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Abstract

:

People living with HIV (PLWH) could be at risk of blunted immune responses to COVID-19 vaccination. We investigated factors associated with neutralizing antibody (NAb) responses against SARS-CoV-2 and variants of concern (VOCs), following two-dose and third booster monovalent COVID-19 mRNA vaccination in Japanese PLWH. NAb titers were assessed in polyclonal IgG fractions by lentiviral-based pseudovirus assays. Overall, NAb titers against Wuhan, following two-dose vaccination, were assessed in 82 PLWH on treatment, whereby 17/82 (20.73%) were classified as low-NAb participants. Within the low-NAb participants, the third booster vaccination enhanced NAb titers against Wuhan and VOCs, albeit to a significantly lower magnitude than the rest. In the multivariate analysis, NAb titers against Wuhan after two-dose vaccination correlated with age and days since vaccination, but not with CD4+ count, CD4+/CD8+ ratio, and plasma high-sensitivity C-Reactive protein (hsCRP). Interestingly, an extended analysis within age subgroups revealed NAb titers to correlate positively with the CD4+ count and negatively with plasma hsCRP in younger, but not older, participants. In conclusion, a third booster vaccination substantially enhances NAb titers, but the benefit may be suboptimal in subpopulations of PLWH exhibiting low titers at baseline. Considering clinical and immune parameters could provide a nuanced understanding of factors associated with vaccine responses in PLWH.
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1. Introduction


The rollout of global COVID-19 vaccination raised concerns over the ability of people living with HIV (PLWH) to elicit optimal immune responses given their underrepresentation in preceding clinical trials [1,2]. A growing body of literature now suggests that although PLWH on antiretroviral therapy (ART) can mount antibody responses at a comparable magnitude to non-HIV-infected individuals [3,4], certain subpopulations of PLWH, such as those with suboptimal CD4+ count recovery, have shown attenuated antibody responses following two-dose vaccination [5,6,7]. Additionally, a substantial proportion of PLWH have shown no detectable antibody responses to a standard two-dose mRNA vaccination regimen [8]. As a result, PLWH have been categorized as a vulnerable population, with respect to severe COVID-19 [9], and have subsequently been recommended for updated monovalent and bivalent booster vaccination regimens [10]. However, whether subpopulations of PLWH exhibiting suboptimal antibody responses at baseline could optimally benefit from booster vaccination remains unclear. Thus, it is important to continue evaluating antibody responses in PLWH receiving booster vaccination regimens.



The evaluation of host factors associated with antibody responses to COVID-19 vaccination in PLWH on suppressive ART is increasingly challenging, in part, due to extensively heterogeneous immune reconstitution markers, chronic inflammation levels, and rates of co-morbidities in this population [11,12,13]. Investigations aiming to refine our understanding of host immune factors delineating certain subpopulations of PLWH presenting with suboptimal antibody responses to vaccination have been inconclusive thus far, and in some instances, conflicting. For instance, whereas HIV-related factors such as CD4+ count [8] and CD4+/CD8+ ratio [14] have been shown to associate with antibody responses in some cohorts, these factors did not impact antibody responses in others [4,15]. Additionally, clinical factors such as age and inflammation biomarkers [16], which have similarly shown a differential impact on antibody responses to vaccination, further highlight the complexity of predicting vaccine responses in PLWH. While the basis of these disparities remains unclear, they continue to impede efforts aimed at identifying most at-risk subpopulations of PLWH for targeted booster vaccination strategies. Hence, in this study, we investigated factors associating with neutralizing antibody (NAb) responses against SARS-CoV-2 and VOCs following two-dose and third booster monovalent COVID-19 vaccination in Japanese PLWH.




2. Materials and Methods


2.1. Study Participants


We enrolled PLWH on ART during scheduled routine HIV monitoring and ART refill visits in HIV care clinics at Kyushu Medical Center (n = 70) and Hiroshima University Hospital (n = 12) in Japan. Plasma samples after 2-dose COVID-19 mRNA vaccination were collected between September 2021 and January 2022, whereas samples after monovalent 3rd booster vaccination were collected between February and June 2022. HIV-related parameters of CD4+ count, CD4+/CD8+, HIV plasma viral load, and high-sensitivity C-Reactive protein (hsCRP), which are routinely monitored in the HIV care clinics from which the participants were recruited, were acquired at the point of sample collection. Pre-ART CD4+ count and pre-ART viral load data were also included.




2.2. Purification of Polyclonal IgG Fractions


Polyclonal IgG fractions were purified from participant plasma by spin columns equipped with protein A-conjugated silica beads (Cosmobio, cat # CSR-APK-10A, Tokyo, Japan), according to the manufacturer’s instruction. Briefly, 70 µL of heat-inactivated plasma was diluted with 210 µL of 1× phosphate-buffered saline (PBS) and passed through a 0.22 µM filter (Sigma-Aldrich, cat # SLGVR33RS, St. Louis, MI, USA) to minimize impurities in the end product. IgG fractions were eluted in 100 µL of manufacturer-provided elution buffer and quantified by a NanoDrop 2000 spectrophotometer (Thermo Fisher, Waltham, MA, USA) before storage at 4 °C for no longer than 3 months.




