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Abstract

:

Primary antibody deficiencies (PADs) are the most common primary immunodeficiencies (PIDs). They can be divided into the following groups, depending on their immunological features: agammaglobulinemia; common variable immunodeficiency (CVID) isotype; hyper IgM isotype; light chain or functional deficiencies with normal B cell count; specific antibody deficiency with normal Ig concentrations and normal numbers of B cells and transient hypogammaglobulinemia of infancy. The role of vaccination in PADs is recognized as therapeutic, diagnostic and prognostic and may be used in patients with residual B-cell function to provide humoral immunity to specific infective agents. According to their content and mechanisms, vaccines are grouped as live attenuated, inactivated (conjugated, polysaccharide), mRNA or replication-deficient vector vaccines. Vaccination may be unsafe or less effective when using certain vaccines and in specific types of immunodeficiency. Inactivated vaccines can be administered in PAD patients even if they could not generate a protective response; live attenuated vaccines are not recommended in major antibody deficiencies. From December 2020, European Medicines Agency (EMA) approved vaccines against COVID-19 infection: according to ESID advises, those vaccinations are recommended in patients with PADs. No specific data are available on safety and efficacy in PAD patients.
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1. Introduction


Primary antibody deficiencies (PADs) are the most common primary immunodeficiencies (PIDs), representing, at least, 50% of all symptomatic forms [1]. PADs can be caused by B cell-intrinsic defects or by functional impairments in other immune cell lineages, as well as innate immune cells and T cells. According to the 2019 update classification of the International Union of Immunological Societies (IUIS) Expert Committee on Primary Immunodeficiency [2], PADs can be divided into the following groups, depending on their immunological features: severe reduction in all serum immunoglobulin isotypes with profoundly decreased or absent B cells (agammaglobulinemia); severe reduction in at least two serum immunoglobulin isotypes with normal or low B cell count (CVID phenotype); severe reduction in serum IgG and IgA with normal/elevated IgM and normal B cell count (Hyper IgM isotype); light chain or functional deficiencies with generally normal numbers of B cells; specific antibody deficiency with normal Ig concentrations and normal B cell count; transient hypogammaglobulinemia of infancy with normal B cell counts.



Clinical manifestations include [3] autoimmunity and/or autoinflammation, malignancies and susceptibility to infections. The altered or absent antibody production leads to recurrent bacterial infections; most of these are caused by encapsulated bacteria, such as Streptoccoccus pneumoniae, Haemophilus influenzae and Gram-negative bacteria. These infections predominantly affect the respiratory tracts and, if untreated, lead to severe complications, such as chronic sinusitis and bronchiectasis. Less frequently, patients with PADs suffer from intestinal tract infections caused by Giardia spp., Campylobacter jejuni, Salmonella spp. or Helicobacter pylori and to bacterial cutaneous infections. Remarkably, agammaglobulinemic patients can suffer from severe, chronic enteroviral infections suggesting a major role for antibodies in preventing the dissemination of enteroviruses from the gut.



The use of IgG replacement therapy (IGRT) represents the therapeutic cornerstone of all PADs. Substitutive therapy has changed survival and reduced the incidence of pneumonia and serious infections. Igs preparations include high titers of antibodies for many vaccine-preventable viral agents except for certain viral agents such as HPV and currently circulating influenza [4]. Despite appropriate therapy, chronic manifestations such as sinusitis and bronchiectasis increase over time [5]. Patients with serum IgA levels below 7 mg/dl, severe reduction in memory B cells [6] and/or reduced or absent antibody response to polysaccharide antigens have been highlighted in patients at a high infectious risk needing additional therapeutic strategies in addition to IGRT. Therefore, administration of antibiotics and antibiotic prophylaxis might also be required [3].



The role of vaccination in PADs has long been discussed, due to impaired antibody response and IGRT. At present vaccination is recognized as a therapeutic, diagnostic and prognostic tool in this patient population.




2. Rationale of Vaccination in PAD


Immunocompromised patients have an increased susceptibility to vaccine-preventable infections, even if vaccination is a controversial issue in this population [1,7].



Vaccination in PADs can be used in patients with residual B-cell function to provide humoral immunity to a certain infective agent and to improve the outcomes related to vaccine-preventable disease, as demonstrated by our group studies. It has also been proven that vaccination may induce some cellular immunity [8]. In this population, vaccines may also be used to measure humoral immune function [9].



