

[image: Low pre-existing endemic human coronavirus (HCoV-NL63)-specific T cell frequencies are associated with impaired SARS-CoV-2-specific T cell responses in people living with HIV]
Low pre-existing endemic human coronavirus (HCoV-NL63)-specific T cell frequencies are associated with impaired SARS-CoV-2-specific T cell responses in people living with HIV





ORIGINAL RESEARCH

published: 26 January 2024

doi: 10.3389/fimmu.2023.1291048

[image: image2]


Low pre-existing endemic human coronavirus (HCoV-NL63)-specific T cell frequencies are associated with impaired SARS-CoV-2-specific T cell responses in people living with HIV


Tiza L. Ng’uni 1, Vernon Musale 2,3, Thandeka Nkosi 1, Jonathan Mandolo 4, Memory Mvula 4, Clive Michelo 2,3, Farina Karim 1, Mohomed Yunus S. Moosa 5, Khadija Khan 1, Kondwani Charles Jambo 4,6, Willem Hanekom 1,7, Alex Sigal 1, William Kilembe 2,3 and Zaza M. Ndhlovu 1,5,8*


1 Africa Health Research Institute (AHRI), Nelson R. Mandela School of Medicine, Durban, South Africa, 2 Emory-University of Georgia, Center of Excellence of Influenza Research and Surveillance (CEIRS), Lusaka, Zambia, 3 Center for Family Health Research in Zambia (CFHRZ), formerly Zambia Emory HIV Research Project (ZEHRP), Lusaka, Zambia, 4 Infection and Immunity Research Group, Malawi-Liverpool-Wellcome Trust Clinical Research Programme, Blantyre, Malawi, 5 Human Immunodeficiency Virus (HIV) Pathogenesis Program, School of Laboratory Medicine and Medical Sciences, University of KwaZulu Natal, Durban, South Africa, 6 Department of Clinical Sciences, Liverpool School of Tropical Medicine, Liverpool, United Kingdom, 7 Division of Infection and Immunity, University College London, London, United Kingdom, 8 Ragon Institute of Massachusetts General Hospital (MGH), Massachusetts Institute of Technology (MIT) and Harvard University, Cambridge, MA, United States




Edited by: 

Alberto Beretta, Independent Researcher, Milano, Italy

Reviewed by: 

Alireza Haghparast, Ferdowsi University of Mashhad, Iran

Laura Fantuzzi, National Institute of Health (ISS), Italy

*Correspondence: 

Zaza M. Ndhlovu
 zaza.ndhlovu@ahri.org


Received: 08 September 2023

Accepted: 18 December 2023

Published: 26 January 2024

Citation:
Ng’uni TL, Musale V, Nkosi T, Mandolo J, Mvula M, Michelo C, Karim F, Moosa MYS, Khan K, Jambo KC, Hanekom W, Sigal A, Kilembe W and Ndhlovu ZM (2024) Low pre-existing endemic human coronavirus (HCoV-NL63)-specific T cell frequencies are associated with impaired SARS-CoV-2-specific T cell responses in people living with HIV. Front. Immunol. 14:1291048. doi: 10.3389/fimmu.2023.1291048






Background

Understanding how HIV affects SARS-CoV-2 immunity is crucial for managing COVID-19 in sub-Saharan populations due to frequent coinfections. Our previous research showed that unsuppressed HIV is associated with weaker immune responses to SARS-CoV-2, but the underlying mechanisms are unclear. We investigated how pre-existing T cell immunity against an endemic human coronavirus HCoV-NL63 impacts SARS-CoV-2 T cell responses in people living with HIV (PLWH) compared to uninfected individuals, and how HIV-related T cell dysfunction influences responses to SARS-CoV-2 variants.





Methods

We used flow cytometry to measure T cell responses following PBMC stimulation with peptide pools representing beta, delta, wild-type, and HCoV-NL63 spike proteins. Luminex bead assay was used to measure circulating plasma chemokine and cytokine levels. ELISA and MSD V-PLEX COVID-19 Serology and ACE2 Neutralization assays were used to measure humoral responses.





Results

Regardless of HIV status, we found a strong positive correlation between responses to HCoV-NL63 and SARS-CoV-2. However, PLWH exhibited weaker CD4+ T cell responses to both HCoV-NL63 and SARS-CoV-2 than HIV-uninfected individuals. PLWH also had higher proportions of functionally exhausted (PD-1high) CD4+ T cells producing fewer proinflammatory cytokines (IFNγ and TNFα) and had elevated plasma IL-2 and IL-12(p70) levels compared to HIV-uninfected individuals. HIV status didn’t significantly affect IgG antibody levels against SARS-CoV-2 antigens or ACE2 binding inhibition activity.





Conclusion

Our results indicate that the decrease in SARS-CoV-2 specific T cell responses in PLWH may be attributable to reduced frequencies of pre-existing cross-reactive responses. However, HIV infection minimally affected the quality and magnitude of humoral responses, and this could explain why the risk of severe COVID-19 in PLWH is highly heterogeneous.





Keywords: HIV, SARS-CoV-2, HCoV-NL63, COVID-19, T-cell response, antibody response




1 Introduction

The novel Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), responsible for causing coronavirus disease 2019 (COVID-19), has emerged as a significant public health menace, leading to the unprecedented loss of millions of lives globally (1). The World Health Organization (WHO) designated it as a pandemic on March 11th, 2020 (2). It is hypothesized that the rapid increase in global cases primarily resulted from a lack of pre-existing immunity to the novel SARS-CoV-2 (3). While many countries have successfully curbed the COVID-19 pandemic through extraordinary preventive measures, the potential for a global resurgence still looms large, hence the need to better understand immune responses to SARS-CoV-2, particularly in regions with a high HIV burden like sub-Saharan Africa.

To design the next generation of COVID-19 vaccines, it is essential to better understand both individual and population-level immunity, encompassing both humoral and adaptive responses (3). While the role of antibodies in clearing the virus and influencing the severity of COVID-19 is relatively well understood, the understanding of T cell immunity to SARS-CoV-2 has been limited due to a lack of studies focusing on T cells (4).

Furthermore, understanding the potential susceptibility of People Living with HIV (PLWH) to SARS-CoV-2 infection and severe COVID-19 holds significant relevance for developing next generation vaccines and therapies. Although it is well known that HIV weakens the immune system, which could have a negative impact on SARS-CoV-2 immunity, the precise immune defects associated with reduced SARS-CoV-2 immune responses in PLWH are still unresolved (5–7). As the COVID-19 pandemic is still rapidly evolving, more studies are needed to understand the interplay between HIV and SARS-CoV-2 in PLWH to inform both clinical and public health guidelines on HIV and SARS-CoV-2 coinfection.

It has been shown that over 90% of the human population is seropositive for at least three of the endemic human coronaviruses (EHC), HCoV-OC43, HCoV-HKU1, HCoV-NL63 and HCoV-229E, which widely circulate in the human population (8, 9). The memory T cell responses to these EHCs commonly exhibit cross-reactivity with SARS-CoV-2 (10, 11). In fact, detectable SARS-CoV-2-specific T cells have been identified in some individuals who lack any prior history of COVID-19 or SARS-CoV-2 exposure from an infected person (9, 12, 13). However, the potential influence of HIV infection on these cross-reactive immune responses remains under explored.

In this study, we utilized cohorts comprising both HIV-infected and HIV-uninfected participants from South Africa and Zambia who had contracted COVID-19 to explore the mechanisms linked to impaired SARS-CoV-2-specific T cell responses in PLWH. We examined whether pre-existing immunity to EHCs, specifically HCoV-NL63, influence SARS-CoV-2-specific T cell immunity and humoral responses in PLWH. Our findings demonstrate that HIV infection HIV exerts a more pronounced impact on T cell responses to both HCoV-NL63 and SARS-CoV-2, but minimally impacted humoral immunity against SARS-CoV-2.