2.3. Production of Pseudotyped Viruses


SARS-CoV-2 and variant of concern (VOC) spike-bearing pseudoviruses were constructed by co-transfecting 293T cells (ATCCs), with modified versions of plasmids encoding spike and a lentiviral backbone, as previously reported [17]. In brief, spike-encoding plasmids (kindly provided by T. Kuwata [18]) were modified by truncating the last 19 amino acids from the C-terminal end of the cytoplasmic tail to create plasmids designated as SARS-CoV-2 or VOC-Spike CΔ19. The lentiviral backbone, pSG3ΔENVΔNef-Luc2-IN/HiBit (kindly provided by K. Tokunaga), was previously modified by inserting a HiBiT peptide tag sequence and a luciferase reporter gene [19]. The 2 modified plasmids were then used to co-transfect overnight-seeded 293T cells at a concentration of 1000 ng and 25 ng for pSG3ΔENVΔNef-Luc2-IN/HiBit and SARS-CoV-2/VOC-Spike CΔ19, respectively. Upon 48 h of incubation at 37 °C and 5% CO2, DNase I was added to the culture supernatant to degrade any unutilized plasmid. The culture supernatant was then passed through 0.45 µM filters (Sigma-Aldrich, cat # SLHVJ13SL, St. Louis, MI, USA) and aliquots thereof stored at −80 °C. Viral titers were quantified as a function of HiBiT-generated luminescence and normalized by the corresponding level of HIV p24 antigen (produced by the HIV-based proviral backbone), as described previously [20].




2.4. Target Cell Preparation


Target cells expressing SARS-CoV-2 surface receptors were prepared as previously described [17]. In brief, 293T cells cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Thermo Fisher, cat # 041-29775, Waltham, MA, USA) enriched with 10% fetal bovine serum (FBS) (Sigma Aldrich, cat # 172012, St. Louis, MI, USA) were co-transfected with 500 ng of pCXN-ACE2 and 250 ng of pC-TMPRSS2 (kindly provided by K. Tokunaga [21]), and incubated at 37 °C and 5% CO2 for 48 h. The cells were then trypsinized 15 min prior to utilization in the ensuing polyclonal IgG neutralization assay.




2.5. Polyclonal IgG Neutralization Assay


NAb titers against SARS-CoV-2 and VOC spike in participant-derived polyclonal IgG fractions were assessed by previously developed HIV neutralization assays [22], subject to minor modifications. Briefly, participant-derived IgG was 3-fold serially diluted on a 96-well plate from starting concentrations of 100 µg/mL or 300 µg/mL. Pseudoviruses were thawed to 37 °C and added at a concentration of 3 ng/well of the proviral backbone p24 antigen level and incubated at 37 °C and 5% CO2. One hour after incubation, freshly trypsinized target cells (293T/ACE2/TMPRSS2) were added to the IgG/pseudovirus complex at a density of 22,000 cells/well and incubated for 48 h. A luciferase substrate (ONE-Glo, Promega, cat # E6130, Madison, MI, USA) equipped with a lysis agent was added to the culture supernatant in accordance with the manufacturer’s instructions. IgG neutralization at each dilution was calculated as a percentage reduction in luminescence in the IgG + pseudovirus wells relative to the pseudovirus-only wells. IgG NAb titers were expressed as IC50 values calculated on a dose–response curve fit with a non-linear function. An IgG sample of known NAb titer was used as a positive control to ensure consistency in conditions between assay runs.




2.6. Statistical Analysis


Bivariate and multivariate Spearman correlation analyses were performed by IBM SPSS Statistics, version 26 (Chicago, IL, USA). Nonparametric partial correlation analysis was performed to adjust for confounders of NAb titers. The Wilcoxon signed-rank test and Mann-Whitney U test were used to compare differences between paired populations and unpaired populations, respectively. All tests were two-tailed, and p-value of <0.05 was considered statistically significant.





3. Results


3.1. Cohort Characteristics


A total of 82 PLWH who reported no history of COVID-19 diagnosis were included in this analysis. Most participants, 48/67 (71.6%), received two doses of BNT162b2 (Pfizer, New York, NY, USA), while the rest 19/67 (28.4%) received two doses of mRNA-1273 (Moderna, Cambridge, MA, USA). The participants, who were majority male 80/82 (97.5%), had a median (IQR) age of 48 (40–56) years. All participants were on ART, although the plasma viral loads of 5 (6.3%) participants were above the detection limit (defined as >50 copies/mL). The median (IQR) CD4+ count at the time of sample collection was 470 (314–643) cells/µL. By the close of sample collection in June 2022, a total of 28 two-dose vaccinees (34%) had received a monovalent third booster vaccine dose. We, however, focused our analysis on a subset of 18 participants whose sampling time point after the third booster vaccination matched the sampling time point after two-dose vaccination (Table 1). Within the booster vaccinees, 12/15 (80%) received mRNA-1273, whereby the majority 10/15 (66.7%) received a booster dose by a different manufacturer from the first two doses.




