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Abstract

:

About two years have passed since the identification of SARS-CoV-2 in China. The rapid spread of this virus all over the world and its high transmissibility and pathogenicity in humans have resulted in a global pandemic. The negative impact of COVID-19 on health, society and the economy at the global level has pushed researchers and pharmaceutical companies to develop effective vaccines to fight SARS-CoV-2. Thanks to this collaborative effort, the first COVID-19 vaccine was developed in less than a year. Since then, several COVID-19 vaccines have been validated for use by the World Health Organization. Among these, mRNA- (BNT162b2 and mRNA1273) and adenovirus-based (ChAdOx1) vaccines were developed through the use of novel technologies. While all three of these vaccines have shown effectiveness against the COVID-19 disease and their immunogenicity was characterized in clinical trials in the general population, data on their efficacy and immunogenicity in people living with HIV (PLWH) are limited. In this review, we provide a description of the characteristics of mRNA- and adenovirus-based vaccines and of the immune response elicited in the general population by vaccination. Then we describe the use of these vaccines and their efficacy and immunogenicity in people living with HIV and we conclude with a discussion regarding some open questions concerning the use of mRNA- and adenovirus-based COVID-19 vaccines in PLWH.
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1. Introduction


The SARS-CoV-2 virus appeared in Wuhan (China) in December 2019 and it quickly spread to all the continents. The WHO estimates that by January 2022, approximately 380,000,000 people had contracted the SARS-CoV-2 infection, and about 5,700,000 people had died from this virus [1]. The rapid spread of the virus and its high transmissibility and high mortality rates, which have mostly been observed in fragile people such as the elderly, cardiopathic patients and the immunosuppressed, have highlighted the need to develop vaccines very quickly. Several approaches have been used, including developing vaccines based on recombinant proteins and on the live and attenuated viruses that were already available in China. However, vaccines based on either mRNA technology or on adenoviral vectors have, without doubt, been the most widely used. This is due to the speed with which they can be developed and the quantity of doses that can be obtained in a short time. However, people have been wary of both mRNA and adenoviral vector vaccines, which were the first to be used on a large scale, in fragile populations and without adequate comprehensive information on potential long-term adverse health effects. This has created hesitancy in accepting these vaccines. In this review, after a description of the characteristics of the adenoviral vector and mRNA vaccines, we describe their use in HIV subjects (PLWH), their efficacy and immunogenicity and the questions that have yet to be clarified.




2. Adenovirus Vaccines


The adenovirus (AdV) belongs to the family of Adenoviridae, genus Mastadenovirus. To date, 103 human adenoviruses (HAdVs) have been identified [2]. They are grouped in seven species (AdV A to AdV G) based on phylogenetic analysis, oncogenicity and genomic organization [3,4]. AdV is a non-enveloped virus with an icosahedral capsid and a linear double-stranded DNA genome, the size of which ranges from 26 to 45 kilobases (Kb) [5]. It encodes ~40 proteins, which are classified as “early” and “late” proteins. The early protein genes E1A, E1B, E2 and E4 are expressed before DNA replication. The late genes (L1–L5) encode for the penton base, hexon and fiber that constitute the capsid structure. Moreover, late genes encode “core” proteins (i.e., protein VII, protease). The life cycle of the virus, which includes DNA replication, gene expression and virion formation, occurs in the nucleus. Therefore, the risk of genome integration exists, but the vector predominantly remains episomal [6]. Even though the human adenovirus (HAdV) receptor varies among the species, the coxsackievirus and adenovirus receptor (CAR) represents the main route for viral entry into the host cell [7,8]. CAR expression in many cellular types confers a wide tropism to AdVs. Indeed, hepatocytes, myoblasts and epithelial and endothelial cells, which all have CAR receptors, are permissive to AdV infection. AdV species B, C and E are the most frequently associated with upper respiratory tract infections. Species C (types 1, 2 and 5) is responsible for mild infections in both children and adults. It has been estimated that ~5% of respiratory infections in children are caused by HAdVs, and they often lead to bronchitis or pneumonia, which require hospitalization [9,10]. Different species can be associated with different pathological manifestations. Species F and G are linked to infections of the gastrointestinal tract, while species B, D and E can also infect the conjunctiva. In particular, the HAdV 8, 19, 37, 53, 54 and 56 types, belonging to the D species, are the main agents of epidemic keratoconjunctivitis (EKC), which is endemic in Japan [11]. The frequent occurrences of outbreaks of infections caused by different HAdVs have favored viral mutations and recombination events [12]. One of the emergent strains is Ad14p1, a member of the B species which is still circulating and continues to cause outbreaks of influenza-like illness (ILI) [11,13]. It has been observed that 17% of patients infected with this serotype require intensive care support and mortality reaches 5% [14,15]. In general, adenovirus infection is asymptomatic. Symptomatic forms can involve a specific organ (the ophthalmic apparatus, respiratory tract, or gastrointestinal tract) or they can provoke disseminated disease, affecting lung, hepatobiliary systems, the genitourinary tract and gut [16]. Viral persistence can be associated with the presence of adenovirus in tonsillar or intestinal lymphocytes [17,18,19]. AdV infection is prevalently observed in the first years of life, and in some cases, AdV infection of the respiratory tract results in hospitalization [9,10]. However, fatal outcomes in immunocompetent individuals are rare and have been primarily reported in cases of pneumonitis [20]. The severe infections occur in immunocompromised patients, including HIV-positive patients [21,22]. T-cell depletion constitutes a key risk factor for AdV infection and the capacity to generate adenovirus-specific CD4+ T cells plays a crucial role in the evolution of the infection [23]. In cardiac transplant patients, AdV infection has been reported to be one of the main causes of late or chronic rejection [24]. In a cohort of transplanted adults, 27% of subjects who contracted AdV infection after transplantation died of AdV-related diseases, especially hepatitis and pneumonitis [25]. The cause of the severity of AdV infection in these patients remains unclear. It has been speculated that the depletion of T and NK cells, combined with the decrease in interferon-γ production subsequent to corticosteroid and chemotherapy treatment, might be relevant in this phenomenon [26,27].