2 Materials and methods



2.1 Ethical statement

The study was approved by the University of KwaZulu-Natal Institutional Review Board (approval BREC/00001275/2020) and the National Health Research Authority and University of Zambia Biomedical Research Ethics Committee (REF. No. 1648-2021). Adult patients (18 years and older) presenting at King Edward VIII, Inkosi Albert Luthuli Central, Kwadabeka community healthcare center or Clairwood Hospitals in Durban, South Africa, and the Center for Family Health Research in Zambia, research clinics and collaborating GRZ health facilities in Lusaka and Ndola, between October 2020 to August 2021, diagnosed to be SARS-CoV-2 PCR positive were eligible for the study. All participants enrolled into the study provided written informed consent.




2.2 Study participants and sample collection

A total of 68 adult participants were recruited in South Africa and Zambia (34 from each site). We also recruited 11 healthy controls who were HIV-uninfected and matched for sex and age to the South African cohort (Table 1). The groups are represented as HIV-uninfected and SARS-CoV-2-infected (HIV-/SARS-CoV-2+); HIV-infected and SARS-CoV-2-infected (HIV+/SARS-CoV-2+); and healthy controls (HIV-/SARS-CoV-2-). Peripheral blood mononuclear cells (PBMCs) and plasma samples collected from Zambia were shipped to Durban, South Africa and matched with samples collected from South Africa. The matching criteria included HIV status, age, sex, time point and the wave of infection (wild-type, beta, or delta infection). PBMCs and plasma samples used in this study were collected between 1- and 4-weeks post-SARS-CoV2 PCR-positive diagnosis. Peripheral blood mononuclear cells (PBMCs) from healthy donors collected for other studies before 2018, prior to the COVID-19 pandemic, were included as healthy controls.


Table 1 | Cohort Demographics and Clinical Characteristics.






2.3 Peptide pools

To detect virus-specific T-cell responses, PBMCs were stimulated with the following peptide pools: 1) PepMix™ SARS-CoV-2 (Spike B.1.351/Beta Variant): Pool of 315 peptides derived from a peptide scan (15mers with 11 aa overlap) through the entire Spike glycoprotein - containing mutations D0080A, D0215G, L0242-, A0243-, L0244-, K0417N, E0484K, N0501Y, D614G and A0701V (JPT Peptide Technologies). 2) PepMix™ SARS-CoV-2 (Spike B.1.617.2/Delta Variant): Pool of 315 peptides derived from a peptide scan (15mers with 11 aa overlap - 4x 13mer + last peptide = 17mer) through the Spike glycoprotein - containing mutations T0019R, G0142D, E0156-, F0157-, R0158G, L0452R, T0478K, D0614G, P0681R and D0950N (JPT Peptide Technologies). 3) PepMix™ HCoV-NL63 (Spike Glycoprotein): Pool of 337 peptides derived from a peptide scan (15mers with 11 aa overlap) through the Spike glycoprotein (Swiss-Prot ID: Q6Q1S2) of Human Coronavirus (HCoV) (JPT Peptide Technologies). 4) PepTivator SARS-CoV-2 Prot_S Complete: Pool of peptides consisting mainly of 15-mers overlapping by 11 amino acids residues covering the entire protein coding sequence of the spike glycoprotein (aa 5–1273) (Miltenyi Biotec). 5) PepTivator SARS-CoV-2 Prot_S1: Pool of peptides covering the N-terminal S1 domain of the spike glycoprotein (aa 1–692) (Miltenyi Biotec).




2.4 T cell phenotyping by flow cytometry

PBMCs were isolated from blood samples by density gradient method and cryopreserved in liquid nitrogen prior to being used for flow cytometry. Frozen PBMCs were thawed, rested, and stimulated for 18 h at 37°C, 5% CO2 with the following peptide pools: SARS-CoV-2 S and S1 (wild-type – WT, 2 µg/ml) (Miltenyi, Biotec), beta and delta variants (0.5 µg/ml) (JPT Peptide Technologies), or HCoV-NL63 (0.5 µg/ml) (JPT Peptide Technologies). Staphylococcal enterotoxin B (SEB, 0.5 µg/ml) was used as a positive control. Unstimulated wells were also included as negative controls. Brefeldin A (BioLegend, CA) and CD28/CD49d (BD Biosciences, Franklin Lakes, NJ) were added ahead of the 18 h incubation at 5 and 1 µg, respectively. The cells were stained with an antibody cocktail containing: Live/Dead fixable aqua dead cell stain, anti-CD3 PE-CF594 (BD), anti-CD4 Brilliant Violet (BV) 650, anti-CD8 BV 786 (BD), anti-CD38 Alexa Fluor (AF) 700 (BD), anti-human leukocyte antigen (HLA) – DR Allophycocyanin (APC) Cy 7 (BD), and anti-programmed cell death protein 1 (PD) BV 421 (BD). After a 20-minute incubation at room temperature, the cells were washed, fixed, and permeabilized using the BD Cytofix/Cytoperm fixation permeabilization kit. Thereafter, the cells were stained for 40 minutes at room temperature with an intracellular antibody cocktail containing: anti-IFN-γ BV 711 (BD), anti-IL-2 PE (BD), anti-TNF-α PE-Cy 7 and anti-granzyme B PE-CF594 (BD). Finally, the cells were washed and acquired on an LSR Fortessa and analyzed on FlowJo v10.7.1. Differences between groups were significant at a p< 0.05. Statistical analyses were performed using GraphPad Prism 9.0 (GraphPad Software, Inc, San Diego, CA).




2.5 Cytokine and chemokine measurements

The following cytokines and chemokines, IL-1β, IL-1ra, IL-2, IL-4, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12p70, IL-13, IL-15, IL-17, basic FGF, eotaxin, granulocyte-colony stimulating factor (G-CSF), granulocyte macrophage-colony stimulating factor (GM-CSF), IFN-γ, interferon gamma-induced protein-10 (IP-10), monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein 1 (MIP-1)α, MIP-1β, platelet-derived growth factor- (PDGF-) BB, regulated on activation, normal T cell expressed and secreted (RANTES), TNF-α, and vascular endothelial growth factor (VEGF), were simultaneously assessed in plasma samples from healthy controls and HIV-infected and HIV-uninfected COVID-19 participants via the Bio-Plex Pro Human Cytokine 27-plex Assay (Bio-Rad) as per manufacturer’s instructions. Briefly 50 μL of plasma samples and various concentrations of the assay standards were added in duplicate to a 96-well plate containing magnetic beads. The plate was incubated for 30 minutes followed by a wash step. The plate was subsequently coated with biotinylated detection antibody solution and incubated for a further 30 minutes. After the 30-minute incubation, the plate was washed and streptavidin-conjugated phycoerythrin was added to the plate and incubated for 10 minutes. After this final incubation, the plate was washed, and assay buffer was added to each well. Data was acquired using the Bio-Plex Array Reader system 2200 (Bio-Rad). A standard curve was derived using the different concentrations of the assay standards. All plasma samples from participants were assayed on the same plate at the same time in duplicate. Intra-assay variability was represented as the coefficient of variation as per manufacturer’s instructions.




2.6 V-PLEX COVID-19 serology assay

The MSD V-PLEX COVID-19 Serology platform was used to quantitatively measure antibodies to SARS-CoV-2 antigens including its variants. The kits comprise 96-well plates with antigens precoated to individual carbon spots. Each well on the 96-well plate contains eight SARS-CoV-2-related antigens coated at the bottom of the well. The assay was performed as previously described (14, 15) and per manufacturer’s instructions. Briefly, to measure antigen-specific IgG antibodies, plates were blocked with MSD Blocker A (150 μL/well) after which reference standard, controls and samples diluted to 1:50000 in Diluent buffer were added. After incubation, detection antibody (MSD SULFO-TAG™ Anti-Human IgG Antibody) diluted to 2 μg/mL in Diluent 100 (MSD) was used to label bound antibodies at 50 μL/well. This was followed by the addition of 150 μL MSD GOLD™ Read Buffer B and plates were read using an MSD QuickPlex SQ120 instrument. Calibration curves were used to calculate antibody concentrations and were established by fitting the signals from the calibrators to a 4-parameter logistic (or sigmoidal dose-response) model. Best quantification of unknown samples was achieved by generating a calibration curve for each plate using a minimum of two replicates at each calibrator level. Antibody unit concentrations in controls and diluted samples were determined from their ECL signals by backfitting to the calibration curve. Quantification was reported in Arbitrary Units/mL (AU/mL).