Bonilla [10] states that assessment of humoral immune function is part of the diagnostic evaluation of all patients with suspected immune deficiency; in particular, it should be evaluated for seroconversion after administering a certain vaccine, rather than the simple assessment of specific immunoglobulin isotype levels. Antibody response to vaccination can be both T-dependent and T-independent, according to the type of administered antigen. To evaluate T-dependent antibody responses, the author suggests measuring tetanus toxoid (TT) IgG (or less often diphtheria toxoids) in children older than 6 months of age (because of persistent circulation of maternal IgGs after the birth). In a healthy population a 20-to 30-fold increase in the level of TT IgG can be observed after vaccination, and the protective threshold is usually considered to be 0.15 IU/mL [10].



The gold standard to evaluate assessment of T-independent antibody responses, in clinical practice, is represented by the response to pneumococcal polysaccharide vaccines, and 23-valent pneumococcal polysaccharides vaccine (PPSV) is the most used. Antibody titers should be measured by the same laboratory before, and after 4 to 8 weeks from vaccination. The suggested IgG threshold for protection with respect to a single serotype after PPSV is 1.3 mg/mL [10]. Historically, an adequate response to pneumococcal vaccination has been defined as up to a four-fold increase in antibody titers over baseline levels depending on the different immunogenicity of each specific serotype. Age may also influence the response. Notably, higher pre-immunization antibody titers to specific serotypes are less likely to significantly increase after immunization, indicating the threshold of a two-fold increase more widely applicable independent of the pre-immunization titers [11].



Wall et al. [12] propose a different interpretation of response to PPSV. In patients who are pneumococcal protein conjugated vaccine (PCV) naive, the percentage response among all measured PPSV serotype titers resulting in the protective range should be considered. In patients who have previously received PCV, at least seven of 23 exclusive PPSV serotypes should be measured and, among all measured 23 exclusive PPSV serotypes, the percentage of those in the protective range should be considered the percentage response.



All these thresholds only take into account IgG response to immunization, while protective titers of specific anti-PPSV IgM and IgA are not defined at all.



Systematic vaccination with PCV, recommended by the Center for Disease Control and Prevention (CDC) in childhood and in at-risk-group patient schedules, may limit the use of PPSV for assessing specific polysaccharide responses, due to a “priming” effect of PCV13 in enhancing a subsequent response to PPSV [10].



In addition, patients on IGRT may present high titers of pneumococcal antibodies because preparations are rich in anti-pneumococcal IgGs. This raises the question whether to use specific IgA and IgM titers to evaluate the response. Alternative or complementary measurements of other polysaccharide responses have also been proposed, in an attempt to increase diagnostic accuracy. For example, responses to the less frequently scheduled Salmonella typhi pure polysaccharide vaccine (Typhim Vi) have been studied [13].



Sanchez et al. [14] demonstrated, in a multicenter study, a similar lack of response in both Typhim Vi and PPSV immunization in a group of CVID patients, suggesting that the evaluation of the specific antibody response to Typhim Vi vaccine adds clinical value to the diagnosis of anti-polysaccharide antibody production deficiency in patients with this immune defect. Another study, conducted by Guevara-Hoyer et al. [15], confirmed these data in a pediatric population previously vaccinated with the conjugate pneumococcal vaccine.




3. Prognostic Role of Vaccination


The capability of CVID patients to be immunized through vaccinations has not only a therapeutic and a diagnostic role, but also a prognostic role. Our study group investigated the residual ability to mount an IgM and IgA anti-polysaccharide (PS) response in CVID patients under IGRT [16]. Since a protective titer of specific anti-PPSV IgM and IgA is not precisely defined, we assumed 20 U/mL as a cut off of threshold value for protection against infections for IgM and 150 U/mL for IgA [16]. In 125 CVID patients and 20 healthy volunteers we evaluated by using an ELISA test, before, and 4 weeks after immunization with PPSV23 vaccine, the titers of IgA and IgM antibodies produced against all 23 PS serotypes. We observed that not all the 23 antigens are equally immunogenic: we noticed that PS1 induced the most robust IgM and, especially, IgA response.



On the basis of their antibody response after vaccination, patients were subdivided into three groups: group one, (91 patients, 71%), non-responders, with low specific IgA and IgM; group two, (11 patients, 9%), IgA and IgM responders; group three, (25 patients, 20%), IgM-only responders. Group 1 had a significantly lower memory B cell frequency compared to groups two and three, suggesting a correlation between anti-PPSV IgM and IgA responses and B cell subset frequencies. We also found concordance between anti-PPSV IgM and IgA levels and clinical phenotype, since we noticed a higher prevalence of pneumonia and bronchiectasis in group one compared to group two or group three [17].



