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Introduction

Vaccines currently available against Neisseria meningitidis are composed of capsular polysaccharides or recombinant proteins. Capsular-based vaccines are of two types: nonconjugate polysaccharidic and conjugate vaccines. Conjugate vaccines are preferred over nonconjugate vaccines due to their increased immunogenicity in both children and adults, and their ability to generate a T-cell response that can induce an immunological memory [START_REF] Poolman | Hyporesponsiveness and its clinical implications after vaccination with polysaccharide or glycoconjugate vaccines[END_REF].

Two kinds of quadrivalent meningococcal vaccines (against serogroups A, C, Y and W) are available in Europe and the US: non-conjugate polysaccharidic vaccines (Menomune®, Mencevax®) and conjugate vaccines (Menactra®, Menveo®, Nimenrix®). They are recommended for subjects at high risk for meningococcal disease as well as for travelers to an endemic area of meningococcal disease, such as countries within the African meningitis-belt during the dry season (December to June) or to Saudi Arabia during the Hajj or Umrah pilgrimage [START_REF] Kotton | Travel medicine and transplant tourism in solid organ transplantation[END_REF]. In the US, the conjugate quadrivalent ACYW vaccine is also used routinely in adolescents due to the higher prevalence of serogroup Y (3). Solid-organ transplant (SOT) recipients should be vaccinated against meningococcal disease when they are at risk (such as functional or anatomical asplenia) or before travelling to endemic areas. As there is no published data on the immune response to quadrivalent meningococcal vaccines in adult transplant and concerns have been raised about their efficacy after transplantation (4, 5), we took advantage of our travel clinic to assess the immunogenicity of quadrivalent vaccines in SOT recipients traveling to sub-Saharan African countries.

Methods

The study population is a subset from an already published prospective study that established a cohort of SOT travelling patients since 2007. Indeed, we have established a cohort of liver and kidney transplant recipients planning to travel abroad (Centre de vaccinations internationales, Hôpital de Bicêtre, Le Kremlin-Bicêtre, France) (4). Between November 2009 and June 2013, we systematically investigated all of them who planned to travel to a country within the African meningitis-belt during the epidemic season (December to June). Patients were immunized from November 2009 to March 2010 with a quadrivalent ACYW meningococcal non-conjugate polysaccharidic vaccine (Mencevax®, GlaxoSmithKline laboratories or Menomune®, Sanofi Pasteur MSD), and from April 2010 to June 2013 with a conjugate polysaccharidic vaccine (Menveo®, Novartis vaccines and diagnostics). Self-reported adverse events were recorded in medical charts. Sera were sampled before and at least 14 days after immunization and frozen at -20°C. All patients gave their oral consent for the humoral response to vaccination to be tested.

Serological analyses were performed at the Centre national de référence des méningocoques (Institut Pasteur, Paris, France) using hSBA, which is the reference method for assessing the humoral response to meningococcal vaccination: hSBA titers of ≥4 are correlated with protection in seronegative patients or the presence of a fourfold rise in hSBA titers in patients with prevaccination hSBA titers of ≥4 [START_REF] Borrow | Meningococcal surrogates of protection--serum bactericidal antibody activity[END_REF][START_REF] Caron | From tailor-made to ready-to-wear meningococcal B vaccines: longitudinal study of a clonal meningococcal B outbreak[END_REF].

Results

From November 2009 to June 2013, 15 SOT recipients were referred to our travel clinic for a meningococcal vaccination prior to visiting a country within the African meningitis-belt during the epidemic season (Table 1). Their median age was 56 years (IQR: 44-64); four patients (27%) were female. Fourteen (93%) patients were born in a sub-Saharan African country and planned to travel home. No patient had a history of meningococcal disease or previous meningococcal immunization.

Eight (53%) patients had undergone kidney transplantation, six (40%) patients a liver transplantation, and one patient a double-organ transplantation. At the time of immunization, 92% patients received either a triple or a double immunosuppressive-therapy regimen (Table 1). Corticosteroids (87%), tacrolimus (73%), and mycophenolate mofetil (66%) were the most commonly prescribed drugs.

All patients received a dose of quadrivalent meningococcal vaccine at a median of 3 years (IQR: 2-5) after transplantation (Table 1). From November 2009 to March 2010, five patients were immunized with a non-conjugate vaccine; from April 2010 to March 2013, 10 patients were immunized with a conjugate quadrivalent vaccine. Sera were collected at a median of 49 days (IQR: 23-77) after immunization.