2.7 V-PLEX COVID-19 ACE2 neutralization assay

The V-PLEX COVID-19 ACE2 Neutralization Kit was used to measure antibodies that block the binding of angiotensin-converting enzyme 2 (ACE2) to the SARS-CoV-2 Spike and RBD antigens, including variants of the SARS-CoV-2 virus. The assay serves as a high-throughput alternative to traditional neutralization assays. Plates are provided with antigens on spots in the wells of a 96-well plate. Blocking antibodies in the samples bind to antigens on the spots, and human ACE2 protein conjugated with MSD SULFO-TAG is used for detection. The assay was performed according to manufacturer’s instructions. Briefly, 150 µL/well of Blocker A solution was added to the plates, sealed with an adhesive and incubated at RT with shaking (~700 rpm) for 30 minutes. The plates were washed three times with 150 µL/well of 1X MSD Wash buffer. Samples were prediluted (1:10 dilution) according to the manufacturer’s instructions. Samples and calibrators were then added to the plate (25 µL/well), plates sealed with an adhesive plate seal and incubated at RT with shaking (~700 rpm) for 1h. After the incubation, 25 µL/well of 1X SULFO-TAG Human ACE2 Protein detection solution was added to the plate. The plates were sealed with an adhesive plate seal and incubated at RT with shaking (~700 rpm) for 1h. After the detection incubation step, the plates were washed three times with 150 µL/well of 1X MSD Wash buffer. MSD GOLD Read Buffer B was added (150 µL/well) and the plate was immediately read on the MSD instrument. Results were reported as percent inhibition, calculated using the equation below. Percentage inhibition was calculated relative to the assay calibrator (maximum 100% inhibition). Highly positive samples show high percent inhibition whereas negative or low samples show low percent inhibition.

	




2.8 Enzyme-linked immunosorbent assay

This in-house developed indirect qualitative ELISA was used to measure human IgG specific for the SARS-CoV2 RBD antigen in human plasma. To set up our in-house quantitative ELISA for COVID-19 serology, standard techniques were applied. Briefly, 96-well plates were coated with 100 µL/well of 1ug/mL Recombinant RBD (diluted in 1x PBS) except for blank and the “No RBD” negative control wells. blank and the ‘No RBD’ negative control wells contained 100 µL 1x PBS only. Plates were covered and incubated overnight at 4°C. The coated ELISA plates were washed four times with Wash buffer (containing 1x PBS and 0.05% Tween-20). The plates were then blocked with 200 µL/well of ELISA buffer (containing 1x PBS, 1% BSA and 0.05% Tween-20), except for the blank wells which contained 200 µL/well of Wash buffer. The plates were covered and incubated for 2h. After incubation, 100 µL/well of diluted samples (1:200 dilution in ELISA buffer) and positive controls were added to appropriate wells. To the “No RBD”, blank, and “No primary antibody” wells, 100 µL/well of 0.2 µg/mL standard, Wash buffer and ELISA buffer were added, respectively. The plates were covered and incubated for 90 minutes at RT. Following incubation, the plates were washed four times with Wash buffer and 100 µL/well of peroxidase-conjugated anti-human IgG (1:2000) was added to the wells except the blank wells to which 100 µL/well Wash buffer was added. The plates were then covered and incubated for 60 minutes at RT. The plates were washed four times with Wash buffer and once with 1x PBS. The plates were tapped to remove residual PBS and 100 µL of developing buffer added to all wells. The plates were incubated for 5 minutes at RT and the reaction was stopped by adding 100 µL of 1N HCl to each well. The plates were read immediately at an optical density (OD) of 490 using an ELISA reader. The ELISA controls and test sample result OD values were blank corrected before interpretation. The ELISA test was negative if the average OD value was less than or equal to 0.7 and positive if the average OD value was greater than 0.7.




2.9 Statistical analyses

Prism 9 (GraphPad Software) was used for statistical analysis as follows: the two-tailed Mann–Whitney U test was used for single comparisons of independent groups, the Wilcoxon-test paired t test was used to compare two paired groups. For multiple groups statistical significance was assessed using a one-way analysis of variance (ANOVA) with multiple comparisons. The non-parametric Spearman test was used for correlation analysis. The statistical significances are indicated in the figures (*p< 0.05, **p< 0.01, ***p< 0.001, and ****p< 0.0001) and all tests were two-tailed.





3 Results



3.1 PLWH have lower frequencies of HCoV-specific CD4+ T cells compared to HIV-uninfected individuals

The impact of pre-existing immune responses against endemic human coronaviruses (EHC), particularly HCoV-NL63, on SARS-CoV-2 specific T cell responses has been a subject of interest. Previous studies have linked existing cross-reactive memory responses to EHC with milder COVID-19 outcomes and robust vaccine responses, but how these responses are affected in PLWH remains unclear (9, 10, 16). Thus, our investigation aimed to determine if HIV infection alters the influence of pre-existing EHC responses on SARS-CoV-2 specific T cell responses.

Initially, we assessed the frequency of T cells reactive to HCoV-NL63 in COVID-19 convalescent individuals, with and without HIV infection. For comparison, we included HIV-uninfected individuals sampled before the pandemic as healthy controls. To gauge pre-existing immune responses to the endemic human coronavirus, we employed peptide pools encompassing the entire Spike Glycoprotein of HCoV-NL63. This choice was informed by HCoV-NL63 being a prominent endemic human coronavirus circulating in the region (8). PBMCs were stimulated with HCoV-NL63 peptide pools and responding cytokine-producing cells enumerated as described in the methods. Our findings, illustrated through representative flow plots (Figure 1A) and collated data (Figure 1B), indicate that a considerable portion of the participants exhibited visible HCoV-NL63-specific CD4+ T and CD8+ T cell responses, as signified by the presence of IFN-γ or TNF-a producing cells. Notably, the aggregate data demonstrates that HIV-uninfected individuals with COVID-19 displayed elevated levels of HCoV-NL63 specific CD4+ T cells compared to PLWH and healthy controls (Figure 1B). The stable and sustained HCoV-NL63 responses observed in HIV-uninfected individuals are likely due to a relatively stable pool of HCoV-NL63-specific memory CD4+ T cells. Our findings also showed significantly higher frequencies of SARS-CoV-2-specific CD4+ and CD8+ T cells following stimulation with SARS-CoV-2 peptide pools shown in the representative flow plots and summary plots (Figures 1C, D). These observations underscore the potential of SARS-CoV-2 to activate HCoV-NL63 specific CD4+ T cells and emphasize the attenuation of pre-existing memory responses due to the presence of HIV.




Figure 1 | Comparison of HCoV-specific T cells in convalescent HIV-infected and HIV-uninfected individuals and healthy controls. Blood samples collected between 1- and 28-days post infection during the second (beta) and third (delta) waves were used. Intracellular cytokine staining (ICS) was performed to detect cytokine-producing T cells to HCoV overlapping peptide pools in HIV-uninfected (HIV-/SARS-CoV-2+, n = 47) and PLWH (HIV+/SARS-CoV-2+, n = 20) individuals and healthy controls (HIV-/SARS-CoV-2-; HC, n = 11). (A) Representative flow cytometry plots for the identification of antigen-specific CD4+ and CD8+ T cells based on expression IFNγ and TNF-α, following 18-h stimulation with HCoV peptides pools. (B) Summary plots showing the frequency of HCoV-specific CD4+ and CD8+ T cells (IFNγ+ and TNF-α+). (C) Representative flow cytometry plots for the identification of antigen-specific CD4+ and CD8+ T cells based on expression of IFNγ and TNF-α, following 18-h stimulation with SARS-CoV-2 peptides pools. (D) Summary plots showing the frequency of SARS-CoV-2-specific CD4+ and CD8+ T cells (IFNγ+ and TNF-α+). (E) Correlation of HCoV-specific and SARS-CoV-2-specific CD4+ T cells in HIV-infected and HIV-uninfected individuals based on expression of IFNγ and TNF-α. (F) Correlation of HCoV-specific and SARS-CoV-2-specific CD8+ T cells in HIV-infected and HIV-uninfected individuals based on expression of IFNγ and TNF-α. Significance was determined by two-tailed Mann-Whitney test and the two-tailed nonparametric Spearman test was used for correlation analysis, p< 0.05 was considered statistically significant. *p< 0.05, **p< 0.01, ***p< 0.001. ‘ns’ not significant.