Adenovirus Vectors


Adenoviruses have been chosen as viral vectors due to their ability to stably express inserts of up to 8 kb to generate high numbers of progeny virions in in vitro systems and for their ability to evoke a robust adaptive immune response without adjuvant compounds, which therefore simplifies vaccine composition [28]. The adenoviruses used as viral vectors in human vaccines are unable to replicate (replication deficient, RD), thus they do not produce infectious viruses. In these viral vectors, several viral genes are deleted. Generally, the E1A and E1B (early transcript 1A and 1B) genomic regions are replaced by an antigen expression cassette, thereby abolishing the viral ability to replicate [29]. The E3 gene is also frequently deleted to prevent the elimination of AdV by the immune system, while E4 is removed to facilitate the expression of the inserted antigen [29]. Adenoviral vectors maintain only the left and the right inverted terminal repeats (ITR) and packaging signal of the AdV genome [3]. Adenoviral vectors are able to induce potent B- and T-cell responses, even though their magnitude depends on the viral genotype employed [30]. For example, AdV type 5 is the first and most used adenoviral vector because it is able to induce exceptionally high numbers of CD8+ T cells as well as strong antibody responses [31]. Nevertheless, human adenoviral (HAdV) vectors have limited use in human vaccinology because of the pre-existing immunity in the general population. Thus, AdVs are ubiquitous and infect the majority of the population. For example, the seroprevalence of AdV5 and AdV55 was 60% and 7%, respectively, in Dutch people at risk of AIDS, while the seroprevalence of the same adenoviruses reached 90% and 20%, respectively, among people living in Sub-Saharan Africa [32,33]. For this reason, nonhuman adenoviral vectors are often used for vaccine development and include those that infect the Rhesus macaque (RdAd63), chimpanzee (ChAd), gorilla (GAd) or rarely humans, such as genotypes AdV26 or AdV35. Immunization with AdV26 and AdV35 preferentially elicits more long-lived central memory CD8+ T-cell responses than AdV5 [30]. Nonhuman genotypes are genetically and structurally similar to human AdVs, making them easily adaptable as vaccine vectors. Replication-deficient, third-generation vectors with the deletion of the E1 and E3 genes have been engineered for the expression of SARS-CoV-2 spike protein, which contains the major epitopes recognized by neutralizing antibodies [34]. The SARS- CoV-2 vaccines are based on different AdV types containing the spike (S) protein, which is considered the major antigen target for human anti-coronavirus vaccines [35]. Several AdV vectors have been used in SARS-CoV-2 vaccines. For example, the CanSinoBiologica vaccine contains an AdV5 viral vector, the Johnson and Johnson vaccine is based on HAdV26 viral vector and administered in a single dose, the Russian SPUTNIK vaccine is based on prime-vaccination with AdV26 viral vector-SARS-CoV-2, followed by a booster vaccination with AdV5-SARS-CoV-2, and AstraZeneca used a chimpanzee vector, ChAdOx1nCoV-19 [36,37,38,39,40]. Before administration to the general population, all clinical trials were carried out on HIV-negative subjects aged <60 years.





3. mRNA Vaccines


mRNA vaccines play an important role in current vaccinology for several reasons:




	
The speed of their development. In fact, it usually takes >10 years to develop a conventional vaccine. Conversely, the SARS-CoV-2 vaccine Moderna mRNA-1273 was prepared in only 42 days following the online availability of the SARS-CoV-2 spike-protein coding sequence in GenBank, and after 10 months, the vaccine was authorized for emergency use by the FDA [41];



	
They are not infectious;



	
The mRNA is rapidly delivered into the host cell cytoplasm by lipid nanoparticles (LNP). Shortly after protein translation, it is degraded by cellular enzymes;



	
mRNA vaccines are able to induce both humoral and cell-mediated immunity, stimulating potent MHC-class-I- and MHC-class-II-restricted T-cell responses;



	
The mRNA vaccine does not stimulate adaptive immune responses, thus no pre-existing immunity can interfere with the efficacy of the vaccine after the booster doses;



	
Both mRNA and LNP have adjuvant properties.








The synthesis of mRNA comprises several steps:




	
Generally, a linear plasmid or amplicon is used as a template for RNA synthesis. The most commonly used RNA-polymerases are T3, T7 or SP6. The translational efficiency is improved by codon optimization and nucleoside modification (generally pseudouridine replaces the uridine). The activation of TLR-3, -7 and -8 is abrogated by introducing pseudouridine in the mRNA or m5C, m6-A, m5U or s2U [42,43]. Furthermore, the presence of pseudouridine m6A and s2U in the mRNA vaccine molecules hampers the degradation of RNA by cellular RNAse [44]. In all COVID-19 mRNA vaccines, uridine has been replaced by pseudouridine (m6A and s2U);



	
A 7-methylguanosine (m7G)5′ trisphosphate cap is added to the 5′ end to allow the recognition of the mRNA vaccine by cytoplasmic factors involved in the translation process [45]. This cap is able to eliminate free phosphate groups in the mRNA sequence, thus enhancing mRNA stability [45]. The 5′ cap represents a determining factor through which the host can discriminate between self- vs. non-self-mRNA. Moreover, anti-reverse cap analogs (ARCA) have been introduced to prevent the reverse incorporation of the 5′ cap [46,47]. ARCA is modified at the C2 or C3 positions to ensure that the methyl groups react with hydroxyl groups at the correct site during transcription, enhancing the translational efficiency [46,48]. Innovative protocols set up the addition of the 5′cap to a given start sequence during in vitro transcription [49,50]. Gene expression is enhanced by the untranslated (UTR) sequence addition to mRNA [51,52]. The 5′UTR shows a direct influence on translation of the downstream (sequence) open reading frame (ORF). Furthermore, some specific sequences can be added to the 5′UTR to strengthen the accuracy of translation and the stability of the mRNA [53,54]. The stability and the extension of the mRNA half-life are markedly increased by the 3′UTR sequence in the mRNA vaccine [55,56];