We have also recently published data from a long-term observational study in the same population of CVID patients immunized by a single dose of a 23 pneumococcal polysaccharides vaccine [18]. We collected blood samples of 74 of the initial 125 CVID patients 36 (±6) months after vaccination and we quantified IgA antibodies to all 23 pneumococcal serotypes. 36 ± 6 months after the first immunization, all patients initially classified as IgA non-responders (IgA-NR) were confirmed, whereas 5 of 14 IgA responder (IgA-R) patients still presented protective IgA levels. This group of long-lasting IgA response patients showed a higher frequency of switched memory B cells in comparison to IgA-R patients who lost IgA response at the third evaluation. IgA-NR patients still showed a statistically significant increase in upper respiratory tract infections (URTI), lower respiratory tract infections (LRTI), bronchiectasis, autoimmunity and enteropathy, in comparison with IgA-R patients. All these data suggest that the quantification of PPSV IgA is useful to identify the inability to mount an IgA-mediated response against polysaccharide antigens or the inability to maintain the antibody response over time. Thus, it may represent a good clinical prognostic marker in CVID patients.




4. Vaccination Schedule in PAD and Recommendations


As stated before, PAD patients may show a low or absent antibody response to vaccines; however, vaccination may induce some cellular response. On the other hand, vaccination may be not safe or may be less effective when using certain vaccines and in specific types of immunodeficiency [10]. At present, since detailed information on the duration of the protection following vaccination in PAD patients is lacking, additional boosters over time may be required. Vaccines may be grossly grouped according to their content and mechanisms: live attenuated, inactivated (conjugated, polysaccharide), mRNA and replication-deficient vector vaccines.



Inactivated vaccines may be administered in primary antibody deficiencies even if they could not generate a protective response [1]. Novel mRNA and replication-deficient vector vaccines can also be administered, as discussed later in the SARS-CoV-2 section.



In major antibody deficiencies (such as CVID, XLA and HIGM) live attenuated vaccines are not recommended [9] but, according to the CDC, they may be considered on the basis of the patient’s risk of exposure and immune status [19]. In general, the measles, mumps, rubella and varicella vaccines should not be given in major antibody deficiencies, as well as Rotavirus vaccines [8]. Live attenuated influenza vaccine (LAIV) [4] and oral poliovirus (OPV) administration is not recommended in patients with PAD and their relatives. Indeed, the occurrence of CNS infection after poliovirus vaccine has been reported in XLA and CVID patients [20,21] in particular, when not receiving gamma globulin replacement [22]. Moreover, PAD patients who receive oral poliovirus (OPV) vaccine may excrete poliovirus for a long time [19]. No data are available on efficacy and safety of yellow fever vaccines in PAD patients who might be at increased risk of adverse events; thus, this vaccine is still contraindicated [23].



BCG [20] and Salmonella typhi live attenuated vaccines are also currently contraindicated in major PADs [9], despite a recent study showing no systemic reactions on 50 XLA patients vaccinated with BCG and suggesting its use in these patients [20].



Minor antibody deficiencies include selective IgA deficiency (SIGAD), specific polysaccharide antibody deficiency (SPAD) and isolated IgG subclass deficiency. Those patients should receive vaccinations as scheduled for a healthy population [24], although antibody response may be decreased [20]. Both live and inactivated agents can be used, even if there are some special cases. It is known that IgA deficiency can occasionally progress to CVID, leading to a hypothetical risk with live attenuated vaccination; despite that, varicella and measles/mumps/rubella (MMR) vaccines can be scheduled, since there are no complications reported in the literature [25]. On the contrary, OPV is not recommended in these patients and in their close contacts; the indication of BCG vaccine is also debated [7,9]. In addition, conjugate vaccines in minor antibody deficiency may require repeated doses to provide protection [9].



Annual vaccination against influenza virus, in particular, is recommended in PAD patients and, also in household contacts, due to the annual variability of the viral antigens [4].