Next, we measured SARS-CoV-2 specific T cell responses. We found a correlation between HCoV-NL63 -specific and SARS-CoV-2-specific CD4+T and CD8+ T cell responses regardless of HIV status (Figures 1E, F). These results are consistent with a previous report (17) that showed pre-existing cross-reactive CD4+ T cells enhance immune responses to SARS-CoV-2 infection and BNT162b2 vaccination (17).




3.2 Altered phenotypic characteristics of bulk CD4+ T cells in PLWH

To investigate the mechanisms associated with impaired T cell response in PLWH, we first compared the activation profile of CD4+ and CD8+ T cells between PLWH and HIV-uninfected COVID-19 convalescent individuals as well as healthy controls. Here, T cell activation is defined as HLA-DR+CD38+ T cells. Representative flow plots (Figure 2A) and aggregate data (Figure 2B) show that PLWH had greater frequencies of activated (HLA-DR+ CD38+) CD8+ T cells (p = 0.0006) and a trend towards more activated CD4+ T cells compared to HIV-uninfected individuals and healthy controls (Figure 2B). Furthermore, we show that both the CD4+ and CD8+ T cells were more activated in the HIV-infected and HIV-uninfected COVID-19 participants compared to the healthy control group (Figure 2B).




Figure 2 | Comparison of the activation and exhaustion profile of HCoV-specific CD4+ and CD8+ T cells in COVID-19 convalescent HIV-infected and HIV-uninfected Individuals and healthy controls. Blood samples collected between 1- and 28-days post infection during the second (beta) and third (delta) waves were used to detect activated and exhausted T cells in HIV-uninfected (HIV-, n = 46), PLWH (HIV+, n = 20) and healthy controls (n = 11). (A) Representative flow cytometry plots for the identification of activated (HLA-DR+CD38+) CD4+ and CD8+ T cells. (B) Summary plots of the frequency of activated CD4+ and CD8+ T cells based on the expression of HLA-DR, CD38. Correlation of T cell activation of SARS-CoV-2 and HCoV-specific (C) CD4+ and (D) CD8+ T cells in HIV-infected and HIV-uninfected individuals. (E) Representative flow cytometry plots and (F) summary data for the identification of exhausted (PD-1+) CD4+ and CD8+ T cells. Significance was determined by two-tailed Mann-Whitney test and these two-tailed nonparametric Spearman test was used for correlation analysis, p< 0.05 was considered statistically significant. *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001. ‘ns’ not significant.



Our investigation of the potential impact of T cell activation on the frequency of SARS-CoV-2 and HCoV-NL63 specific responses unveiled a significant correlation between the T cell activation and the frequency of SARS-CoV-2 CD4+ T cell responses, irrespective of HIV status (PLWH: p=0.0076 and HIV-negative individuals: p=0.0059) (Figure 2C). These findings indicate that the SARS-CoV-2 specific CD4+ T cells represented recent activated effector cells. Conversely, no discernible correlation was detected between the frequency of HCoV-NL63 responses and T cell activation (Figure 2C), which could be attributed to HCoV-NL63 responses being quiescent long-lived memory cells. Moreover, no correlation was observed for CD8+T cell responses (Figure 2D).

Next, we examined T cell exhaustion, which we defined by the presence of the canonical T cell exhaustion marker PD-1 (18). Surprisingly, the healthy controls had significantly higher PD-1 expression in CD4+ T cells compared to the HIV-infected and HIV-uninfected groups whereas the PD-1 expression in CD8 T cells was only significantly higher in the HIV-uninfected group (Figure 2D). This could probably be due to other underlying conditions or infections. However, our observations revealed that PLWH exhibited higher frequencies of exhausted CD4+ and CD8+ T cells (p = 0.0149 for CD4+ T cells and p = 0.0105 for CD8+ T cells, respectively) as depicted in representative plots and aggregate data (Figures 2E, F). These findings are line with previous reports (19–22). However, we did not find any significant correlation between either HCoV-NL63 or SARS-CoV-2 responses and T cell exhaustion (Supplementary Figure 1). Taken together, these results suggest a link between weakened SARS-CoV-2-specific responses and heightened T-cell activation.




3.3 Elevated plasma cytokine levels persist during recovering COVID-19 patients

Systemic inflammation has been shown to impair immune responses to SARS-CoV-2 infection (23, 24). To investigate whether systemic inflammation contributes to impaired T cell function observed in PLWH, we used the Bio-Plex Pro Human Cytokine Grp I Panel 27-Plex Assay to measure circulating chemokines and cytokines in COVID-19 convalescent patients and healthy controls. This multiplex analysis allowed us to measure 27 plasma cytokines produced in the convalescent phase of infection. The groups were denoted as HIV-uninfected and SARS-CoV-2-infected (HIV-/S+); HIV-infected and SARS-CoV-2-infected (HIV+/S+); and healthy controls being HIV-uninfected and SARS-CoV-2-uninfected (HIV-/S-). 21 participants comprising of 8 healthy controls (HIV-/S-); 5 HIV+/S+; 8 HIV-/S+ selected based on sample availability were used for these studies (Table 2). The plasma cytokine concentrations from the Luminex readout were normalized and presented as percentages, where 0% defined the smallest mean in each data set and 100% defined the largest mean in each data set shown as heatmap (Figure 3A). Our data show that the convalescent phase of SARS-CoV-2 infection is associated with persistent cytokine storm including IL-1b, IL-1ra, IL-2, IL-4, IL-5, IL-9, IL-10, IL-12(p70), IL-13, IL17, FGF basic, G-CSF, GM-CSF, IFN-g, MIP-1a and RANTES (Figures 3B–Q). Among COVID-19 donors, IL-2, and IL-12(p70) were significantly elevated in PLWH compared to HIV-uninfected participants (Figures 3D, I). Additionally, IL-10 trended toward higher levels in PLWH relative to HIV-uninfected individuals and healthy controls (Figure 3H). However, we did not find significant differences in the levels of IL-6, IL-8, Eotaxin, IP-10, MCP-1(MCAF), PDGF-bb, MIP-1b and TNF-a in the three groups (Supplementary Figure 2). Overall, these data show that convalescent COVID-19 donors had elevated systemic inflammation as widely reported in the literature (25–27). Importantly, HIV infection was associated with significantly elevated cytokines such as IL-2, IL-12p70, and a trend towards more IL-10. These three cytokines have previously been associated with severe COVID-19 disease (28, 29). Overall, the plasma cytokine/chemokine levels in COVID-19 participants were much higher than in healthy donors in the convalescent phase of infection.


Table 2 | Description of the subset of samples used to measure cytokine levels and antibody responses.






Figure 3 | Comparison of plasma cytokine and chemokine levels in cells in convalescent HIV-infected and HIV-uninfected individuals and healthy controls. Serum samples collected between 1- and 28-days post infection were used to measure cytokine and chemokine levels by the Bio-Plex assay. (A) Heatmap showing normalized cytokine and chemokine levels (in percentages) in convalescent HIV-infected (HIV+/S+, n = 5) and HIV-uninfected (HIV-/S+, n = 8) individuals and healthy controls (HIV-/S-, n = 8). Summary plots of (B) IL-1b, (C) IL-1ra, (D) IL-2, (E) IL-4, (F) IL-5, (G) IL-9, (H) IL-10, (I) IL-12(p70), (J) IL-13, (K) IL-17, (L) FGF basic, (M) G-CSF, (N) GM-CSF, (O) IFN-g, (P) MIP-1a and (Q) RANTES. Significance was determined by two-tailed Mann-Whitney test, p< 0.05 was considered statistically significant. *p< 0.05, **p< 0.01, ***p< 0.001. ‘ns’ not significant.