	
Polyadenylation tail poly (a) reduces the degradation of mRNA mediated by the RNA exonuclease, guaranteeing a great efficiency in translation [57]. The length of poly (a) is not absolute, and it depends on the cellular milieu where the mRNA is translated. A poly (a) sequence of over 300 nucleotides in length may be more effective in ensuring mRNA expression in primary T cells, while small poly (a) (120–150 nt in length) sequences were found to be optimal for mRNA expression in dendritic cells [58]. A poly (a) sequence which is shorter than 20 nt reduces mRNA translational efficiency in all human cell types [59]. However, the information on the 5′ and 3′UTR and poly (a) composition of the SARS-CoV-2 mRNA vaccines remains undisclosed and the intellectual property of pharmaceutical companies;



	
mRNA purification: the mRNA produced by in vitro transcription (IVT) should be purified before being incorporated into the LNP. In fact, the double-stranded RNA–RNA and DNA–RNA hybrid molecules can stimulate the innate immune response, which can weaken the effectiveness of the vaccine since the innate immune activation could provoke mRNA degradation and reduce the production of the immunogenic protein [60,61]. The main method employed for mRNA purification is high performance liquid chromatography (HPLC) [50,57]. In an alternative and cheaper method, the RNA–RNA hybrid molecules are adsorbed onto cellulose polysaccharide [61]. Nevertheless, the mRNA of COVID-19 vaccines is purified by HPLC.








Delivery System


The main system to deliver the mRNA vaccine into the cellular cytoplasm is through ionizable lipid-containing particles (LNPs) [62,63].



They are composed of: (a) a bilayer of ionizable cationic lipids that encapsulate the mRNA at low pH; (b) natural phospholipids that support the bilayer structure; (c) cholesterol that stabilizes the lipid bilayer and helps fusion with the cellular membrane; and (d) lipid-anchored polyethylene glycol (PEG), which reduces nonspecific protein adsorption and increases the half-life of LNPs [64,65]. Cationic lipids have been associated with the activation of several cellular pathways, such as proapoptotic and proinflammatory cascades [66].





4. Immunogenicity of mRNA and Adenoviral-Vectored Vaccines against SARS-CoV-2 in People without HIV/Healthy Individuals


Currently approved vaccines against SARS-CoV-2 target the trimeric spike glycoprotein, which plays a major role in initiating viral infection via the interaction of its receptor-binding domain (RDB) with angiotensin-converting enzyme 2 (ACE-2) [67]. Among these vaccines, five have been authorized by the FDA and EMA, and they include the two mRNA vaccines BNT162b2 (Pfizer/BioNtech, Pfizer, Inc.; Philadelphia, PA, USA) and mRNA-1273 (Moderna, ModernaTX, Inc.; Cambridge, MA, USA), the two adenoviral-vectored vaccines ChAdOx1 nCoV-19 (AZD1222, University of Oxford/AstraZeneca, UK) and Ad26.COV2.S (Janssen, Janssen Biotech, Inc., a Janssen Pharmaceutical company, Johnson & Johnson; Horsham, PA, USA) and the protein-based vaccine NVX-CoV2373 (Novavax, Inc.; Gaithersburg, MD, USA).



Despite the proven clinical efficacy of these vaccines, the understanding of how they induce immune responses related to protection is still limited. Numerous studies have evaluated the antigen-specific antibody and T-cell responses induced by the mRNA and adenoviral-vectored vaccines. Much of our knowledge of the immunogenicity of these vaccines derives from the analyses of phase I/II and phase II/III clinical trials.



4.1. Adenoviral-Vector-Based Vaccines


The immunogenicity of the ChAdOx1 nCoV-19 vaccine (AZD1222) was first evaluated in a phase I/II single-blind, randomized, controlled trial in healthy adults in the United Kingdom [68]. A total of 1077 participants, aged 18–55 years were randomly assigned to receive either the ChAdOx1 nCoV-19 at a dose of 5 × 1010 viral particles (n = 543) or the MenACWY (meningococcal ACWY) (n = 534) vaccine as a single, intramuscular injection. Ten participants received a second vaccine dose 28 days after the first one [68].



Evaluation of the humoral immune response demonstrated that participants who received a single dose of the ChAdOx1 nCov-19 vaccine showed an increase in antibodies against the SARS-CoV-2 spike protein, which peaked by day 28 and remained elevated until day 56. After a booster dose, the antibody response markedly increased. Similarly, the two-dose regimen elicited higher titers of neutralizing antibodies (Nab) against SARS-CoV-2 in 100% of participants, while neutralizing antibodies in the single-dose group were detected in between 67% and 100% of participants, depending on the assay adopted [68].



The ChAdOx1 vaccination elicited high numbers of spike-specific IFN-γ-secreting T cells, as demonstrated by an ex vivo ELISpot assay with peripheral blood mononuclear cells. Adenovirus-vectored-vaccine-induced virus-specific T-cell responses peaked 14 days after vaccination and persisted, although at lower levels, until day 56 after vaccination [68].



In-depth analyses of the immunogenicity of the ChAdOx1 nCoV-19 in individuals recruited for the phase I/II clinical trial who received one or two doses of the vaccine were performed in two following studies [69,70].