In the case of international travel, specifically required vaccinations should be individually evaluated. Rabies vaccine is an inactivated vaccine, safe in immunocompromised patients for pre-exposure prophylaxis in high-risk occupations and post-exposure to an infected animal, together with rabies immune globulin or when travelling to endemic areas. Yellow fever vaccine is a live attenuated vaccine and should not be administered to patients with severe humoral defects. It may be considered, in patients with minor antibody deficiencies, according to the risk–benefit balance. Inactivated Japanese encephalitis vaccine is expected to be safe, as are other inactivated vaccines [9].



Pregnant women with PAD should follow the current vaccine recommendations regarding pregnancy and receive TDP and Influenza vaccinations, as these are safe in PAD patients [26,27].



According to the suggestions of the Medical Advisory Committee of the Immune Deficiency Foundation [20] and of the Italian Primary Immunodeficiency Network (IPINET) centers [9], family members and caregivers of patients with PADs should be vaccinated with all available vaccines (except for live poliovirus and live influenza virus).



An antibody defect may be also present in combined and syndromic immunodeficiencies. However, in these patients the vaccine schedule depends on the impairment of T cell function [10].



Table 1 recapitulates the vaccination schedule in PAD patients, according to recent guidelines and recommendations [9].



In secondary antibody deficiencies the vaccination schedule is influenced by the underlying condition (e.g., lymphoproliferative disease), that may be active or in remission, and by the eventually undergoing treatment (e.g., chemotherapy, anti-CD20, etc.). Vaccines containing purified antigens or inactivated organisms, including pneumococcal or influenza vaccine, are generally safe and not associated with increased risk of adverse events. Live vaccines are instead contraindicated or should only be administered after evaluation of the risk–benefit balance, during disease remission and after stopping chemo-immunotherapy [9]. The assessment of the response to specific antigens, such as PPSV23 serotypes, is also used to define the indication to IGRT [28].




5. Vaccination and IgRT


For patients receiving IGRT, it is important to know when the last Igs administration was performed. Administration of IGRT should be separated from any other new drug administration, whenever possible, to facilitate the interpretation of any possible adverse reaction or symptom occurring in the hours or days following. Available Igs preparations contain a wide range of specific antibodies and may exert different antimicrobial effects. There is not a plausible rationale for why intravenous Ig (IVIg) should reduce the effectiveness of inactivated vaccines [4]. Consequently, inactivated vaccines (as influenza vaccine) may be administered at any time. On the contrary, IGRT may influence the response to measles, rubella and varicella live vaccines. The effect on mumps vaccine is not known. Thus, it has been recommended to avoid administering these vaccines for 3 to 11 months after the last immunoglobulin administration [4,7]. Hepatitis B, tetanus, rabies postexposure prophylaxis should be carried out with simultaneous administration of immunoglobulin and vaccine [10].




6. PAD and COVID-19 Immunization


Since February 2020 we have been experiencing a pandemic caused by a new coronavirus (Sars-CoV-2), causing COVID-19 disease, that has led to over two million deaths worldwide to date [29].



Social distancing, the use of masks and frequent hand washing have become the cornerstone of the fight against COVID-19 disease. At present COVID-19 behavior in patients with inborn errors of immunity (IEI) seems not to differ from the general population, except for a younger age and a longer-lasting SARS-CoV-2 swab positivity. Most patients with antibody production defects do not experience severe disease, even though co-morbidity seems to be crucial in determining outcomes [30,31].



Since the beginning of the COVID-19 epidemic in Italy, most PAD patients have been informed about safety measures and shifted to home therapy and to remote assistance, in order to reduce the risk of infection [32]. At present, the treatment with immunoglobulins does not provide immunity against Sars-CoV-2 infection. For this reason, the European Society for Immunodeficiencies (ESID) has promulgated a statement, shared with the main immunological societies and constantly updated, in which all COVID-19 vaccinations that are not live vaccines are recommended in patients with primary immunodeficiencies, including PADs. The rationale, as for the flu vaccine, is that T cell responses can be generated even in the absence of a complete antibody response [33]. Recent evidence suggests that CVID patients may develop an antibody response and in vitro T-cell reactivity to SARS-CoV-2 antigens [34].



Starting from December 2020, the EMA approved Pfizer/Biontech [35] and Moderna [36] mRNA-based vaccines to fight against COVID-19 infection, followed by the AstraZeneca and Johnson & Johnson adenoviral vector-based vaccines [37]. Others are waiting on approval. These vaccines [38] are able to induce strong CD8+ T cell responses, due to the presentation of endogenously produced antigens on MHC class I molecules, in addition to potent CD4+ T cell responses and the generation of potent neutralizing antibodies.