3.2. Neutralizing Antibody Titers against SARS-CoV-2 following 2-Dose Vaccination in PLWH


To assess the NAb titers of antisera, we employed a lentiviral reporter assay system pseudotyped by SARS-CoV-2 spike protein, as previously reported [19]. A version of spike protein which had been modified by truncating 19 amino acids from the C terminal end (CΔ19 spike) was used. Consistent with previous reports [23,24], the CΔ19 spike showed substantial enhancement in pseudovirus infectivity compared to its native form (Supplementary Figure S1). When we tested three representative plasma samples for unspecific pseudovirus inhibition, they all uniformly inhibited the infection of lentiviruses pseudotyped by SARS-CoV-2 (Wuhan) spike, including two pseudotyped by vesicular stomatitis virus G protein (VSV-G) and murine leukemia virus envelope (MuLV), which are of zoonotic extraction (Supplementary Figure S1). The confirmed unspecific inhibition activity targeting the proviral backbone likely emanated from residual ART in the participants’ plasma, which has been shown to indiscriminately inhibit lentiviral-based pseudoviruses [25,26]. Therefore, in order to abrogate unspecific inhibition by residual ART, we purified polyclonal IgG, which has been shown to be the dominant isotype in plasma anti-spike antibody responses [27]. Purified polyclonal IgG fractions did not show unspecific inhibition of pseudoviruses bearing the VSV-G and MuLV envelope but exhibited neutralizing activity specific for Wuhan spike, against which the participants had been recently vaccinated. Consequently, all subsequent assessments of pseudovirus neutralization activity were performed using purified polyclonal IgG antibody fractions and expressed as IC50 values.



Following two-dose vaccination, NAb titers against Wuhan were determined in the polyclonal IgG fractions of participants at a median (IQR) IC50 of 44.9 (27.4–94.9) µg/mL (Figure 1A). However, recipients of BNT162b2 exhibited significantly lower NAb titers than mRNA-1273 recipients (median IgG IC50 of 47.8 versus 33.2 µg/mL, p = 0.02), in agreement with reports from cohorts of PLWH and HIV uninfected people [28,29] (Figure 1B). A low NAb titer threshold was defined by identifying the upper IgG IC50 value of the lowest quartile (>100 µg/mL). As a result, 17/82 (20.73%) participants were considered to have low NAb titers, including 8 whose titers were below the detection limit. Among the 17 low-NAb participants, 13 had undetectable HIV viral loads at the time of sample collection, while 1 participant who had recently initiated ART had a viral load of 330,000 copies/mL. The median (IQR) age, CD4+ count, and CD4+/CD8+ ratio of the low-NAb participants were 58 (47–68) years, 301 (185–494) cells/µL, and 0.4 (0.2–1.1), respectively.




3.3. Neutralizing Antibody Titers against SARS-CoV-2 and Variants of Concern following Monovalent 3rd Booster Vaccination in PLWH


Further, we analyzed the impact of third booster vaccination on NAb titers against Wuhan and other VOCs (Delta, Omicron BA.1 and Omicron BA.2) in a subset of 18 third-booster vaccinees in which 5/18 (27.8%) had been previously classified as low-NAb participants. Between the low-NAb participants and the rest, the days since two-dose and third booster vaccination were not significantly different. First, we established that third booster vaccination significantly enhanced NAb titers against Wuhan by a median fold of 16 (p = 0.0001). This boosting effect was observed in all participants, although low-NAb participants exhibited significantly lower NAb titers despite a comparable fold increase with the rest (Figure 2A). Similarly, the third booster vaccination enhanced NAb titers against all the VOCs tested by the following median folds: Delta (14-fold), Omicron BA.1 (7-fold), and Omicron BA.2 (12-fold) (p < 0.0001). Consistent with observations from Wuhan neutralization, low-NAb participants recorded significantly lower NAb titers against VOCs, and in two participants, titers showed no detectable change despite third booster vaccination.




3.4. Factors Associated with Neutralizing Antibody Titers following COVID-19 Vaccination in PLWH


Next, we investigated how HIV and vaccine-related variables correlated with polyclonal IgG NAb titers against Wuhan spike following two-dose vaccination. In the bivariate analysis, we found that the parameters of age (r = −0.42, p = 0.001), CD4+ count at sample collection (r = 0.28, p = 0.01), and days since two-dose vaccination (r = −0.45, p = 0.001) significantly correlated with NAb titers, whereas those of pre-ART viral load, pre-ART CD4+ count, and hsCRP at sample collection did not correlate (Table 2). Variables that correlated moderately or strongly with NAb titers, and at a statistical significance of p < 0.1 (age, CD4+ count, pre-ART viral load, and days since two-dose vaccination), were adjusted for via a nonparametric partial Spearman correlation analysis. The resulting adjusted Spearman correlations revealed that only age (r = −0.33, p = 0.007) and days since two-dose vaccination (r = −0.34, p = 0.005) independently correlated with NAb titers (Table 2). Given previous reports showing diminished humoral responses at lower CD4+ counts in PLWH [5], we also separately analyzed participants with a CD4+ count in the subnormal range (≤500 cells/µL), but the correlation with NAb titers lost statistical significance in the multivariate analysis as well.



Further, we analyzed factors correlating with NAb titers following the 3rd booster vaccination within the subset of 18 booster vaccinees. Consistent with observations after two-dose vaccination, we found that age, but not other host factors, negatively correlated with NAb titers against Wuhan (r = −0.59, p = 0.009) following third booster vaccination (Figure 2B). The correlation was also observed across all the VOCs investigated.