3.4 Anti-RBD IgG levels do not correlate with SARS-CoV-2-specific CD4+T cell responses

Having demonstrated the negative effects of HIV infection on T cell immunity to EHC and SARS-CoV-2, we next investigated whether HIV has similar deleterious effects on humoral immunity to coronaviruses. Firstly, we used an in-house ELISA assay to measure antibodies targeting the receptor-binding domain (RBD) of the spike (S) protein of SARS-CoV-2 because of the potential of these antibodies to neutralize the virus and therefore desirable to induce by vaccination (30–32). We screened plasma samples from 10 HIV-infected and 24 HIV-uninfected subjects (PCR-confirmed SARS-CoV-2 infection) for antibodies against the RBD antigen. A sample was considered positive if the O.D value was greater than or equal to 0.7 and negative if the O.D value was less than 0.7, as previously described (33). The ELISA results are reported as optical densities with the limit of detection set at 0.7 shown by the dotted line on the graph (Figure 4A). Fifty four percent (13/24) of the HIV-uninfected individuals had measurable anti-RBD IgG antibodies, whereas 90% (9/10) of the PLWH had measurable anti-RBD antibodies. The aggregate data showed no significant difference in anti-RBD antibody production based on HIV status (Figure 4B).




Figure 4 | Comparison of IgG concentrations in convalescent HIV-infected and HIV-uninfected individuals. Serum samples collected between 1- and 28-days post infection were used to measure spike-specific responses by ELISA. (A) Comparison of anti-RBD IgG antibody OD values in convalescent HIV-infected (red bars, n = 10) and HIV-uninfected (green bars, n = 24) individuals. (B) Aggregate data of anti-RBD antibodies in HIV infected and HIV-uninfected individuals. (C) Correlation of anti-RBD antibodies and SARS-CoV-2 specific IFNγ secreting CD4+ and CD8+ T cells. (D) Correlation of anti-RBD antibodies and SARS-CoV-2 specific TNF-α secreting CD4+ and CD8+ T cells. The dotted line denotes OD values ≤ 0.7 that represent a negative ELISA test. ELISA tests are positive if the average OD value is > 0.7. Significance was determined by two-tailed Mann-Whitney test and the two-tailed nonparametric Spearman test was used for correlation analysis, p< 0.05 was considered statistically significant.



Virus specific CD4+ T cells responses are known to help B cell responses, but the role of effector CD4+ T cells responses in promoting B cell affinity maturation and antibody class switching during SAR-CoV-2 infection remain unresolved (34). Several studies have reported positive association between SAR-CoV-2 specific CD4+ T cell frequency and the levels of Spike specific antibodies in plasma (12). Others have shown that antibodies generated in the presence and absence of Tfh cells display similar neutralization potency against SARS-CoV-2 (34–36). Here, we investigated the connection between anti-RBD antibody levels and SARS-CoV-2 T-cell responses in both HIV-infected and HIV-uninfected donors. Our analysis revealed no correlation between RBD IgG titers and SARS-CoV-2-specific IFN-γ-secreting CD4+ and CD8+ T cells (Figure 4C). Similarly, TNF-α-secreting SARS-CoV-2-specific CD4+ and CD8+ T cells showed no correlation with RBD IgG titers (Figure 4D). The absence of correlation between antibody responses and CD4+ T cell responses might be attributed to our measurement of overall CD4+ T cell responses instead of follicular helper cells (TFH), which have been linked to anti-spike antibody responses (37, 38).




3.5 Antibody recognition of SARS-CoV-2 antigens and ACE2 binding inhibition by healthy control and SARS-CoV-2 convalescent plasma

Next, we used the SARS-CoV-2 MSD Multi-Spot Assay System (V-PLEX COVID-19 serology assay) to quantify binding and neutralization activity and evaluate anti-spike antibodies in plasma. Specifically, the V-PLEX COVID-19 serology assay allowed us to measure IgG antibody binding activity to multiple antigens such as RBD, nucleocapsid, wildtype, alpha, beta, gamma, delta, and omicron using multi-spot plates (Table 3). Twelve SARS-CoV-2 convalescent participants (6 HIV-infected and 6 HIV-uninfected) and 8 healthy controls were used for these studies based on sample availability (Table 2). We found that most COVID-19 convalescent participants’ IgG antibodies were able to bind all SARS-CoV-2 variants except omicron with significantly higher levels of IgG antibodies targeting the SARS-CoV-2 antigens compared to healthy donors (Supplementary Figure 3). The nucleocapsid and beta antigens were most targeted (Figure 5A). There was low-level detection of anti-nucleocapsid antibodies in one of the healthy controls, likely attributable to cross-reactive antibodies (Figure 5A).


Table 3 | List of antigens and their spot assignments on the MULTI-SPOT 96-Well, 10-Spot plate (Plate 24).






Figure 5 | Comparison of anti-SARS-CoV-2 IgG antibodies and ACE2 blocking potential in healthy controls and COVID-19 convalescent HIV-infected and HIV-uninfected individuals. Serum samples collected between 1- and 22-days post infection were used to measure anti-SARS-CoV-2 IgG antibodies and ACE2 blocking in HIV-infected (HIV+, n = 6), HIV-uninfected (HIV-, n = 6) and healthy controls (n = 6) by the MSD V=Plex assays. (A) Summary plots of SARS-CoV-2-specific IgG antibody concentrations in the three groups. (B) Summary plots showing ACE2 blocking of SARS-CoV-2-specific antigens in the three groups.



Next, we examined the neutralization activity of plasma anti-SARS-CoV-2 Spike antibodies. We used a V-PLEX COVID-19 ACE2 neutralization assay which measures the ability of antibodies to block the binding of ACE2 to its cognate ligands. The V-PLEX COVID-19 ACE2 neutralization assay has been demonstrated to highly correlate with gold standard live microneutralization assays (14). The neutralization assay was performed on samples that had detectable antibodies by V-PLEX COVID-19 serology assay. Almost all COVID-19 participants generated significant RBD-ACE2 binding inhibition of all the variants tested and no significant difference was observed between PLWH and HIV-uninfected participants (Figure 5B). Generally, plasma from healthy subjects did not exhibit ACE2 binding inhibition except 3 donors who exhibited minimal binding activity (ACE2 binding inhibition of< 20%) against the nucleocapsid (Figure 5B). These results indicate that HIV infection has minimal impact on the quality and magnitude of antibody responses against SARS-CoV-2 infection as the SARS-CoV-2-specific antibody responses were similar between PLWH and HIV-uninfected participants. These results are similar to other studies that have shown that antibody responses to SARS-CoV-2 infection did not differ by HIV status (15).





4 Discussion

Enhancing our understanding of both cellular and humoral immune responses to COVID-19 within populations at higher risk of infection or severe illness is crucial for the development of next-generation COVID-19 vaccines, aiming to provide superior protection across all demographic groups. In this study, we aimed to identify the underlying immune deficiencies contributing to weakened immune responses against SARS-CoV-2 in PLWH. We focus on exploring the role of pre-existing cross-reactive responses in SARS-CoV-2 immunity, as various studies have underscored the potential benefits of cross-reactive immunity in both SARS-CoV-2 infection and vaccination (9, 17). Furthermore, the significance of cross-reactive immunity to various coronaviruses is noteworthy in the creation of panCoV T cell-inducing vaccines, designed to safeguard against multiple coronaviruses.

Our study uncovered a notable relationship between pre-existing immunity and the development of cross-reactive responses to SARS-CoV-2. To begin with, we noticed higher occurrences of HCoV-NL63 memory responses in individuals with COVID-19 compared to those who were healthy. Secondly, a strong correlation emerged between HCoV-NL63 memory responses and SARS-CoV-2 responses, suggesting that pre-existing cross-reactive immune responses are present in most individuals. Thirdly, we observed that people living with HIV (PLWH) had lower frequencies of pre-existing memory T cell responses to the endemic human coronavirus (EHC) HCoV-NL63. Fourthly, we noted that HIV infection had a more detrimental impact on cellular immune responses than on antibody immune responses to both HCoV-NL63 and SARS-CoV-2 infections. Overall, our study underscores the need to better understand of how cross-reactive responses influence vaccine-induced immune responses.