Currently, no specific data are available on the efficacy and safety of COVID-19 vaccinations in patients with primary immunodeficiencies. However, in line with what is recommended for other inactivated vaccines, the ESID advises [33] that PAD patients have to be vaccinated according to their national vaccine recommendations. In a recent position statement, the European Board & College of Obstetrics and Gynaecology (EBCOG), despite acknowledging that there is limited evidence on the long-term safety, suggests that the possibility of COVID-19 vaccination should be offered to all pregnant women, after being adequately informed of the benefits and risks. EBCOG also supports that COVID-19 vaccination be recommended to all breastfeeding women, in the absence of a specific contraindication. Due to what has previously been discussed, there is no reason why these suggestions should not be extended to PAD pregnant women [39].




7. Conclusions


Since Jenner tested the smallpox vaccine in 1798, millions of lives have been saved. Vaccinations are a safe and effective tool preventing infectious diseases, not only by their direct effect on vaccinated subjects, but also indirectly, providing protection to unvaccinated people (the so-called herd immunity). Vaccines are also effective in the prevention of tumors, (HPV and HBV). Moreover, vaccines play an important role in PAD because they are useful for the diagnosis of antibody deficiencies while still being protective in patients with PADs. Considering that pneumococcal vaccination is increasingly entering into vaccination schedules, and due to the aforementioned evidence, S. typhi Vi vaccine may also be considered in the diagnostic work-up of PAD patients’ diagnosis. Moreover, IgA response to PPSV vaccine could be used as a prognostic marker in CVID patients. A vaccination schedule is currently available for patients with PAD: from this schedule live vaccines are excluded only in severe PADs. Unfortunately, no data are yet available on the efficacy of anti-COVID-19 vaccines in this group of patients, although they were included in the vaccination campaign.







Author Contributions


Conceptualization, C.M. and F.C.; methodology, M.R and R.S.; software, V.S, G.C., A.L.; resources, I.B.; data curation, V.S., G.C., A.L., I.B.; writing—original draft preparation, C.M., F.C., V.S; writing—review and editing, C.M., F.C., R.S., M.R.; visualization, F.C; supervision, C.M.; All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Eibl, M.M.; Wolf, H.M. Vaccination in patients with primary immune deficiency, secondary immune deficiency and autoimmunity with immune regulatory abnormalities. Immunotherapy 2015, 7, 1273–1292. [Google Scholar] [CrossRef]

	



Tangye, S.G.; Al-Herz, W.; Bousfiha, A.; Chatila, T.; Cunningham-Rundles, C.; Etzioni, A.; Franco, J.L.; Holland, S.M.; Klein, C.; Morio, T.; et al. 2019 Update on the Classification from the International Union of Immunological Societies Expert Committee. J. Clin. Immunol. 2020, 40, 24–64, Erratum in: J. Clin. Immunol. 2020, 40, 24–64. [Google Scholar] [CrossRef]

	



Durandy, A.; Kracker, S.; Fischer, A. Primary antibody deficiencies. Nat. Rev. Immunol. 2013, 13, 519–533. [Google Scholar] [CrossRef]

	



Mieves, J.F.; Wittke, K.; Freitag, H.; Volk, H.D.; Scheibenbogen, C.; Hanitsch, L.G. Influenza Vaccination in Patients with Common Variable Immunodeficiency (CVID). Curr. Allergy Asthma. Rep. 2017, 17, 78. [Google Scholar] [CrossRef]

	



Quinti, I.; Soresina, A.; Spadaro, G.; Martino, S.; Donnanno, S.; Agostini, C.; Claudio, P.; Franco, D.; Pesce, A.M.; Borghese, F.; et al. Italian Primary Immunodeficiency Network. Long-term follow-up and outcome of a large cohort of patients with common variable immunodeficiency. J. Clin. Immunol. 2007, 27, 308–316. [Google Scholar] [CrossRef]

	



Carsetti, R.; Rosado, M.M.; Donnanno, S.; Guazzi, V.; Soresina, A.; Meini, A.; Plebani, A.; Aiuti, F.; Quinti, I. The loss of IgM memory B cells correlates with clinical disease in common variable immunodeficiency. J. Allergy Clin. Immunol. 2005, 115, 412–417. [Google Scholar] [CrossRef]

	