Characterization of the cellular immune response in adults aged 18–55 years who received a single dose of ChAdOx1 nCoV-19 showed that IFN-γ-secreting T cells mainly directed against the S1 domain were elicited 14 days after vaccination. Antigen-specific T cells included high frequencies of CD4+ T cells secreting predominantly Th1 cytokines and monofunctional, polyfunctional and cytotoxic CD8+ T cells.



The same vaccination induced spike-specific IgM, IgA and IgG. IgG responses were predominantly composed of IgG1 and IgG3 and showed a progressive increase in avidity until 56 days after vaccination. Both the cellular and the humoral immune responses were similar in males and females [69].



Immunogenicity data from individuals who received a vaccine booster dose at a 28- or 56-day intervals demonstrated an increase in the IgG antibodies to the SARS-CoV-2 spike and receptor-binding domain after the second vaccination [70]. At 14 days after the second dose, no difference in the anti-spike titers could be detected between individuals who received the booster at day 28 or day 56.



Additionally, NAb, measured by a microneutralization assay (MNA) or a pseudovirus neutralization assay, increased after the second vaccination regardless of the interval.



ChAdOx1 nCoV-19 administration induced anti-spike IgM, IgA and IgG. IgM response peaked 28 days after prime, while IgG1 and IgG3 increased following booster vaccination. Antibodies induced by the first vaccination were able to support antibody dependent neutrophil/monocyte phagocytosis (ADNP, ADMP), complement activation (ADCD) and natural killer cell activation (ADNKA) and these functions increased after the second vaccination.



The second vaccination did not affect the magnitude of the spike-specific T-cell response. Moreover, the frequencies of spike-specific IFN-γ-producing cells peaked 14 days after the first vaccination and did not increase after the booster dose [70].



A single-blind, multicentre, randomized, controlled, phase II/III trial assessed the safety and immunogenicity of the ChAdOx1 nCoV-19 vaccine at two different doses in groups of adults aged 18–55 years, 56–69 years and 70 years and older in a one-dose or two-dose regimen with a 28-day prime–boost interval [71].



The vaccine induced a specific antibody response to the SARS-CoV-2 spike glycoprotein and RBD at 28 days after a single dose across all age groups. A clear booster effect was observed in individuals who received a second dose of the vaccine independently of dose regimen or age group. Neutralizing antibody responses after the second dose were elicited in 99% of participants, and the antibody titers were similar among all age groups. SARS-CoV-2-specific T-cell responses measured with ELISpot peaked 14 days after the prime vaccination and did not increase significantly after the boost vaccination [71].




4.2. mRNA Vaccines


The immunogenicity of BNT162b2 was initially evaluated in a placebo-controlled, observer-blinded, dose-escalation phase I trial (NCT04368728) that compared the safety and immunogenicity of BNT162b1, which encodes a secreted trimerized SARS-CoV-2 receptor-binding domain, and BNT162b2 which encodes a prefusion stabilized, membrane-anchored SARS-CoV-2 full-length spike protein, in healthy adults aged 18–55 or 65–85 years [72]. Both groups received doses of 10 μg, 20 μg or 30 μg of BNT162b1, BNT162b2 or placebo on a two-dose schedule with a 21-day interval.



To assess immunogenicity, SARS-CoV-2 serum neutralization assay and receptor binding-domain (RBD)-binding or S1-binding IgG direct Luminex immunoassays were performed before the administration of vaccine and placebo, and at 7 days and 21 days after the first dose, and at 7 days and 14 days after the second dose. In both younger and older adults, the two vaccine-candidate groups elicited similar SARS-CoV-2-neutralizing geometric mean titers which were similar to or higher than the geometric mean titer of a panel of SARS-CoV-2 convalescent sera. The highest neutralization titers were measured in samples obtained 7 days or 14 days after the second dose and, in general, the antibody response elicited by the vaccines was lower in those over 65 years of age compared with younger participants.



Moreover, since the antibody response elicited by the two vaccine-candidate groups was similar, but BNT162b2 had a milder systemic reactogenicity, particularly in older individuals, BNT162b2 was chosen for phase II/III clinical studies.



The immune responses induced by BNT162b2 were more extensively evaluated in the phase I/II trial (NCT04380701) performed in Germany. In this study, healthy adults of 18–55 years of age received a priming dose of 1, 10, 20 or 30 μg on day 1 and a booster dose on day 22.



S1- and RBD-binding IgG concentrations and SARS-CoV-2 neutralizing titers were assessed on day 8 and 22 after the first dose and on day 29, 43, 50 and 85.



In all dose cohorts, the GMC (geometric mean concentration) of S1-binding IgG peaked on day 29 and it remained higher than that observed in convalescent sera at day 85 [73]. Similarly, SARS-CoV-2 GMTs increased substantially at day 29 after the booster dose and after a decrease, they remained stable from days 43 to 85. Sera from vaccinated individuals were able to neutralize pseudo-viruses carrying SARS-CoV-2 S variants with single or multiple aa substitutions, although with different efficiencies.



Analysis of the T-cell response in 37 individuals vaccinated with 1, 10, 20 or 30 μg of BNT162b2 by ELISpot assay using pools of overlapping peptides representing the S1 protein demonstrated that at dose levels of 10 μg or higher, the majority of individuals showed a robust expansion of poly-specific CD4+ and CD8+ T cells 1 week after boost (day 29). The majority of CD8+T cells and a considerable fraction of CD4+ T cells secreted IFN-γ. High percentages of vaccine-induced CD4+ T cells secreted IFN-γ, IlL-2 or both, while S1-specific CD8+ T cells secreted predominantly IFN-γ. Pre-existing CD4+ or CD8+ T-cell responses were detected in a minority of vaccinated participants [73].



Assessment of the humoral immune response elicited by two 30 μg doses of BNT162b2 vaccine in 12-to-15-year-old healthy individuals demonstrated the noninferiority of neutralizing titers in younger participants as compared with 16-to-25-year-old individuals 1 month after the second dose [74].