Various studies have presented evidence of pre-existing T cells recognizing SARS-CoV-2 in individuals across different geographic regions (13, 39). The idea is that cross-reactive memory T cells, stemming from previous exposure to other circulating coronaviruses, contribute to a baseline immunity against COVID-19 (40, 41). As such, the higher vulnerability of the elderly to severe COVID-19 has been linked to reduced pre-existing cross-reactive CD4+ T cell responses (17). Furthermore, a study by van Rooyen et al. (4) highlighted significant pre-existing T-cell immunity to SARS-CoV-2 in South African individuals who hadn’t previously been diagnosed with COVID-19. This immunity might be attributed to pre-existing cross-reactive immune responses to other human coronaviruses or asymptomatic infections. The study also observed that the strength of T cell responses to both SARS-CoV-2 S-proteins and N-proteins was greater in participants with a history of COVID-19 diagnosis, indicating a notable T cell response post-SARS-CoV-2 infection (4).

In our previous study, we focused on comparing individuals infected with the wildtype and beta variant, exploring cross-protection between the first wave virus and the beta variant, and examining the influence of HIV infection on cross-recognition. We demonstrated that unsuppressed HIV is linked to weakened immune responses and limited recognition of COVID-19 variants. However, the primary factors contributing to these suboptimal responses were not identified. In this current study, our focus shifted to investigating whether pre-existing immune responses to a common cold coronavirus can cross-recognize and cross-protect against SARS-CoV-2 infection. This current study suggests that the inadequate cross-reactivity of pre-existing memory responses to endemic human coronaviruses (EHCs) might contribute to the overall decline in T cell responses to SARS-CoV-2. It’s noteworthy that both studies share a common theme of assessing the impact of HIV infection on the quality and magnitude of pre-existing immunity to SARS-CoV-2 and common cold coronaviruses. These findings are consistent with earlier studies that indicate HIV infection, even when managed with effective antiretroviral therapy, is characterized by chronic immune activation, tissue inflammation, and exhaustion (42, 43).

It has been reported that the severity of clinical disease in COVID-19 patients is associated not only with significant changes in the innate immune system but also with a marked alteration of both humoral and cellular immunity, encompassing SARS-CoV-2–specific and overall T cell function (44). Our immunological analysis revealed that both SARS-CoV-2 and EHC responses were more focused on the CD4 arm of the cellular immune system rather than the CD8 arm, which is consistent with our prior study and other reports (12, 17, 20, 45). Furthermore, HIV infection had a more profound effect on CD4+ T cell responses compared to CD8+ T cell responses and antibody responses. It is not clear why SARS-CoV-2 induces stronger CD4+ T cell responses. One potential explanation is that the most immunogenic SARS-CoV-2 antigens are more readily recognized by CD4+ T cells than CD8+ T cells. Nevertheless, further studies are required to comprehend this phenomenon.

Prior research has demonstrated similar antibody titers against S1 and N proteins of SARS-CoV-2 in individuals with mild COVID-19, regardless of their HIV infection status (46). Other studies have also indicated that there are no discernible differences in antibody responses during the 6-month period following mild COVID-19 based on HIV status. The magnitude, progression, and persistence of anti-SARS-CoV-2 IgM, IgG, and IgA antibodies, as well as neutralization strength, appear to be consistent in PLWH who have well-managed HIV infection (15, 46, 47). In line with these findings, this study reveals that PLWH have comparable levels of neutralizing antibodies in the form of anti-SARS-CoV-2 IgG, compared to individuals without HIV. Additionally, a subset of participants, both HIV-infected and HIV-uninfected, displayed robust neutralization abilities despite having low titers of anti-SARS-CoV-2 binding antibodies. This might be attributed to neutralizing antibodies targeting different viral epitopes and/or elevated levels of non-neutralizing antibodies, or the influence of other antibody isotypes in the neutralizing responses (46).

This study indicates that PLWH have diminished T cell responses to both an endemic human coronavirus (EHC) and SARS-CoV-2. This suggests a potential susceptibility to SARS-CoV-2 infection, and it’s plausible that their responses to infections and vaccines might be less robust. Nonetheless, it’s important to note that the study has certain limitations, notably a small sample size and the utilization of a cross-sectional design, which restricts the broader generalizability of these observations. To validate these intriguing findings, a more extensive longitudinal analysis of specific T cells and antibodies will be necessary.

In conclusion, our study reveals that the decrease in SARS-CoV-2 specific responses T cell in PLWH may be attributable to reduced frequencies of pre-existing cross-reactive responses, heightened T cell activation and systemic inflammation.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving humans were approved by University of KwaZulu-Natal Institutional Review Board (approval BREC/00001275/2020) and the National Health Research Authority and University of Zambia Biomedical Research Ethics Committee (REF. No. 1648-2021). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

TNg’: Data curation, Formal analysis, Investigation, Writing – original draft, Writing – review & editing, Methodology. VM: Investigation, Writing – review & editing. TNk: Formal analysis, Investigation, Writing – review & editing. JM: Formal analysis, Investigation, Writing – review & editing. MM: Formal analysis, Investigation, Writing – review & editing. CM: Investigation, Writing – review & editing. WK: Writing – review & editing, Conceptualization, Funding acquisition, Project administration, Resources. FK: Project administration, Writing – review & editing, Data curation. MM: Project administration, Writing – review & editing, Resources. KK: Writing – review & editing, Data curation, Project administration. KJ: Writing – review & editing, Formal analysis, Investigation, Resources. WH: Resources, Writing – review & editing, Project administration. AS: Data curation, Funding acquisition, Project administration, Resources, Writing – review & editing. ZN: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Project administration, Resources, Supervision, Validation, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was funded by; HHMI International research scholar award (Grant #55008743 to ZN), the Wellcome Trust (Grant# 226137/Z/22/Z Awarded to AS and ZN), the BMGF [Awarded to AS and ZN (INV-018944), awarded to KJ (INV-039481)], and SAMRC (Awarded to WH, # 96838). This work was also partially funded by the Sub-Saharan African Network for TB/HIV Research Excellence (SANTHE) collaborative award (to ZN # SANTHE-COL016), a DELTAS Africa Initiative (grant # DEL-15-006). The DELTAS Africa Initiative is an independent funding scheme of the African Academy of Sciences (AAS)’s Alliance for Accelerating Excellence in Science in Africa (AESA) and supported by the New Partnership for Africa’s Development Planning and Coordinating Agency (NEPAD Agency) with funding from the Wellcome Trust (grant # 107752/Z/15/Z) and the UK government. This project was also funded in part with Federal funds from the National Institute of Allergy and Infectious Diseases, National Institutes of Health, Department of Health and Human Services, under Contract No. HHSN272201400004C (NIAID Centers of Excellence for Influenza Research and Surveillance, CEIRS).




Acknowledgments

We would like to thank our study participants, the laboratory and clinic staff at Africa Health Research Institute for collecting the samples and compiling the clinical demographic data for the study. We would like to thank our study participants, the laboratory and clinic staff at Africa Health Research Institute and the Center for Family Health Research in Zambia for collecting the samples and compiling the clinical demographic data for the study.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1291048/full#supplementary-material




References

1. Ren, LL, Wang, YM, Wu, ZQ, Xiang, ZC, Guo, L, Xu, T, et al. Identification of a novel coronavirus causing severe pneumonia in human: a descriptive study. Chin Med J (Engl) (2020) 133(9):1015–24. doi: 10.1097/CM9.0000000000000722

2. WHO. COVID-19 timeline 2020. Available at: https://www.who.int/news-room/detail/29-06-2020-covidtimeline.

3. Shrotri, M, van Schalkwyk, MCI, Post, N, Eddy, D, Huntley, C, Leeman, D, et al. T cell response to SARS-CoV-2 infection in humans: A systematic review. PloS One (2021) 16(1):e0245532. doi: 10.1371/journal.pone.0245532

4. van Rooyen, C, Brauer, M, Swanepoel, P, van den Berg, S, van der Merwe, C, van der Merwe, M, et al. Comparison of T-cell immune responses to SARS-CoV-2 spike (S) and nucleocapsid (N) protein using an in-house flow-cytometric assay in laboratory employees with and without previously confirmed COVID-19 in South Africa: nationwide cross-sectional study. J Clin Pathol (2022) 76(6):384–390. doi: 10.1136/jclinpath-2021-207556