Sobh, A.; Bonilla, F.A. Vaccination in Primary Immunodeficiency Disorders. J. Allergy Clin. Immunol. Pract. 2016, 4, 1066–1075. [Google Scholar] [CrossRef]

	



Goldacker, S.; Draeger, R.; Warnatz, K.; Huzly, D.; Salzer, U.; Thiel, J.; Eibel, H.; Schlesier, M.; Peter, H. Active vaccination in patients with common variable immunodeficiency (CVID). Clin. Immunol. 2007, 124, 294–303. [Google Scholar] [CrossRef] [PubMed]

	



Martire, B.; Azzari, C.; Badolato, R.; Canessa, C.; Cirillo, E.; Gallo, V.; Graziani, S.; Lorenzini, T.; Milito, C.; Panza, R.; et al. Wiith Italian Network for Primary Immunodeficiencies (IPINET). Vaccination in immunocompromised host: Recommendations of Italian Primary Immunodeficiency Network Centers (IPINET). Vaccine 2018, 36, 3541–3554, Erratum in Vaccine 2018, 36, 7753. [Google Scholar] [CrossRef] [PubMed]

	



Bonilla, F.A. Vaccines in Patients with Primary Immune Deficiency. Immunol. Allergy Clin. N. Am. 2020, 40, 421–435. [Google Scholar] [CrossRef] [PubMed]

	



Orange, J.S.; Ballow, M.; Stiehm, E.R.; Ballas, Z.; Chinen, J.; De La Morena, M.; Kumararatne, D.; Harville, T.O.; Hesterberg, P.; Koleilat, M.; et al. Use and interpretation of diagnostic vaccination in primary immunodeficiency: A working group report of the Basic and Clinical Immunology Interest Section of the American Academy of Allergy, Asthma & Immunology. J. Allergy Clin. Immunol. 2012, 130, S1–S24. [Google Scholar] [CrossRef] [PubMed]

	



Wall, L.A.; Dimitriades, V.R.; Sorensen, R.U. Specific Antibody Deficiencies. Immunol. Allergy Clin. N. Am. 2015, 35, 659–670. [Google Scholar] [CrossRef]

	



Bausch-Jurken, M.T.; Verbsky, J.W.; Gonzaga, K.A.; Elms, N.P.; Hintermeyer, M.K.; Gauld, S.B.; Routes, J.M. The Use of Salmonella Typhim Vaccine to Diagnose Antibody Deficiency. J. Clin. Immunol. 2017, 37, 427–433. [Google Scholar] [CrossRef]

	



Sánchez-Ramón, S.; De Gracia, J.; García-Alonso, A.; Molina, J.R.; Melero, J.; De Andrés, A.; De Morales, J.G.R.; Ferreira, A.; Ocejo-Vinyals, J.; Cid, J.; et al. EMPATHY group. Multicenter study for the evaluation of the antibody response against salmonella typhi Vi vaccination (EMPATHY) for the diagnosis of Anti-polysaccharide antibody production deficiency in patients with primary immunodeficiency. Clin. Immunol. 2016, 169, 80–84. [Google Scholar] [CrossRef]

	



Guevara-Hoyer, K.; Gil, C.; Parker, A.R.; Williams, L.J.; Orte, C.; De La Peña, A.R.; Ochoa-Grullón, J.; De Frias, E.R.; García, I.S.; García-Gómez, S.; et al. Measurement of Typhim Vi IgG as a Diagnostic Tool to Determine Anti-polysaccharide Antibody Production Deficiency in Children. Front. Immunol. 2019, 10, 654. [Google Scholar] [CrossRef]

	



Cavaliere, F.M.; Milito, C.; Martini, H.; Schlesier, M.; Dräger, R.; Schütz, K.; Brunetti, G.; Pesce, A.M.; Thon, V.; Warnatz, K.; et al. Quantification of IgM and IgA anti-pneumococcal capsular polysaccharides by a new ELISA assay: A valuable diagnostic and prognostic tool for common variable immunodeficiency. J. Clin. Immunol. 2013, 33, 838–846. [Google Scholar] [CrossRef]

	



Quinti, I.; IPINet Investigators; Soresina, A.; Guerra, A.; Rondelli, R.; Spadaro, G.; Agostini, C.; Milito, C.; Trombetta, A.C.; Visentini, M.; et al. Effectiveness of immunoglobulin replacement therapy on clinical outcome in patients with primary antibody deficiencies: Results from a multicenter perspective cohort study. J. Clin. Immunol. 2011, 31, 315–322. [Google Scholar] [CrossRef] [PubMed]