In the non-conjugate vaccine group, all five patients were seronegative for the four vaccine meningococcal serogroups (hSBA ≤2) prior to vaccination but one patient showed a titre of 4 for group Y (MenY). After vaccination, two (40%) patients had a protective response to N. meningitidis group C (MenC) (hSBA ≥4). The patient that already had a titer of 4 for MenY did not show any increase in this titer after vaccination. None of the patients had detectable hSBA titers to the N. meningitidis groups W (MenW) or A (MenA).

In the conjugate vaccine group, six of the ten patients had at least one protective meningococcal titer (hSBA ≥4) prior to vaccination: MenA: n = 2, MenC: n = 6, MenW: n = 3, and MenY: n = 2 (Figure 1, Table 2). Among these 6 patients, a characteristic booster response (a fourfold increase of hSBA titer) was only obtained in one patient with a previous MenC protective titer.

Five of the 10 patients in the conjugate vaccine group with seronegative hSBA titers developed protective immunity (hSBA ≥4) against at least one serogroup: MenA: n = 1, MenC: n = 1, MenY: n = 2, and both MenC and MenW: n = 1. Only one subject achieved hSBA titers a high as 64 against serogroup MenY (Figure 1D). Finally, we did not observe any different immune responses between kidney-and liver-transplant recipients.

Discussion

Our data show that immune responses to both quadrivalent polysaccharide non-conjugate and conjugate vaccines are impaired in adult SOT patients. Indeed, low bactericidal response (hSBA titers: 4-64) against one or two serogroups were observed but none responded to all meningococcal serogroups. In healthy subjects of the same age range (56-65 years), both types of quadrivalent vaccines induce high levels of hSBA titers (>64). The proportion of vaccinees reaching protective antibody titers varies between 63% (serogroup A) and 98% (serogroup W) [START_REF] Stamboulian | Safety and immunogenicity of an investigational quadrivalent meningococcal CRM(197) conjugate vaccine, MenACWY-CRM, compared with licensed vaccines in adults in Latin America[END_REF]. In our responders, the low bactericidal titers against meningococci predicted that the bactericidal response would rapidly decline [START_REF] Snape | Seroprotection against serogroup C meningococcal disease in adolescents in the United Kingdom: observational study[END_REF]. The presence of protective SBA titers prior to vaccination is most likely due to carriage of meningococci that is encountered in about 10% of the general population [START_REF] Yazdankhah | Neisseria meningitidis: an overview of the carriage state[END_REF].

To the best of our knowledge, this is the first study to evaluate immune responses to quadrivalent meningococcal vaccines in immunocompromised adults. In other groups of adults at high-risk for meningococcal disease, the immune response to meningococcal vaccination has only been studied in asplenic individuals. An impaired antibody response to meningococcal C conjugate vaccine has been observed using a human SBA (hSBA): 67-80% of patients reached protective antibody titers compared to 98% in the control group, and responders had significantly lower geometric mean titers than controls [START_REF] Balmer | Immune response to meningococcal serogroup C conjugate vaccine in asplenic individuals[END_REF][START_REF] Meerveld-Eggink | Impaired antibody response to conjugated meningococcal serogroup C vaccine in asplenic patients[END_REF]. In contrast, immune responses to meningococcal conjugate vaccines have been assessed in various groups of pediatric immunocompromised patients. After a single dose of monovalent meningococcal C conjugate vaccine, only 6 (25%) out of 24 children on maintenance chemotherapy for acute leukemia and one (20%) out of five bonemarrow-transplant recipients developed protective anti-MenC antibody titers as measured by hSBA [START_REF] Yu | Immune response to conjugated meningococcal C vaccine in pediatric oncology patients[END_REF]. In HIV-infected adolescents, response rates to serogroups A, C, W, and Y were 68%, 52%, 73%, and 63%, respectively, and were significantly decreased in subjects with CD4 <25%, a HIV viral load >400 copies/mL, or having CDC Class B or C at entry into the study [START_REF] Siberry | Phase I/II, open-label trial of safety and immunogenicity of meningococcal (groups A, C, Y, and W-135) polysaccharide diphtheria toxoid conjugate vaccine in human immunodeficiency virus-infected adolescents[END_REF].

