to treat Sa infections. The evidence that pathogenicity of bacteria with increased α-HL expression was significantly higher than that of normal pathogens (106) and that mutations of α-HL were associated with lower disease severity (107) strongly supported this conclusion. Unfortunately, as in animals, results of human studies were conflicting and this explains why none of them is presently on the market, despite some of them continue to be evaluated in clinical trials. KBSA301 was found effective in improving Sa eradication in hospitalized patients with severe pneumonia requiring admission to intensive care unit. In contrast, suvratoxumab failed in preventing Sa pneumonia in patients given mechanical ventilation (108). To improve mAB efficacy against Sa, a combination of two co-administered fully human mABs, ASN-1 and ASN-2, in a preparation named ASN100 was developed. ASN-1 neutralizes α-HL and four leukocidins whereas ASN-2 neutralizes a fifth leukocidin. The combination showed detectable penetration in the epithelial lining fluid (109). Use in mechanically ventilated patients was disappointing as the combination failed to prove its effectiveness in high-risk, mechanically ventilated patients with Sa pneumonia leading to the end of the mAB development (110).

Starting from the evidence that in most patients with chronic lung disease the emergence of resistance to antibiotics is a major obstacle to effective control of Pa infections, mABs with potential activity against this pathogen were developed. Studies have led to the production of mABs targeting epitopes of Pa PSL, an exosaccharide required for biofilm formation that also reduces host phagocytic function (111), and the PcrV protein, which is a critical needle tip protein of the type III secretion system of Pa so favoring cytotoxicity by bacterial toxin injection into host cell cytoplasm, bypassing the extracellular milieu (112). Compared to patients receiving standard treatment, adjunctive immunotherapy with panomacumab, a mAB directed against PSL, was associated with a better clinical outcome of confirmed Pa 011 pneumonia, with a resolution rate of 85% versus 64% (P=0.048). and a shorter time to clinical resolution (8.0 versus 18.5; P=0.004) (113). However, as this mAB can inactivate only a part of O antigen Pa serotypes (114), it was feared that it could provide insufficient strain coverage.

KB001-A is an anti-PcrV PEGylated monoclonal antibody that was initially found effective in experimental animal studies in controlling Pa infection. Therefore, it was considered a promising nonantibiotic strategy to reduce airway inflammation and damage in Pa pneumonia in humans (115). However, as in a further study carried out in cystic fibrosis patients the administration of this mAB was associated with a marginal reduction of the Pa titer in sputum and with a very poor increase in lung function, KB001-A was not further developed (116). To overcome limitations of these mABs and increase strain and disease coverage, a bispecific mAB targeting both PSL and PcrV, MEDI3902 simultaneously, was developed. Unfortunately, despite MEDI3902 prophylaxis or treatment was protective in rabbit bloodstream and lung infection models, use in humans was poorly satisfactory (117). Although theoretically effective serum concentrations were demonstrated, primary efficacy endpoint of reduction in Pa pneumonia development in mechanically ventilated patients was achieved only in subjects with lower levels of baseline inflammatory markers, suggesting that MEDI 3902 could be used only a selected minority of Pa infected patients (118).




4 Conclusions

An ever-increasing number of mABs effective against viruses (Table 1) or bacteria (Table 2) have been developed, although differently for what has been observed in chronic diseases (i.e., Chron’s disease, rheumatoid arthritis, ankylosing spondylitis, multiple sclerosis, breast cancer, some forms of lymphoma and leukemia) only in a small number of cases they have been licensed and have reached the market for use in clinical practice. Although some examples of efficacy in therapy, additional to traditional antiviral or antibacterial therapy has been shown, their efficacy is generally significantly greater in prophylaxis. In addition, even if some viral infections for which mAbs are effective are associated with chronic diseases (i.e., RSV with asthma, SARS-CoV-2 with long COVID), their efficacy in therapy has been observed mainly in acute infections. Prophylaxis of infectious diseases is usually and most cost-effectively carried out with vaccines that in most cases are significantly more effective than mABs. When available, vaccines must be preferred over mABs. However, development of vaccines usually requires longer periods of time and for many important infectious agents no vaccines have been, or could be, developed. The example of RSV is illustrative in this regard. RSV infection in neonates and younger infants can be very dangerous. Vaccines for these subjects are not available. On the other hand, their efficacy, due to the immaturity of the immune system remains debatable. Maternal immunization is presently not possible, and protection offered by administration of vaccines to pregnant women generally confer protection only to a reduced number of children and for a shorter than desired period of time. The universal use of an effective, safe and easy to use mAB such as NSM could definitively solve one of the most important infectious problem of neonates and younger infants. The COVID-19 pandemic has shown that in emergency situations availability of mABs can significantly reduce the impact of emerging epidemics and pandemics: mABs were developed significantly earlier than vaccines and were shown to be effective when administered prophylactically or early after diagnosis to high-risk COVID-19 patients. Unfortunately, COVID-19 has clearly highlighted the most important limit of mABs, the possibility that they rapidly lose their effectiveness in the event of important genetic mutations of the infectious agent towards which they are directed. This means the need for a continuous monitoring of the efficacy of these preparations and their updating in case of variant emergence. Finally, despite development of effective mABs against bacteria is more complicated than those against viruses, mAB can play a role in treatment of multidrug-resistant bacterial infections.


Table 1 | Summary of main monoclonal antibodies for prevention and therapy of viral infections.




Table 2 | Summary of main monoclonal antibodies for therapy of bacterial infections.
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