The immunogenicity of the second authorized mRNA vaccine (mRNA-1273) that encodes the S-2P antigen, consisting of the SARS-CoV-2 glycoprotein with a transmembrane anchor and an intact S1–S2 cleavage site, was initially addressed in a phase I study. The study was conducted with 45 healthy adults aged 18–35 years who received 2 injections of the vaccine at a dose of 25 μg, 100 μg or 250 μg 28 days apart [75]. All patients developed binding antibodies to both full-length S-2P and receptor-binding domain after the first vaccination in a time- and dose-dependent manner. Within variance, antibody neutralization responses were detected in all patients after the second immunization at day 43 and the values of neutralizing activity were similar to those of convalescent sera.



Vaccination with 25 μg and 100 μg doses elicited S-specific CD4 +T-cell responses strongly biased toward expression of Th1 cytokines (tumor necrosis factor α > interleukin 2 > interferon γ) while CD8+ T-cell responses to S-2P were detected at low levels only after the second vaccination in the 100 μg dose group [75].



The extension of the phase I study to include 40 additional participants, who were 56 years of age or older, demonstrated that neutralizing-antibody responses in older individuals appeared to be similar to those previously reported among vaccine recipients between the ages of 18 and 55. Similarly, the vaccine induced a strong Th1 T-cell response in participants receiving a 100 μg dose of vaccine [76].



The analysis of the durability of the humoral immune responses revealed that vaccination with 100 μg of mRNA-1273 produced high levels of binding and neutralizing antibodies that remained elevated 3 months after the booster dose in both younger and older adults [77].




4.3. Safety


The two mRNA vaccines, BNT162b1 and mRNA-273, as well as the adenoviral-vector-based ChAdOx1 nCoV-19 vaccine, showed good safety and immunogenicity profiles in the clinical trials. The main adverse effects reported were fatigue, chills, muscle pain and fever [40,78]. Younger individuals (<55 years old) generally presented a higher incidence and intensity of side effects compared with older individuals (>55 years old) for both types of vaccines [79]. However, recent reports demonstrated that the incidence of venous thrombosis, disseminated intravascular coagulation and thrombocytopenia was higher in subjects that had been vaccinated with ChAdOx19 nCoV19 in comparison with the general population [80,81,82]. Concerning mRNA vaccines, they showed more pronounced side effects after the second dose of immunization and the severe adverse events included facial paralysis (Bell’s palsy), paroxysmal ventricular arrhythmia and leg paresthesia [83].





5. HIV and SARS-CoV-2


Epidemiological studies reported that 1% of SARS-CoV-2-positive PLWH are hospitalized and the prevalence of the SARS-CoV-2 infection in PLWH is similar to that described in the general population, while the studies describing the severity of SARS-CoV-2 in PLWH do not report univocal data [83,84,85,86]. In a study of a wide cohort of HIV-positive and HIV-negative people, PLWH showed a risk of mortality that was 2.9 times (95% CI 1.96–4.30; p < 0.0001) greater than HIV-negative subjects. The mortality for COVID-19 seemed to be more strictly linked to Black ethnicity, where the risk of mortality was 4.3 times higher in comparison with HIV-negative people. However, this study did not take into account the impact of CD4+ T-cell count or the ART therapy in the prevention of mortality from COVID-19. In fact, demographic characteristics, lifestyle associated factors, including BMI and smoking, and relevant comorbidities were considered but not therapy regimen, CD4+ T-cell count and HIV RNA viral load [87], and these two factors are the most important determinants of severity and poor outcome of any co-morbidity in PLWH.



In a single center in Madrid (Spain), among 51 PLWH who were SARS-CoV-2-positive, 28 of 55 needed hospitalization, 13 of 25 developed a severe disease and the mortality was twice as high in comparison with people of similar age in the general population [88].



In another multicenter study carried out in the United States of America (USA), 286 PLWH and COVID-19-positive subjects were enrolled, and 94.3% of the patients were under HAART. Lower CD4+ T-cell counts (i.e., <200 cell/µL) represented the main factor linked to the higher percentage of intensive care unit admissions, mechanical ventilation or death [89]. In agreement, Nomah and colleagues showed worse COVID-19 outcomes in PLWH with viremia and CD4+ T-cell counts of less than 200 cells/µL [90]. Furthermore, in a cohort in New York, a higher rate of hospitalization and mortality was observed in PLWH with COVID-19 in comparison with HIV-negative people [91]. Conversely, Nagarakanti and colleagues observed no statistical difference in the disease outcomes between PLWH and HIV-negative people. Their study was carried out at the New Art Beth Israel Medical Center with 23 PLWH that had been admitted for COVID-19 disease. The median age of patients was 59 years and all of them were under ART therapy. Three patients died. CD4+ T-cell counts and viral load were available only for two of them, and they had undetectable viral loads and CD4+ T-cell count of >400 cell/µL. In this study, a low CD4 count did not necessarily imply a worse course of the disease. In fact, two-thirds of patients with a CD4+ T-cell count of <200/µL were discharged without any clinical complications (intensive care unit, ICU, ventilation) [92]. However, due to the low number of subjects analyzed in this study, no conclusions can be drawn regarding the relationship between lymphopenia and COVID-19 mortality. According to Wang et al., the milder course of the disease in HIV-positive people with low CD4+ T-cell counts could be explained by the impairment of the immune system as a consequence of HIV CD4+ T-cell depletion. In fact, these patients showed a delayed IgM antibody response and significantly longer disease course [93].



In a cohort from South Africa, among 22,308 SARS-CoV-2/HIV-positive patients, 625 (2.8%) died [94]. COVID-19 death was associated with a CD4+ T-cell count of <200 cells/µL at admission and with tuberculosis infection.