	



Pulvirenti, F.; Milito, C.; Cavaliere, F.M.; Mezzaroma, I.; Cinetto, F.; Quinti, I. IGA Antibody Induced by Immunization with Pneumococcal Polysaccharides Is a Prognostic Tool in Common Variable Immune Deficiencies. Front. Immunol. 2020, 24, 1283. [Google Scholar] [CrossRef] [PubMed]

	



Kroger, A.T.; Atkinson, W.L.; Marcuse, E.K.; Pickering, L.K. General recommendations on immunization: Recommendations of the Advisory Committee on Immunization Practices (ACIP). MMWR Recomm. Rep. 2016, 55, 1–48. [Google Scholar]

	



Shearer, W.T.; Fleisher, T.A.; Buckley, R.H.; Ballas, Z.; Ballow, M.; Blaese, R.M.; Bonilla, F.A.; Conley, M.E.; Cunningham-Rundles, C.; Filipovich, A.H.; et al. Recommendations for live viral and bacterial vaccines in immunodeficient patients and their close contacts. J. Allergy Clin. Immunol. 2014, 133, 961–966. [Google Scholar] [CrossRef] [PubMed]

	



MacLennan, C.; Dunn, G.; Huissoon, A.P.; Kumararatne, D.S.; Martin, J.; O’Leary, P.; A Thompson, R.; Osman, H.; Wood, P.; Minor, P.; et al. Failure to clear persistent vaccine-derived neurovirulent poliovirus infection in an immunodeficient man. Lancet 2004, 363, 1509–1513. [Google Scholar] [CrossRef]

	



Bonilla, F.A.; Barlan, I.; Chapel, H.; Costa-Carvalho, B.T.; Cunningham-Rundles, C.; De La Morena, M.T.; Espinosa-Rosales, F.J.; Hammarström, L.; Nonoyama, S.; Quinti, I.; et al. International consensus document (ICON): Common variable immunodeficiency disorders. J. Allergy Clin. Immunol. Pract. 2016, 4, 38–59. [Google Scholar] [CrossRef] [PubMed]

	



Centers for Disease Control and Prevention. CDC Yellow Book 2016: Health Information for International Travel; Oxford University Press: New York, NY, USA, 2016.

	



Rubin, L.G.; Levin, M.J.; Ljungman, P.; Davies, E.G.; Avery, R.K.; Tomblyn, M.; Bousvaros, A.; Dhanireddy, S.; Sung, L.; Keyserling, H.; et al. Infectious Diseases Society of America. 2013 IDSA clinical practice guideline for vaccination of the immunocompromised host. Clin. Infect. Dis. 2014, 58, 309–318, Erratum in Clin. Infect. Dis. 2014, 59, 144. [Google Scholar] [CrossRef] [PubMed]

	



Principi, N.; Esposito, S. Vaccine use in primary immunodeficiency disorders. Vaccine 2014, 32, 3725–3731. [Google Scholar] [CrossRef]

	



Centers for Disease Control and Prevention (CDC). Updated recommendations for use of tetanus toxoid, reduced diphtheria toxoid, and acellular pertussis vaccine (Tdap) in pregnant women—Advisory Committee on Immunization Practices (ACIP), 2012. MMWR Morb. Mortal. Wkly. Rep. 2013, 62, 131–135. [Google Scholar]

	



Vaccines against influenza WHO position paper—November 2012. Wkly. Epidemiol. Rec. 2012, 87, 461–476.

	



Cinetto, F.; Neri, R.; Vianello, F.; Visentin, A.; Barilà, G.; Gianese, S.; Lanciarotta, A.; Milito, C.; Rattazzi, M.; Piazza, F.; et al. Subcutaneous immunoglobulins replacement therapy in secondary antibody deficiencies: Real life evidence as compared to primary antibody deficiencies. PLoS ONE 2021, 16, e0247717. [Google Scholar] [CrossRef]

	



WHO Coronavirus Disease (COVID-19) Dashboard. Available online: https://covid19.who.int (accessed on 9 June 2021).