3.5. Factors Associated with Neutralizing Antibody Titers following COVID-19 Vaccination in Different Age Subgroups of PLWH


Despite age being the only host correlate of NAb titers after two-dose vaccination, we noticed that this correlation was biphasic in that it was more prominent (r = −0.44, p = 0.009) in the upper 50th percentile of age and relatively diminished (r = −0.13, p = 0.46) in the lower 50th percentile (Figure 3A). We thus stratified the participants at the median age (48 years) and separately analyzed the correlates of NAb titers in the younger (≤48 years old, n = 42) and older (>48 years old, n = 40) subgroups. There was no significant difference in the proportion of BNT162b2 recipients between the younger and older age subgroups (69.7% versus 74.5%, p = 0.79). While the CD4+ count did not correlate with NAb titers in either subgroup, a CD4+ count within the subnormal range (≤500 cells/µL) positively correlated with NAb titers in the younger (r = 0.55, p = 0.029), but not older, subgroup (r = 0.14, p = 0.47) (Figure 3B). However, the CD4+/CD8+ ratio did not significantly correlate with NAb titers in either subgroup (Figure 3C). Consistent with subnormal CD4+ count, levels of hsCRP, which is a marker of inflammation [30], negatively correlated with NAb titers in the younger (r = −0.43, p = 0.008), but not older (r = −0.01, p = 0.998), subgroup (Figure 3D). hsCRP did not correlate with age in either subgroup.





4. Discussion


PLWH remain vulnerable to severe COVID-19, and identifying the most at-risk subpopulations remains a key objective. Our study analyzes factors associated with NAb responses in the polyclonal IgG fractions of Japanese PLWH receiving two-dose and third booster COVID-19 mRNA vaccination. We demonstrate that a subpopulation with low NAb titers against SARS-CoV-2, identified after two-dose vaccination, exhibits similarly low NAb titers against VOCs after the third booster vaccination. Additionally, different age subgroupings exhibited differential host factor associations with NAb titers following two-dose vaccination.



In this study, 17/82 (20.7%) participants were classified as low-NAb participants. However, we did not find any significant differences in markers of immune reconstitution (CD4+ count and CD4+/CD8+ ratio) between the low NAb titers subpopulation and the rest. While other reports have shown that a low CD4+ count is characteristic of low antibody response subpopulations [8], differences in the thresholds used to define these subpopulations cannot be overlooked. The third booster vaccination enhanced NAb titers against Wuhan and VOCs, in agreement with previous reports [31,32]. However, low NAb participants consistently exhibited significantly lower titers against all the VOCs tested, including two who showed no detectable change in VOC neutralization despite third booster vaccination. Although HIV uninfected subpopulations of low-NAb participants have shown similarly low titers post-booster [33], we could not establish whether participants showing no detectable change in NAb titers against VOCs post-booster were limited to PLWH or could also be found in the general population, given the lack of a healthy control group in this study. Nevertheless, our findings highlight the need for continuous monitoring of low-NAb subpopulations and their responses to booster vaccination in larger cohorts of PLWH.



Our investigation of host factors associated with NAb titers showed that age negatively correlated with NAb titers against Wuhan following both two-dose and third booster vaccination regimens. Our findings are consistent with previous reports from cohorts of PLWH from other countries [4,16] and HIV-uninfected healthcare workers from Japan [34,35]. Aging with HIV has been shown to accelerate immune senescence and could therefore limit the ability of older PLWH to mount robust antibody responses to de novo antigens [36,37] such as COVID-19 vaccination in this case. Given that the proportion of older PLWH is projected to increase significantly by the end of 2030 [38], our findings bring attention to the vulnerability of this subpopulation and call for their prioritization in future booster vaccination regimens.



On the other hand, we found that CD4+ count did not correlate with NAb titers against Wuhan after two-dose vaccination, a finding that is in line with previous reports [4,14,39] but also in contrast to some other reports [5,7]. It is, however, intriguing that our age subgroup analysis revealed that NAb titers in younger participants (≤48 years) positively correlated with the CD4+ count in participants with CD4+ counts within the subnormal range (≤500 cells/µL). Although we could not confidently ascribe the observed age-dependent association to differences in actual age or age-associated immune phenotypes, comorbidities, and coinfections, these findings highlight how the heterogeneity of clinical parameters and markers of immune reconstitution across cohorts could impede the building of consensus on the most vulnerable subpopulations of PLWH. As such, classifications of cohorts based on immune reconstitution markers, clinical and demographical parameters, may reveal a broader spectrum of host factor interactions with vaccine responses and help in building a consensus towards identifying the most at-risk subpopulations of PLWH for targeted vaccination strategies.



Our study was, however, not without limitations. First, the lack of an HIV-uninfected control group limits a direct comparison in NAb responses between PLWH and the general population. Also, our experimental approach relied on IgG neutralization thereby excluding other non-dominant isotypes, such as IgA and IgM, but with equally potent neutralization properties. Furthermore, considering that our cohort was 97.5% male, and differences in immune responses to vaccination may be present between males and females, further research is needed to understand the potential role of sex in NAb responses in PLWH. Additionally, the duration between vaccination and sample collection varied considerably across the cohort. Finally, our study was also limited by its small sample size. Nonetheless, our study contributes to a growing body of literature on factors associated with NAb responses to COVID-19 vaccination in PWLH. Our findings highlight an overall immune-boosting effect of monovalent third booster vaccination against Wuhan and VOCs. We identified differential host immune associations with NAb titers in different age subgroupings; however, further research in larger cohorts is needed to elucidate this observation.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/v16040555/s1, Figure S1: Validation of polyclonal IgG neutralization assay.