Furthermore, a Spanish case-control study demonstrated that PLWH had a higher mortality rate (9.8% vs 3.4%) compared with HIV-negative subjects. However, deceases were mostly linked to comorbidities in PLWH, and they were not related to HIV RNA suppression, CD4+ T-cell count or ART therapy administration [84].



Overall, among PLWH, a consistent number of deceased patients had other comorbidities, such as diabetes (50%) or hypertension (42%), similar to HIV-negative people. Overall, COVID-19 mortality was 2.4 times higher among PLWH than in HIV-negative people independently from their HIV RNA viral load value or immune suppression status.



The discrepancies observed in different studies may be related to several factors, including:




	
The age of the patients. For example, in the United States, many HIV-positive patients are over 50 years of age with cardiovascular diseases;



	
Obesity. This factor is certainly not negligible and it can worsen the course of the COVID-19 disease;



	
Cardiovascular problems;



	
Diabetes [95,96,97,98,99,100,101,102,103].








In the New York cohort, patients had two or three comorbidities, and this may explain a more severe course of the disease [89].



In the South African cohort, which comprised subjects under ART, it should be established how and whether comorbidities such as diabetes might have favored the increase in the number of deaths among PLWH [94].




6. SARS-CoV-2 Vaccines in HIV-Positive People (PLWH)


The data on the SARS-CoV-2 vaccine efficacy in PLWH are still preliminary. Generally, PLWH who are under ART and with undetectable HIV RNA levels in serum respond well to both AdV- and mRNA-licensed vaccines. Useful information on vaccine use in PLWH can be found on the CDC website [104]. Here we report the main trials carried out among the PLWHs.



6.1. AdV-Vector-Based Vaccines


The immunogenicity of the CHAdOx1nCoV-19 in people with HIV was evaluated in a single-arm, open-label vaccination sub-study within a larger phase II/III trial. A total of 54 participants aged 18–55 years were enrolled and received 2 vaccine doses 4–6 weeks apart. All participants were on antiretroviral therapy with undetectable plasma HIV RNA and their CD4+ T-cell counts were of more than 350 cells/µL [105].



Antibodies against the SARS-CoV-2 spike protein peaked 14 days after the second vaccine dose and were sustained at day 56. These responses were significantly higher in PLWH compared with healthy individuals. Measurement of the neutralization activity of antibodies by a focus reduction neutralization test (FRNT) 28 days after the prime and the booster dose (day 56) in a randomly selected subset of 15 participants showed an increase in the percentages of participants with neutralizing antibodies, which corresponded to 13% and 87% at days 28 and 56, respectively.



IFN-γ T-cell responses against the SARS-CoV-2 spike, monitored 14, 28, 42 and 56 days after vaccination, peaked at day 14 and were significantly higher than baseline at all time points analyzed. No differences in the frequencies of virus-specific IFN-γ secreting cells were observed between HIV-positive individuals and adults without HIV. Evaluation of the proliferative capacity of CD4+ and CD8+ T cells against the SARS-CoV-2 spike demonstrated 2 peaks (at days 28 and 42) in the proliferative CD4+ T-cell responses depending on the spike region recognized by T cells, while CD8+ T-cell proliferative responses peaked on day 28. The similar magnitude and persistence of the SARS-CoV-2 spike-specific humoral or cellular immune responses induced by vaccines in individuals with or without HIV suggested that no dose adjustment was needed for people with HIV on ART with CD4+ T-cell counts of more than 350 cells per µL.



Moreover, since the people included in this trial had a sustained CD4+ T-cell count, no reliable data can provide indications about the protective action of the vaccine in people with low CD4+ T-cell counts or in those who are not under ART, who represent the largest percentage on the African continent, where more than 2 million PLWH are not under any therapy regimen [106].



A double-blind, placebo-controlled phase IB/IIA trial assessed the safety and the immunogenicity of the ChAdOx1 nCoV-19 vaccine in people with HIV in South Africa. Participants were adults aged 18–55 years and included 104 people with HIV and 56 HIV-negative individuals. PLWH were stable on ART for at least 3 months with a median CD4+ T-cell count of 695 cells/µL; 75% of participants had a viral load <50 copies/µL. Primary immunogenicity analyses in 44 HIV-negative individuals and 62 people with HIV who received two doses of ChAdOx1 nCoV-19 vaccine or a placebo 28 days apart demonstrated that immunized participants showed a strong serum IgG response against the full-length spike (FLS) and RBD proteins. In particular, the concentrations of either FLS IgGs or RBD-binding IgGs were similar in HIV-positive and HIV-negative individuals at day 28 after priming and they increased after the booster dose. Seropositivity for protein FLS and RDB were comparable in PLWH and HIV-negative people. In addition, people with HIV who were SARS-CoV-2 seropositive at baseline showed higher antibody responses after each vaccine dose compared with people with HIV who were seronegative at baseline [107].




6.2. mRNA Vaccines


The humoral immune response to mRNA vaccines was first assessed in a small study that included people with HIV (PWH) ≥18 years old in the US.



Total antibodies (IgM, IgG) to SARS-CoV-2 S-RDB were measured via the Roche Elecsys® anti-SARS-CoV-2 enzyme immune assay between days 17 and 27 after the first dose vaccination. The participants had a median age of 64 years, they had been under ART for at least 6 months and 92% had undetectable viral loads. They had CD4+ T-cell counts ranging from ≥500 µL to <200 cells/µL. Half of the participants received mRNA-1273 (Moderna) and the others received BNT162b2 (Pfizer). All participants developed anti-SARS-CoV-2 antibodies, although their levels were lower in the participants with CD4+ T-cell counts of <200 cells/µL [108].



The total antibodies (IgM, IgG) to SARS-CoV-2 S-receptor-binding domain (RDB) were also evaluated after the booster dose for the two mRNA vaccines in 12 PLWH.