5. Nomah, DK, Reyes-Uruena, J, Llibre, JM, Ambrosioni, J, Ganem, FS, Miro, JM, et al. HIV and SARS-CoV-2 co-infection: epidemiological, clinical features, and future implications for clinical care and public health for people living with HIV (PLWH) and HIV most-at-risk groups. Curr HIV/AIDS Rep (2022) 19(1):17–25. doi: 10.1007/s11904-021-00596-5

6. Ssentongo, P, Heilbrunn, ES, Ssentongo, AE, Advani, S, Chinchilli, VM, Nunez, JJ, et al. Epidemiology and outcomes of COVID-19 in HIV-infected individuals: a systematic review and meta-analysis. Sci Rep (2021) 11(1):6283. doi: 10.1038/s41598-021-85359-3

7. Liang, M, Luo, N, Chen, M, Chen, C, Singh, S, Singh, S, et al. Prevalence and mortality due to COVID-19 in HIV co-infected population: A systematic review and meta-analysis. Infect Dis Ther (2021) 10(3):1267–85. doi: 10.1007/s40121-021-00447-1

8. Gorse, GJ, Patel, GB, Vitale, JN, and O'Connor, TZ. Prevalence of antibodies to four human coronaviruses is lower in nasal secretions than in serum. Clin Vaccine Immunol (2010) 17(12):1875–80. doi: 10.1128/CVI.00278-10

9. Sette, A, and Crotty, S. Pre-existing immunity to SARS-CoV-2: the knowns and unknowns. Nat Rev Immunol (2020) 20(8):457–8. doi: 10.1038/s41577-020-0389-z

10. Meyerholz, DK, and Perlman, S. Does common cold coronavirus infection protect against severe SARS-CoV-2 disease? J Clin Invest (2021) 131(1):e144807. doi: 10.1172/JCI144807

11. Sagar, M, Reifler, K, Rossi, M, Miller, NS, Sinha, P, White, LF, et al. Recent endemic coronavirus infection is associated with less-severe COVID-19. J Clin Invest (2021) 131(1):e143380. doi: 10.1172/JCI143380

12. Grifoni, A, Weiskopf, D, Ramirez, SI, Mateus, J, Dan, JM, Moderbacher, CR, et al. Targets of T cell responses to SARS-CoV-2 coronavirus in humans with COVID-19 disease and unexposed individuals. Cell (2020) 181(7):1489–501 e15. doi: 10.1016/j.cell.2020.05.015

13. Weiskopf, D, Schmitz, KS, Raadsen, MP, Grifoni, A, Okba, NMA, Endeman, H, et al. Phenotype and kinetics of SARS-CoV-2-specific T cells in COVID-19 patients with acute respiratory distress syndrome. Sci Immunol (2020) 5(48):eabd2071. doi: 10.1126/sciimmunol.abd2071

14. Lopez, E, Haycroft, ER, Adair, A, Mordant, FL, O'Neill, MT, Pymm, P, et al. Simultaneous evaluation of antibodies that inhibit SARS-CoV-2 variants via multiplex assay. JCI Insight (2021) 6(16):e150012. doi: 10.1172/jci.insight.150012

15. Alcaide, ML, Nogueira, NF, Salazar, AS, Montgomerie, EK, Rodriguez, VJ, Raccamarich, PD, et al. A longitudinal analysis of SARS-coV-2 antibody responses among people with HIV. Front Med (Lausanne) (2022) 9:768138. doi: 10.3389/fmed.2022.768138

16. Tarke, A, Zhang, Y, Methot, N, Narowski, TM, Phillips, E, Mallal, S, et al. Targets and cross-reactivity of human T cell recognition of common cold coronaviruses. Cell Rep Med (2023) 4(6):101088. doi: 10.1016/j.xcrm.2023.101088

17. Loyal, L, Braun, J, Henze, L, Kruse, B, Dingeldey, M, Reimer, U, et al. Cross-reactive CD4(+) T cells enhance SARS-CoV-2 immune responses upon infection and vaccination. Science (2021) 374(6564):eabh1823. doi: 10.1126/science.abh1823

18. Day, CL, Kaufmann, DE, Kiepiela, P, Brown, JA, Moodley, ES, Reddy, S, et al. PD-1 expression on HIV-specific T cells is associated with T-cell exhaustion and disease progression. Nature (2006) 443(7109):350–4. doi: 10.1038/nature05115

19. Riou, C, du Bruyn, E, Stek, C, Daroowala, R, Goliath, RT, Abrahams, F, et al. Relationship of SARS-CoV-2-specific CD4 response to COVID-19 severity and impact of HIV-1 and tuberculosis coinfection. J Clin Invest (2021) 131(12):e149125. doi: 10.1172/JCI149125

20. Nkosi, T, Chasara, C, Papadopoulos, AO, Nguni, TL, Karim, F, Moosa, MS, et al. Unsuppressed HIV infection impairs T cell responses to SARS-CoV-2 infection and abrogates T cell cross-recognition. Elife (2022) 11:e78374. doi: 10.7554/eLife.78374.sa2

21. El-Far, M, Halwani, R, Said, E, Trautmann, L, Doroudchi, M, Janbazian, L, et al. T-cell exhaustion in HIV infection. Curr HIV/AIDS Rep (2008) 5(1):13–9. doi: 10.1007/s11904-008-0003-7

22. Breton, G, Chomont, N, Takata, H, Fromentin, R, Ahlers, J, Filali-Mouhim, A, et al. Programmed death-1 is a marker for abnormal distribution of naive/memory T cell subsets in HIV-1 infection. J Immunol (2013) 191(5):2194–204. doi: 10.4049/jimmunol.1200646

23. Schulte-Schrepping, J, Reusch, N, Paclik, D, Bassler, K, Schlickeiser, S, Zhang, B, et al. Severe COVID-19 is marked by a dysregulated myeloid cell compartment. Cell (2020) 182(6):1419–40.e23. doi: 10.1016/j.cell.2020.08.001

24. Shakiba, MH, Gemund, I, Beyer, M, and Bonaguro, L. Lung T cell response in COVID-19. Front Immunol (2023) 14:1108716. doi: 10.3389/fimmu.2023.1108716

25. Bonny, TS, Patel, EU, Zhu, X, Bloch, EM, Grabowski, MK, Abraham, AG, et al. Cytokine and chemokine levels in coronavirus disease 2019 convalescent plasma. Open Forum Infect Dis (2021) 8(2):ofaa574. doi: 10.1093/ofid/ofaa574

26. Ibanez-Prada, ED, Fish, M, Fuentes, YV, Bustos, IG, Serrano-Mayorga, CC, Lozada, J, et al. Comparison of systemic inflammatory profiles in COVID-19 and community-acquired pneumonia patients: a prospective cohort study. Respir Res (2023) 24(1):60. doi: 10.1186/s12931-023-02352-2

27. Ong, SWX, Fong, SW, Young, BE, Chan, YH, Lee, B, Amrun, SN, et al. Persistent symptoms and association with inflammatory cytokine signatures in recovered coronavirus disease 2019 patients. Open Forum Infect Dis (2021) 8(6):ofab156. doi: 10.1093/ofid/ofab156

28. Lucas, C, Wong, P, Klein, J, Castro, TBR, Silva, J, Sundaram, M, et al. Longitudinal analyses reveal immunological misfiring in severe COVID-19. Nature (2020) 584(7821):463–9. doi: 10.1038/s41586-020-2588-y

29. Yang, Y, and Iwasaki, A. Impact of chronic HIV infection on SARS-CoV-2 infection, COVID-19 disease and vaccines. Curr HIV/AIDS Rep (2022) 19(1):5–16. doi: 10.1007/s11904-021-00590-x

30. Premkumar, L, Segovia-Chumbez, B, Jadi, R, Martinez, DR, Raut, R, Markmann, A, et al. The receptor binding domain of the viral spike protein is an immunodominant and highly specific target of antibodies in SARS-CoV-2 patients. Sci Immunol (2020) 5(48):eabc8413. doi: 10.1126/sciimmunol.abc8413

31. Mehdi, F, Chattopadhyay, S, Thiruvengadam, R, Yadav, S, Kumar, M, Sinha, SK, et al. Development of a fast SARS-CoV-2 IgG ELISA, based on receptor-binding domain, and its comparative evaluation using temporally segregated samples from RT-PCR positive individuals. Front Microbiol (2020) 11:618097. doi: 10.3389/fmicb.2020.618097