	



Quinti, I.; Mezzaroma, I.; Milito, C. Clinical management of patients with primary immunodeficiencies during the COVID-19 pandemic. Expert Rev. Clin. Immunol. 2021, 15, 1–6. [Google Scholar] [CrossRef]

	



Meyts, I.; Bucciol, G.; Quinti, I.; Neven, B.; Fischer, A.; Seoane, E.; Lopez-Granados, E.; Gianelli, C.; Robles-Marhuenda, A.; Jeandel, P.-Y.; et al. Coronavirus disease 2019 in patients with inborn errors of immunity: An international study. J. Allergy Clin. Immunol. 2021, 147, 520–531. [Google Scholar] [CrossRef]

	



Pulvirenti, F.; Cinetto, F.; Milito, C.; Bonanni, L.; Pesce, A.M.; Leodori, G.; Garzi, G.; Miglionico, M.; Tabolli, S.; Quinti, I. Health-Related Quality of Life in Common Variable Immunodeficiency Italian Patients Switched to Remote Assistance During the COVID-19 Pandemic. J. Allergy Clin. Immunol. Pract. 2020, 8, 1894–1899.e2. [Google Scholar] [CrossRef]

	



ESID COVID-12 Statement. Available online: www.ESID.org (accessed on 1 March 2021).

	



Kinoshita, H.; Durkee-Shock, J.; Jensen-Wachspress, M.; Kankate, V.V.; Lang, H.; Lazarski, C.A.; Keswani, A.; Webber, K.C.; Montgomery-Recht, K.; Walkiewicz, M.; et al. Robust Antibody and T Cell Responses to SARS-CoV-2 in Patients with Antibody Deficiency. J. Clin. Immunol. 2021. [Google Scholar] [CrossRef]

	



Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Marc, G.P.; Moreira, E.D.; Zerbini, C.; et al. C4591001 Clinical Trial Group. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. J. Med. 2020, 3, 2603–2615. [Google Scholar] [CrossRef]

	



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

	



Barrett, J.R.; the Oxford COVID Vaccine Trial Group; Belij-Rammerstorfer, S.; Dold, C.; Ewer, K.J.; Folegatti, P.M.; Gilbride, C.; Halkerston, R.; Hill, J.; Jenkin, D.; et al. Phase 1/2 trial of SARS-CoV-2 vaccine ChAdOx1 nCoV-19 with a booster dose induces multifunctional antibody responses. Nat. Med. 2021, 27, 279–288. [Google Scholar] [CrossRef] [PubMed]

	



Pardi, N.; Hogan, M.J.; Porter, F.W.; Weissman, D. mRNA vaccines—A new era in vaccinology. Nat. Rev. Drug Discov. 2018, 17, 261–279. [Google Scholar] [CrossRef] [PubMed]

	



Martins, I.; Louwen, F.; Ayres-de-Campos, D.; Mahmood, T. EBCOG position statement on COVID-19 vaccination for pregnant andbreastfeeding women. Eur. J. Obstet. Gynecol. 2021. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Recommendations for Vaccinations in Antibody Deficiency Disorders [7,9,10].
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	XLA
	CVID
	HIGM syn
	Thymoma with Immuno Deficiency
	SPAD
	Isolated IgG Deficiency
	SIGAD
	IgG Subclass Deficiency
	IgA with IgG Subclass Deficiency
	Selective IgM Deficiency
	THI
	Unclassified Antibody Deficiency





	TDP
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes



	HBV
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes



	IPV
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes



	Hib
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes



	Rotavirus
	No
	No
	No
	No
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	NDA



	Pneumo
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes



	Meningo
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes



	MMRV
	No
	No
	No
	No
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	NDA



	Influenza
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes



	HPV
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes



	BCG
	No
	No
	No
	No
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	NDA



	S. typhi
	No
	No
	No
	No
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	NDA







XLA: x-linked agammaglobulinemia; CVID: common variable immunodeficiency; HIGM Syn: hyper IgM syndrome; SPAD: specific polysaccharide antibody deficiency; SIGAD: selective IgA deficiency; THI: transient hypogammaglobulinemia of infancy. NDA: no data available. TDP: tetanus–diphtheria–pertussis vaccine; HBV: hepatitis B virus vaccine; IPV: inactivated polio vaccine; Hib: Haemophilus influenzae B vaccine; Pneumo: pneumococcus vaccine; Meningo: meningococcus vaccine; MMRV: measles–mumps–varicella vaccine; HPV: human papillomavirus vaccine; BCG: bacillus Calmette-Guérin: vaccine used against Mycobacterium tubercolosis; S. typhi: Salmonella typhi attenuated Ty21a vaccine.
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