Author Contributions


Conceptualization, I.N. and T.U.; methodology, I.N., T.S.T., M.T. and T.K.; formal analysis, I.N.; resources, R.M., T.F., S.T., E.N., C.M. and N.Y.; writing—original draft, I.N.; writing—review and editing, T.U. and G.B.; supervision, T.U.; funding acquisition, T.U. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported in part by the AMED Research Program on HIV/AIDS, 23fk0410050h0302 and 23fk0410054h0002; AMED Research Program on Emerging and Re-Emerging Infectious Diseases, 20fk0108539h0001, 20fk0108451s0101, and JSPS KAKENHI; and Grant-in-Aid for Scientific Research, 22H03119 and 22KK0148 (to T.U.). I.N. is a recipient of the Japanese government (Monbukagakusho: MEXT) scholarship.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee for Epidemiological and General Research at Kumamoto University, Kyushu Medical Center, and Hiroshima University Hospital (approval numbers: 2066 and 461; approval date: 8 January 2021).




Informed Consent Statement


Informed consent was obtained from all participants involved in the study.




Data Availability Statement


All data generated and analyzed are included in this article. Additional data will be provided following a reasonable request to the corresponding author.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



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]

	



Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Pérez Marc, G.; Moreira, E.D.; Zerbini, C.; et al. Safety and Efficacy of the BNT162b2 mRNA COVID-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [Google Scholar] [CrossRef]

	



Lapointe, H.R.; Mwimanzi, F.; Cheung, P.K.; Sang, Y.; Yaseen, F.; Umviligihozo, G.; Kalikawe, R.; Speckmaier, S.; Moran-Garcia, N.; Datwani, S.; et al. People with Human Immunodeficiency Virus Receiving Suppressive Antiretroviral Therapy Show Typical Antibody Durability after Dual Coronavirus Disease 2019 Vaccination and Strong Third Dose Responses. J. Infect. Dis. 2023, 227, 838–849. [Google Scholar] [CrossRef]

	



Brumme, Z.L.; Mwimanzi, F.; Lapointe, H.R.; Cheung, P.K.; Sang, Y.; Duncan, M.C.; Yaseen, F.; Agafitei, O.; Ennis, S.; Ng, K.; et al. Humoral Immune Responses to COVID-19 Vaccination in People Living with HIV Receiving Suppressive Antiretroviral Therapy. npj Vaccines 2022, 7, 28. [Google Scholar] [CrossRef]

	



Nault, L.; Marchitto, L.; Goyette, G.; Tremblay-Sher, D.; Fortin, C.; Martel-Laferrière, V.; Trottier, B.; Richard, J.; Durand, M.; Kaufmann, D.; et al. Covid-19 Vaccine Immunogenicity in People Living with HIV-1. Vaccine 2022, 40, 3633–3637. [Google Scholar] [CrossRef] [PubMed]

	



Hassold, N.; Brichler, S.; Ouedraogo, E.; Leclerc, D.; Carroue, S.; Gater, Y.; Alloui, C.; Carbonnelle, E.; Bouchaud, O.; Mechai, F.; et al. Impaired Antibody Response to COVID-19 Vaccination in Advanced HIV Infection. AIDS 2022, 36, F1–F5. [Google Scholar] [CrossRef] [PubMed]

	



Antinori, A.; Cicalini, S.; Meschi, S.; Bordoni, V.; Lorenzini, P.; Vergori, A.; Lanini, S.; De Pascale, L.; Matusali, G.; Mariotti, D.; et al. Humoral and Cellular Immune Response Elicited by mRNA Vaccination Against Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) in People Living With Human Immunodeficiency Virus Receiving Antiretroviral Therapy Based on Current CD4 T-Lymphocyte Count. Clin. Infect. Dis. 2022, 75, e552–e563. [Google Scholar] [CrossRef] [PubMed]

	



Touizer, E.; Alrubbayi, A.; Ford, R.; Hussain, N.; Gerber, P.P.; Shum, H.-L.; Rees-Spear, C.; Muir, L.; Gea-Mallorquí, E.; Kopycinski, J.; et al. Attenuated Humoral Responses in HIV after SARS-CoV-2 Vaccination Linked to B Cell Defects and Altered Immune Profiles. iScience 2022, 26, 105862. [Google Scholar] [CrossRef] [PubMed]

	



Spinelli, M.A.; Jones, B.L.H.; Gandhi, M. COVID-19 Outcomes and Risk Factors Among People Living with HIV. Curr. HIV/AIDS Rep. 2022, 19, 425–432. [Google Scholar] [CrossRef]

	



Oliver, S. Updates to COVID-19 Vaccine Policy: Considerations for Future Planning. cdc.gov.2023. Available online: https://www.cdc.gov/vaccines/acip/meetings/downloads/slides-2023-04-19/06-COVID-Oliver-508.pdf (accessed on 27 March 2024).