Six participants received the Pfizer/BioNTech BNT162b2 vaccine and six received the Moderna mRNA1273 vaccine. All participants developed high titers of anti-RDB antibodies at a median time of 29 days after the booster dose. Plasma antibody titers of all participants were comparable to those seen in the immunocompetent HIV-uninfected population, apart from one individual with CD4+ T counts <200 cells/µL [109].



The humoral immune response to the Pfizer–Biontech BNT162b2 vaccine after the second dose in people living with HIV was evaluated in a study of 143 PLWH aged >18 years and 261 immunocompetent health-care workers (HCW) who received a booster dose at an interval of 21 days [110]. At the time of vaccination, the PLWH were on ART and 95% of them had an undetectable viral load, with baseline geometric mean CD4+ T-cell counts of 700 cells/µL. The average time of HIV diagnosis was 13 years and 26 had AIDS.



139 of 143 PLWH and 258 of 261 HCW developed RBD-IgG antibodies at a median of 18 days and 26 days after the second dose, respectively. PLWH had lower levels of RDB-IgG than controls, but their immune sera had neutralizing activities against SARS-CoV-2 pseudo-virus similar to controls. A drop in CD4+ T-cell counts was reported after the first and second vaccine and at 4 months post vaccination in PLWH. CD4+ T-cell counts decreased from a geometric mean of 700 (97% CI, 648–757) cell/µL to 531 (429–657) following the first doses and 633 (95% CI, 588–683) cell/µL after the second doses of vaccine (p < 0.01, relative to baseline before vaccination). A similar decrease in CD4+ T-cell counts was not reported in other studies concerning different types of vaccinations. A transient increase in HIV RNA viral load was detected in three individuals immediately after vaccination, but HIV RNA viral load remained <100 copies/mL. The blips are not to be considered as a viral failure and they occur in a quarter of PLWH under ART. However, they indicate an HIV activation and its potential reservoir increase [111]. None of the patients developed an immediate or delayed-type hypersensitivity reaction [110].



Another study investigated the levels of anti-spike and neutralizing antibodies in relation to CD4+ T-cell counts or CD4:CD8+T-cell ratios in 140 PLWH following vaccination with BNT162b2 in a prime/boost regimen. The time interval between the first and the second vaccination was 29 days. All PLWH had a viral load <200 HIV-1 RNA copies/mL and 96.5% had a viral load <50 copies/mL. The 88 patients tested after one vaccination had a mean CD4+ T-cell count/μL of 716 (151–1558) while the 52 individuals tested after the second dose had a CD4+ T-cell count/μL of 577 (45–1106). Anti-S IgG became detectable in most patients from day 10 after priming and increased over time. The increase in IgG concentration was associated with an increase in antibody-inhibitory activity in a virus surrogate neutralization test. PLWH with CD4+ T-cell counts below 500 cells/μL and those with CD4+ T-cell counts above 500 cells/μL had similar levels of anti-S IgG. Within variance, anti-S IgG and IgA or inhibitory activity were significantly higher in PLWH with CD4:CD8 ratios > 0.5 compared with those with CD4:CD8 ratios < 0.5 and this association was lost after BNT162b2 booster vaccination. In addition, PLWH produced significantly lower levels of anti-S IgG after prime and boost vaccinations compared with health-care workers [112]. Similarly, the results of the BNT162b vaccination trial including 90 PLWH and 90 controls demonstrated a high rate of seroconversion in PLWH, although the levels of spike IgG antibodies, after two doses of vaccine, were significantly lower in HIV patients than in healthy controls. In this study, all patients were on ART and 86% of them had HIV RNA less than 50 copies/μL, while their CD4+ T-cell count was 565 (280–723) cells/μL [113].



The capacity of the BNT162b2 vaccine to induce both cellular and humoral immune responses in PLWH was investigated in the study by Woldemeskel et al. [114]. In this study, the frequencies of spike-specific IFN-γ-secreting T cells, the titers of spike-binding antibodies and the levels of antibodies able to block SARS-CoV-2 binding to ACE2 were determined in 12 PLWH between 7 and 17 days after the second vaccine dose. The participants had a median age of 52 years, all were on antiretroviral therapy and three had low-level viremia. The median CD4+ T-cell counts were of 913 cell/µL. Included as controls were 17 healthy donors. The analysis of the cellular immune response demonstrated that PLWH and healthy controls had similar numbers of IFN-γ-secreting T cells in unfractionated or CD8+T-cell depleted PBMC. Additionally, the breadth and the specificity of the T-cell responses were comparable in the two groups.



In addition, PLWH and healthy controls developed similar titers of SARS-CoV-2 spike-binding antibodies and similar levels of neutralizing antibodies to the vaccine strain spike protein or to spike variants including alpha (B.1.1.7), beta (B.1.351) and gamma (P.1) strains [114]. More recently, the humoral immune response elicited by the mRNA-1273 vaccine was analyzed in a cohort of 71 PLWH who received two doses of vaccine with a time interval of 28 days. All participants were receiving suppressive ART and they had a median HIV viral load <50 copies/mL and a median CD4+ T-cell count of 747.0 cells per μL (IQR 593–942). Evaluation of the humoral immune response 28 days after the second dose showed that PLWH had similar anti-S titers and neutralizing antibody activity to individuals with no HIV infection [115].





7. Specific/Potential Side Effects of SARS-CoV-2 Vaccines in People Living with HIV (PLWH)


The side effects of SARS-CoV-2 vaccines described in the general population have also been observed in PLWH (see Section 4.3).



However, it is worth bearing in mind that an activation of HIV-infected CD4+ T cells has been observed in vaccinated PLWH. Indeed, an increase in HIV RNA viral load was observed in the period immediately after the administration of the SARS-CoV-2 vaccine, concomitantly with a decrease in absolute CD4+ T-cell counts [110]. Since HIV is a retrovirus and therefore has a reverse transcriptase, the question is whether, following recombination events, the messenger RNA encoding the spike protein of SARS-CoV-2 could be included in the proviral DNA, integrated into the human genome and co-packaged in retroviral progenies.