Conversely, the proportion of children achieving protective anti-MenC antibody titers ranged between 96% and 100% in SOT-transplant recipients (n = 10) ( 14), juvenile idiopathic arthritis patients (n = 157) [START_REF] Zonneveld-Huijssoon | Safety and efficacy of meningococcal c vaccination in juvenile idiopathic arthritis[END_REF], and in children that were revaccinated after a hematopoietic stem-cell transplantation (n = 18) (16) or completion of chemotherapy for acute leukemia (n = 28) [START_REF] Patel | Revaccination of children after completion of standard chemotherapy for acute leukemia[END_REF].

The higher bactericidal responses in those latter studies may be explained by the fact that vaccination was performed prior to transplantation [START_REF] Patel | Revaccination with measles, tetanus, poliovirus, Haemophilus influenzae type B, meningococcus C, and pneumococcus vaccines in children after hematopoietic stem cell transplantation[END_REF][START_REF] Patel | Revaccination of children after completion of standard chemotherapy for acute leukemia[END_REF] and/or that antibody levels were measured by SBA using rabbit serum that give higher titers than using human serum [START_REF] Siberry | Phase I/II, open-label trial of safety and immunogenicity of meningococcal (groups A, C, Y, and W-135) polysaccharide diphtheria toxoid conjugate vaccine in human immunodeficiency virus-infected adolescents[END_REF][START_REF] Zlamy | Immunogenicity of conjugate meningococcus C vaccine in pediatric solid organ transplant recipients[END_REF][START_REF] Zonneveld-Huijssoon | Safety and efficacy of meningococcal c vaccination in juvenile idiopathic arthritis[END_REF]. It is noteworthy that the high SBA titers in these SOT children waned rapidly, which further suggests an impaired sustained immune response [START_REF] Zlamy | Immunogenicity of conjugate meningococcus C vaccine in pediatric solid organ transplant recipients[END_REF].

The size of our study population does not allow making general inferences from our data. Our recruitment was restricted by the inclusion criteria (travelers to Sub-Saharan Africa during the epidemic season and close contact with local populations) and the non-recommendation of quadrivalent meningococcal vaccines in general population. Another limitation is that a high proportion of our patients were born in an African country. However, so far, no data indicate differential immunogenicity of conjugate meningococcal vaccines in African or other ethnic populations [START_REF]Meningococcal vaccines: WHO position paper[END_REF][START_REF] Sow | Immunogenicity and safety of a meningococcal A conjugate vaccine in Africans[END_REF].

Our data and the report of meningococcal sepsis despite prior vaccination in a SOT patient receiving eculizumab treatment [START_REF]Soliris (ecalizumab) -EU summary of product characteristics[END_REF][START_REF]Ecalizumab (Soliris): Highligths of prescribing information[END_REF][START_REF] Struijk | Meningococcal sepsis complicating eculizumab treatment despite prior vaccination[END_REF] indicate that the prevention of meningococcal disease in SOT patients should not only rely on a single dose of quadrivalent vaccine as it may only provide partial and short lasting protection. Consequently, an appropriate antibiotic preventive treatment should be given to all SOT patients at high risk of meningococcal disease and vaccination of household contacts of patient (a cocooning strategy) may also allow indirect protection. Transplant candidates are not considered at risk for meningococcal disease but, if travelling prospect to endemic area is identified, they should optimally be immunized before transplantation and early in the course of their disease. 

Figure 1 .

 1 Figure 1. Antibody response after immunization with a quadrivalent meningococcal conjugate vaccine: hSBA titers are shown prior to vaccination and after one dose of conjugate vaccine. A. After one dose of conjugate vaccine, patient #2 developed a protective titer (hSBA =4) against Neisseria meningitidis MenA whereas patient #10 lost his protective titer. B. Patients #3 and #9 developed protective titers (hSBA ≥4) against N. meningitidis MenC whereas patients #5 and #10 lost their protective titers. C. Patient #3 developed a protective titer (hSBA =8) against N. meningitidis MenW whereas patient #10 lost his protective titer. D. Patients #8 and #10 developed protective titer against N. meningitidis MenY.

Table 1 .

 1 Characteristics of patients and results of serological tests from 15 SOT recipients vaccinated with a non-conjugate (n = 5) or a conjugate (n = 10) ACYW meningococcal vaccine.

Table 2 .

 2 Numbers of subjects with a protective bactericidal level before and after quadrivalent meningococcal vaccination.
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