	



Zhang, W.; Ruan, L. Recent Advances in Poor HIV Immune Reconstitution: What Will the Future Look Like? Front. Microbiol. 2023, 14, 1236460. [Google Scholar] [CrossRef]

	



Handoko, R.; Colby, D.J.; Kroon, E.; Sacdalan, C.; de Souza, M.; Pinyakorn, S.; Prueksakaew, P.; Munkong, C.; Ubolyam, S.; Akapirat, S.; et al. Determinants of Suboptimal CD4+ T Cell Recovery after Antiretroviral Therapy Initiation in a Prospective Cohort of Acute HIV-1 Infection. J. Int. AIDS Soc. 2020, 23, e25585. [Google Scholar] [CrossRef] [PubMed]

	



Frasca, D.; Pallikkuth, S.; Pahwa, S. Metabolic Phenotype of B Cells from Young and Elderly HIV Individuals. Immun. Ageing 2021, 18, 35. [Google Scholar] [CrossRef] [PubMed]

	



Jedicke, N.; Stankov, M.V.; Cossmann, A.; Dopfer-Jablonka, A.; Knuth, C.; Ahrenstorf, G.; Ramos, G.M.; Behrens, G.M.N. Humoral Immune Response Following Prime and Boost BNT162b2 Vaccination in People Living with HIV on Antiretroviral Therapy. HIV Med. 2022, 23, 558–563. [Google Scholar] [CrossRef] [PubMed]

	



Tau, L.; Turner, D.; Adler, A.; Marom, R.; Ahsanov, S.; Matus, N.; Levi, I.; Gerber, G.; Lev, S.; Ziv-Baran, T.; et al. SARS-CoV-2 Humoral and Cellular Immune Responses of Patients with HIV After Vaccination With BNT162b2 mRNA COVID-19 Vaccine in the Tel-Aviv Medical Center. Open Forum Infect. Dis. 2022, 9, ofac089. [Google Scholar] [CrossRef] [PubMed]

	



Malin, J.J.; Suárez, I.; Biehl, L.M.; Schommers, P.; Knops, E.; Di Cristanziano, V.; Heger, E.; Pflieger, E.; Wyen, C.; Bettin, D.; et al. Immune Response to mRNA–Based COVID-19 Booster Vaccination in People Living with HIV. HIV Med. 2023, 24, 785–793. [Google Scholar] [CrossRef] [PubMed]

	



Tan, T.S.; Toyoda, M.; Ode, H.; Barabona, G.; Hamana, H.; Kitamatsu, M.; Kishi, H.; Motozono, C.; Iwatani, Y.; Ueno, T. Dissecting Naturally Arising Amino Acid Substitutions at Position L452 of SARS-CoV-2 Spike. J. Virol. 2022, 96, e0116222. [Google Scholar] [CrossRef] [PubMed]

	



Kaku, Y.; Kuwata, T.; Zahid, H.M.; Hashiguchi, T.; Noda, T.; Kuramoto, N.; Biswas, S.; Matsumoto, K.; Shimizu, M.; Kawanami, Y.; et al. Resistance of SARS-CoV-2 Variants to Neutralization by Antibodies Induced in Convalescent Patients with COVID-19. Cell Rep. 2021, 36, 109385. [Google Scholar] [CrossRef] [PubMed]

	



Judicate, G.P.; Barabona, G.; Kamori, D.; Mahiti, M.; Tan, T.S.; Ozono, S.; Mgunya, A.S.; Kuwata, T.; Matsushita, S.; Sunguya, B.; et al. Phenotypic and Genotypic Co-Receptor Tropism Testing in HIV-1 Epidemic Region of Tanzania Where Multiple Non-B Subtypes Co-Circulate. Front. Microbiol. 2021, 12, 1788. [Google Scholar] [CrossRef] [PubMed]

	



Ozono, S.; Zhang, Y.; Tobiume, M.; Kishigami, S.; Tokunaga, K. Super-Rapid Quantitation of the Production of HIV-1 Harboring a Luminescent Peptide Tag. J. Biol. Chem. 2020, 295, 13023–13030. [Google Scholar] [CrossRef]

	



Ozono, S.; Zhang, Y.; Ode, H.; Sano, K.; Tan, T.S.; Imai, K.; Miyoshi, K.; Kishigami, S.; Ueno, T.; Iwatani, Y.; et al. SARS-CoV-2 D614G Spike Mutation Increases Entry Efficiency with Enhanced ACE2-Binding Affinity. Nat. Commun. 2021, 12, 1–9. [Google Scholar] [CrossRef]

	



Montefiori, D.C. Measuring HIV Neutralization in a Luciferase Reporter Gene Assay. Methods Mol. Biol. 2009, 485, 395–405. [Google Scholar] [CrossRef]

	



Schmidt, F.; Weisblum, Y.; Muecksch, F.; Hoffmann, H.H.; Michailidis, E.; Lorenzi, J.C.C.; Mendoza, P.; Rutkowska, M.; Bednarski, E.; Gaebler, C.; et al. Measuring SARS-CoV-2 Neutralizing Antibody Activity Using Pseudotyped and Chimeric Viruses. J. Exp. Med. 2020, 217, e20201181. [Google Scholar] [CrossRef]

	



Cytoplasmic Tail Truncation of SARS-CoV-2 Spike Protein Enhances Titer of Pseudotyped Vectors But Masks the Effect of the D614G Mutation. Available online: https://journals.asm.org/doi/epdf/10.1128/jvi.00966-21?src=getftr (accessed on 30 December 2023).