This question was posed by Tombacz I et al. [116]. As is well known, RNA is not able to integrate within the DNA of the host genome unless it is retro-transcribed by viral retro-transcriptases such as those of HIV or by those produced by endogenous retrotransposons.



To understand how and whether this is possible, we give a brief description of the retrovirus replication cycle (Figure 1). Retroviruses have an RNA genome and within each virion there are two copies of HIV RNA (diploid genome). To replicate, however, the virus requires an intermediate double-stranded DNA that integrates in the form of a provirus in the host’s genome [117]. Recombination takes place during the reverse transcription step and it is estimated that homologous recombination occurs at high frequency (ranging from 10 to 30% for each cycle of replication). According to the dynamic copy choice model, RT can switch between the two co-packaged RNAs using portions of each RNA as a template to generate chimeric DNA-containing sequences from each of the two genomic RNAs during minus-strand DNA synthesis [118].



Nevertheless, nonhomologous recombination can also occur between retrovirus and exogenous RNA. Hajjar and colleagues used the SE21Q1b cell line, which is able to randomly package cellular mRNA into retroviral particles, to study the potential recombination between leukosis viral genomic RNA and neo-containing RNA devoid of retroviral sequences. The neo RNA was efficiently packaged into SE21Q1B virions. In most cases, the neo RNA was reverse transcribed to the 5′ end and incorporated into the new proviral DNA. The authors hypothesized a jump to the 3′ end of the minus-sense DNA without any homology, although in normal reverse transcription, the primer binding site provides homology for this jump to occur [119].



On the other hand, the Sarbecoronavirus subgenus, which includes SARS-CoV-2, shows high recombination frequency, especially in the spike protein [120,121,122]. A recent study, which was carried out by applying a genome-wide approach to examine polymorphisms, revealed that recombination represents the cause of around 40% of polymorphisms in the coronavirus viral population. Recombinant exchanges were found to be located randomly along the coronavirus genome, even though they were concentrated in regions involved in the interaction with host cells [123].



The high recombination rate is promoted by the presence of subgenomic RNAs, which are generated during replication and which allow template switching [124]. Coronavirus RNA fragments which cannot replicate themselves can be involved in RNA recombination. In nonhomologous recombination, a replicating RNA can recombine with a nonreplicating RNA (e.g., cellular RNA). These experimental data justify the question regarding whether HIV can give rise to recombination events between nonreplicating RNA fragments of the SARS-CoV-2 vaccine and the HIV genome. Currently, experimental evidence that confirm or exclude these scenarios is lacking.



Concerning the AdV vector, Adenoviruses are known to undergo recombination during infection. Phylogenetic analysis revealed that serotype 16 is a product of recombination between sequences of species B and E [125]. Moreover, experimental data demonstrated that AdV12 integrated quickly after the infection of BHK21 hamster cells and that the integration sites are located along the whole human genome [126]. As previously mentioned, in immunosuppressed subjects, adenoviruses can cause chronic infections. Considering the wide tropism of AdVs, the possibility of recombination between the adenoviral vaccine and an AdV strain which causes chronic infection cannot be excluded. Potential alteration in transcriptional profiles should be taken into consideration and experimental data aimed to clarify this aspect are needed. In addition, it should be considered that results from trials of HIV vaccines based on the AdV5 vector found that Ad5 seropositive men were at elevated risk of acquiring HIV-1 during the first 18 months after vaccination [127]. It has been hypothesized that the AdV5 immunocomplex can activate the dendritic-cell–T-cell axis with an increase in HIV viral replication and T-cell susceptibility to HIV infection [128]. In a consensus conference sponsored by the NIH, experts discouraged the use of the AdV5 viral vector in the development of vaccines that might be administered to PLWH [127].




8. Conclusions


The data reported in this review highlight that the mortality of PLWH caused by SARS-CoV-2 infection is influenced by the same cofactors observed in HIV-negative subjects, including, for example, age, obesity and M. tuberculosis infection status. The humoral immune response, elicited by mRNA and adenoviral-vector vaccines in PLWH is similar to that induced in individuals without HIV infection [107,114]. Nevertheless, these data refer to a short period of observation after vaccination, and there are no data on either the durability of the immune response induced in PLWH or on the degree of protection in the long term. Furthermore, few studies have measured the T-cell response induced by vaccination, its durability and its efficacy against viral variants [114]. In addition, since the majority of data from clinical trials refer to PLWH with good CD4+ T-cell counts, which are sometimes comparable to those of individuals with no HIV infection, the protection period provided by vaccination to PLWH with CD4+ T-cell counts < 200 cells/µL might be shorter than that observed in subjects with CD4+ T-cell counts > 500 cells/µL, and therefore the vaccination should be carried out at shorter intervals. Concerning safety, the same adverse effects have been reported in HIV-negative subjects, for which seropositivity does not seem to represent any further risk factor for anti-COVID-19 vaccination.



In conclusion, hesitancy [129] in vaccinating PLWH subjects appears to be unjustified, while greater certainty is needed regarding the effective duration of vaccine protection in order to correctly define the timing of administration of the booster doses.
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Figure 1. Process of reverse transcription of retroviral DNA: RNA = thin black line, hyphen-line = minus (−) strand DNA, bold, dark color = plus (+) strand DNA. PPT, polyuridine tract, which is resistant to RNase H degradation. PBS, primer binding site; RNase H, ribonuclease H, an enzyme specific for RNA strand: DNA duplexes. During the synthesis of minus (−) strand DNA (dashed-line) there is a possibility of nonhomologous recombination. 
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