	



Burrer, R.; Spiridon, G.; Einius-Haessig, S.; Richert, S.; Salmon-Ceron, D.; Pancino, G.; Aubertin, A.M.; Moog, C. Short Communication: Efavirenz in Plasma from HIV-Infected Patients Does Not Directly Block Reverse Transcriptase Activity in Cell-Free Assays But Inhibits HIV Replication in Cellular Assays. AIDS Res. Hum. Retroviruses 2006, 22, 865–869. [Google Scholar] [CrossRef]

	



Burrer, R.; Salmon-Ceron, D.; Richert, S.; Pancino, G.; Spiridon, G.; Haessig, S.; Roques, V.; Barre-Sinoussi, F.; Aubertin, A.-M.; Moog, C. Immunoglobulin G (IgG) and IgA, but Also Nonantibody Factors, Account for In Vitro Neutralization of Human Immunodeficiency Virus (HIV) Type 1 Primary Isolates by Serum and Plasma of HIV-Infected Patients. J. Virol. 2004, 78, 11450. [Google Scholar] [CrossRef]

	



Klingler, J.; Weiss, S.; Itri, V.; Liu, X.; Oguntuyo, K.Y.; Stevens, C.; Ikegame, S.; Hung, C.-T.; Enyindah-Asonye, G.; Amanat, F.; et al. Role of Immunoglobulin M and A Antibodies in the Neutralization of Severe Acute Respiratory Syndrome Coronavirus 2. J. Infect. Dis. 2021, 223, 957–970. [Google Scholar] [CrossRef]

	



Chammartin, F.; Kusejko, K.; Pasin, C.; Trkola, A.; Briel, M.; Amico, P.; Stoekle, M.P.; Eichenberger, A.L.; Hasse, B.; Braun, D.L.; et al. Determinants of Antibody Response to Severe Acute Respiratory Syndrome Coronavirus 2 mRNA Vaccines in People with HIV. AIDS 2022, 36, 1465. [Google Scholar] [CrossRef]

	



Steensels, D.; Pierlet, N.; Penders, J.; Mesotten, D.; Heylen, L. Comparison of SARS-CoV-2 Antibody Response Following Vaccination With BNT162b2 and mRNA-1273. JAMA 2021, 326, 1533–1535. [Google Scholar] [CrossRef]

	



Lau, B.; Sharrett, R.; Kingsley, L.A.; Post, W.; Palella, F.J.; Visscher, B.; Gange, S.J. C-Reactive Protein Is a Marker for Human Immunodeficiency Virus Disease Progression. Arch. Intern. Med. 2006, 166, 64–70. [Google Scholar] [CrossRef]

	



Vergori, A.; Lepri, A.C.; Cicalini, S.; Matusali, G.; Bordoni, V.; Lanini, S.; Meschi, S.; Iannazzo, R.; Mazzotta, V.; Colavita, F.; et al. Immunogenicity to COVID-19 mRNA Vaccine Third Dose in People Living with HIV. Nat. Commun. 2022, 13, 4922. [Google Scholar] [CrossRef]

	



Gianserra, L.; Donà, M.G.; Giuliani, E.; Stingone, C.; Pontone, M.; Buonomini, A.R.; Giuliani, M.; Pimpinelli, F.; Morrone, A.; Latini, A. Immunogenicity and Safety of BNT162b2 Homologous Booster Vaccination in People Living with HIV under Effective cART. Vaccines 2022, 10, 1243. [Google Scholar] [CrossRef]

	



Miyazaki, R.; Miyagi, K.; Yoshida, M.; Suzuki, Y.; Hibino, S. Robust Antibody Response after the Third mRNA Coronavirus Vaccination in Japanese Hemodialysis Patients. Ren. Replace. Ther. 2023, 9, 38. [Google Scholar] [CrossRef]

	



Fujigaki, H.; Yamamoto, Y.; Koseki, T.; Banno, S.; Ando, T.; Ito, H.; Fujita, T.; Naruse, H.; Hata, T.; Moriyama, S.; et al. Antibody Responses to BNT162b2 Vaccination in Japan: Monitoring Vaccine Efficacy by Measuring IgG Antibodies against the Receptor-Binding Domain of SARS-CoV-2. Microbiol. Spectr. 2022, 10, e0118121. [Google Scholar] [CrossRef] [PubMed]

	



Kageyama, T.; Ikeda, K.; Tanaka, S.; Taniguchi, T.; Igari, H.; Onouchi, Y.; Kaneda, A.; Matsushita, K.; Hanaoka, H.; Nakada, T.-A.; et al. Antibody Responses to BNT162b2 mRNA COVID-19 Vaccine and Their Predictors among Healthcare Workers in a Tertiary Referral Hospital in Japan. Clin. Microbiol. Infect. 2021, 27, 1861.e1–1861.e5. [Google Scholar] [CrossRef] [PubMed]

	



Pallikkuth, S.; De Armas, L.R.; Pahwa, R.; Rinaldi, S.; George, V.K.; Sanchez, C.M.; Pan, L.; Dickinson, G.; Rodriguez, A.; Fischl, M.; et al. Impact of Aging and HIV Infection on Serologic Response to Seasonal Influenza Vaccination. AIDS 2018, 32, 1085. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.L.; Linterman, M.A. Mechanisms Underpinning Poor Antibody Responses to Vaccines in Ageing. Immunol. Lett. 2022, 241, 1–14. [Google Scholar] [CrossRef]

	



Wing, E.J. HIV and Aging. Int. J. Infect. Dis. 2016, 53, 61–68. [Google Scholar] [CrossRef]

	



Lombardi, A.; Butta, G.M.; Donnici, L.; Bozzi, G.; Oggioni, M.; Bono, P.; Matera, M.; Consonni, D.; Ludovisi, S.; Muscatello, A.; et al. Anti-Spike Antibodies and Neutralising Antibody Activity in People Living with HIV Vaccinated with COVID-19 mRNA-1273 Vaccine: A Prospective Single-Centre Cohort Study. Lancet Reg. Health-Eur. 2022, 13, 100287. [Google Scholar] [CrossRef]








[image: Viruses 16 00555 g001] 





Figure 1. Neutralizing antibody (NAb) titers following 2-dose vaccination. (A) Distribution of NAb titers against Wuhan (expressed as reciprocal IC50) of all the study participants (n = 82). The red line denotes the median NAb titers while the dotted line represents the limit of detection (300 µg/mL (reciprocal = 0.003)). (B) Comparison of NAb titers between recipients of BNT162b2 (Pfizer) and mRNA-1273 (Moderna) by Mann–Whitney ranked U test. 
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Figure 2. Changes in neutralizing antibody (NAb) titers against Wuhan and variants of concern (VOCs) following 3rd booster vaccination. (A) Changes in NAb titers against Wuhan and VOCs (Delta, Omicron BA.1, and Omicron BA.2) following 2-dose and 3rd booster vaccination in a subset of 3rd booster vaccinated participants (n = 18). Changes in the NAb titers of previously identified low-NAb-titer participants (n = 5) are highlighted in red. The p-values were computed by Wilcoxon ranked test. Median fold changes in NAb titers, alongside p-values, are indicated within each panel. (B) Spearman correlation between age and NAb titers against Wuhan, and VOCs following 3rd booster vaccination. The line of best fit (red line) was generated by linear regression. 
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Figure 3. Age subgroup differences in factors associating with neutralizing antibody (NAb) titers following 2-dose vaccination. Spearman correlation between (A) age, (B) CD4+ count, (C) CD4+/CD8+ ratio, and (D) hsCRP levels and IgG NAb titers against Wuhan in younger (≤48 years) and older (>48 years) participants. hsCRP; high sensitivity C-reactive protein. Lines of best fit (black and red) were generated by linear regression. 
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Table 1. Demographic and clinical characteristics of COVID-19-vaccinated PLWH.
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	2-Dose Vaccinated Participants (n = 82)
	





	Age in years, median (IQR)
	48 (40–56)



	Male, n (%)
	80 (98)



	mRNA vaccine received c
	



	BNT162b2, n (%)
	48 (71.6)



	mRNA-1273, n (%)
	19 (28.4)



	Days since 2-dose vaccination
	53 (27–83)



	Receiving ART, n (%)
	82 (100)



	Pre-ART HIV viral load in log copies/mL, median (IQR)
	4.8 (3.1–5.2) a



	Undetectable HIV viral load (at sample collection) n, (%)
	74 (94%) b



	Pre-ART CD4+ count in cells/µL, median (IQR)
	211 (28–376) a



	CD4+ count (at sample collection) in cells/µL, median (IQR)
	470 (314–643) a



	CD4+/CD8+ ratio (at sample collection), median (IQR)
	0.9 (0.4–1.1) a



	hsCRP (at sample collection) in mg/dL, median (IQR)
	0.12 (0.05–0.3) c



	3rd Booster Vaccinated Participants (n = 18) d
	



	Age in years, median (IQR)
	49 (36–66)



	Male, n (%)
	18 (100)



	mRNA booster received b
	



	BNT162b2, n (%)
	5 (33.3)



	mRNA-1273, n (%)
	10 (66.7)



	Days since 3rd booster vaccination, median (IQR)
	51 (37–70)



	Days from 2-dose to 3rd booster vaccination, median (IQR)
	207 (196–215)







ART, antiretroviral therapy; IQR, interquartile range; hsCRP, high-sensitivity C-Reactive protein. a Data missing for 13 participants; b data missing for 3 participants; c data missing for 15 participants; d 18/82 participants who received 3rd booster vaccination had their longitudinal samples obtained.













 





Table 2. Correlates of neutralizing antibody (NAb) titers (reciprocal IgG IC50) against SARS-CoV-2 following 2-dose vaccination expressed as Spearman’s r coefficients.
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	Variables
	Bivariate
	Multivariate a





	Age
	−0.42 (p = 0.001)
	−0.33 (p = 0.007)



	Days since 2-dose vaccination
	−0.45 (p = 0.001)
	−0.34 (p = 0.005)



	Pre-ART viral load (copies/mL)
	0.21 (p = 0.087)
	0.14 (p = 0.266)



	Pre-ART CD4+ count (cells/µL)
	0.18 (p = 0.141)
	−0.05 (p = 0.691)



	CD4+ count (at sample collection) (cells/µL)
	0.28 (p = 0.017)
	0.17 (p = 0.158)



	CD4+/CD8+ ratio (at sample collection)
	0.15 (p = 0.204)
	0.04 (p = 0.767)



	hsCRP (at sample collection) (mg/dL)
	−0.16 (p = 0.193)
	−0.18 (p = 0.158)







NAb, neutralizing antibody; hsCRP, high sensitivity C-reactive protein. a Multivariate analysis by nonparametric partial Spearman correlation analysis. p < 0.05 in boldface.
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