32. Hussein, NA, Ali, EAA, El-Hakim, AE, Tabll, AA, El-Shershaby, A, Salamony, A, et al. Assessment of specific human antibodies against SARS-CoV-2 receptor binding domain by rapid in-house ELISA. Hum Antibodies (2022) 30(2):105–15. doi: 10.3233/HAB-220003

33. Suthar, MS, Zimmerman, MG, Kauffman, RC, Mantus, G, Linderman, SL, Hudson, WH, et al. Rapid generation of neutralizing antibody responses in COVID-19 patients. Cell Rep Med (2020) 1(3):100040. doi: 10.1016/j.xcrm.2020.100040

34. Chen, JS, Chow, RD, Song, E, Mao, T, Israelow, B, Kamath, K, et al. High-affinity, neutralizing antibodies to SARS-CoV-2 can be made without T follicular helper cells. Sci Immunol (2022) 7(68):eabl5652. doi: 10.1126/sciimmunol.abl5652

35. Hoffmann, M, Arora, P, Gross, R, Seidel, A, Hornich, BF, Hahn, AS, et al. SARS-CoV-2 variants B.1.351 and P.1 escape from neutralizing antibodies. Cell (2021) 184(9):2384–93 e12. doi: 10.1016/j.cell.2021.03.036

36. Zhou, D, Dejnirattisai, W, Supasa, P, Liu, C, Mentzer, AJ, Ginn, HM, et al. Evidence of escape of SARS-CoV-2 variant B.1.351 from natural and vaccine-induced sera. Cell (2021) 184(9):2348–61 e6. doi: 10.1016/j.cell.2021.02.037

37. Chi, X, Gu, J, and Ma, X. Characteristics and roles of T follicular helper cells in SARS-coV-2 vaccine response. Vaccines (Basel) (2022) 10(10):1623. doi: 10.3390/vaccines10101623

38. Koutsakos, M, Lee, WS, Wheatley, AK, Kent, SJ, and Juno, JA. T follicular helper cells in the humoral immune response to SARS-CoV-2 infection and vaccination. J Leukoc Biol (2022) 111(2):355–65. doi: 10.1002/JLB.5MR0821-464R

39. Meckiff, BJ, Ramírez-Suástegui, C, Fajardo, V, Chee, SJ, Kusnadi, A, Simon, H, et al. Imbalance of Regulatory and Cytotoxic SARS-CoV-2-Reactive CD4+ T Cells in COVID-19. Cell (2020) 183(5):1340-1353.e16. doi: 10.1016/j.cell.2020.10.001

40. Le Bert, N, Tan, AT, Kunasegaran, K, Tham, CYL, Hafezi, M, Chia, A, et al. SARS-CoV-2-specific T cell immunity in cases of COVID-19 and SARS, and uninfected controls. Nature (2020) 584(7821):457–62. doi: 10.1038/s41586-020-2550-z

41. Braun, J, Loyal, L, Frentsch, M, Wendisch, D, Georg, P, Kurth, F, et al. SARS-CoV-2-reactive T cells in healthy donors and patients with COVID-19. Nature (2020) 587(7833):270–4. doi: 10.1038/s41586-020-2598-9

42. Serrano-Villar, S, Sainz, T, Lee, SA, Hunt, PW, Sinclair, E, Shacklett, BL, et al. HIV-infected individuals with low CD4/CD8 ratio despite effective antiretroviral therapy exhibit altered T cell subsets, heightened CD8+ T cell activation, and increased risk of non-AIDS morbidity and mortality. PloS Pathog (2014) 10(5):e1004078. doi: 10.1371/journal.ppat.1004078

43. Khoury, G, Fromentin, R, Solomon, A, Hartogensis, W, Killian, M, Hoh, R, et al. Human immunodeficiency virus persistence and T-cell activation in blood, rectal, and lymph node tissue in human immunodeficiency virus-infected individuals receiving suppressive antiretroviral therapy. J Infect Dis (2017) 215(6):911–9. doi: 10.1093/infdis/jix039

44. Schub, D, Klemis, V, Schneitler, S, Mihm, J, Lepper, PM, Wilkens, H, et al. High levels of SARS-CoV-2-specific T cells with restricted functionality in severe courses of COVID-19. JCI Insight (2020) 5(20):e142167. doi: 10.1172/jci.insight.142167

45. Mateus, J, Grifoni, A, Tarke, A, Sidney, J, Ramirez, SI, Dan, JM, et al. Selective and cross-reactive SARS-CoV-2 T cell epitopes in unexposed humans. Science (2020) 370(6512):89–94. doi: 10.1126/science.abd3871

46. Alrubayyi, A, Gea-Mallorqui, E, Touizer, E, Hameiri-Bowen, D, Kopycinski, J, Charlton, B, et al. Characterization of humoral and SARS-CoV-2 specific T cell responses in people living with HIV. Nat Commun (2021) 12(1):5839. doi: 10.1038/s41467-021-26137-7

47. Snyman, J, Hwa, SH, Krause, R, Muema, D, Reddy, T, Ganga, Y, et al. Similar antibody responses against severe acute respiratory syndrome coronavirus 2 in individuals living without and with human immunodeficiency virus on antiretroviral therapy during the first South African infection wave. Clin Infect Dis (2022) 75(1):e249–e56. doi: 10.1093/cid/ciab758




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Ng’uni, Musale, Nkosi, Mandolo, Mvula, Michelo, Karim, Moosa, Khan, Jambo, Hanekom, Sigal, Kilembe and Ndhlovu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Low pre-existing endemic human coronavirus (HCoV-NL63)-specific T cell frequencies are associated with impaired SARS-CoV-2-specific T cell responses in people living with HIV

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Ethical statement

          



          		

            2.2 Study participants and sample collection

          



          		

            2.3 Peptide pools

          



          		

            2.4 T cell phenotyping by flow cytometry

          



          		

            2.5 Cytokine and chemokine measurements

          



          		

            2.6 V-PLEX COVID-19 serology assay

          



          		

            2.7 V-PLEX COVID-19 ACE2 neutralization assay

          



          		

            2.8 Enzyme-linked immunosorbent assay

          



          		

            2.9 Statistical analyses

          



        



        



        		

          3 Results

        

          		

            3.1 PLWH have lower frequencies of HCoV-specific CD4+ T cells compared to HIV-uninfected individuals

          



          		

            3.2 Altered phenotypic characteristics of bulk CD4+ T cells in PLWH

          



          		

            3.3 Elevated plasma cytokine levels persist during recovering COVID-19 patients

          



          		

            3.4 Anti-RBD IgG levels do not correlate with SARS-CoV-2-specific CD4+T cell responses

          



          		

            3.5 Antibody recognition of SARS-CoV-2 antigens and ACE2 binding inhibition by healthy control and SARS-CoV-2 convalescent plasma

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1291048-g001.jpg
@

HIV+/S+

HIV-/S- HIV-/S+ HIV+/S+.

ey

116 I

™
o

cD4
4 1PNy
Ll o ey ™
i 174 e
E ®
S > Z cos- >
* *
*% NS
_4
E 2 2E 2E
% 8333 8% 3%
Se -8 o 3
28 B3 s Bs
g2 oF? 2% o2
8 > 2 -3 28
=8 £ zZ2 Z>
L3 o 31 F3 £3
=3 =8 =g 15
0
ST
HIV-/S- HIV-/S+ HIV+/S+ HIV-/S-

:
8
z
:

ns
ax **

€25
Z . fe
h s
£1s . 2 15
-%10 4 85”
3 p 53.
05 L :E: 23 05
4 H 14
00 00

@ HIV+: r=0.51, p=0.0399

1 mea | i
| 0w i

»
@

»
5

£
22 23
88 38
] o8
E§15 S§|.5
og og
',,gm ‘g;m
s re
28 z3
o o
£9 £Q
Ggos Sgos
ﬁ <
@00 2 00

® HIV+: r=0.80, p<0.0001

209 ®HIV-r=0.46,p=00017 2 37 @HIV- =065, p<0.0001
£ ®
g g .
8 o 15 L .
23 <3 .
% - 40 Er
el it
38 53
2o g0
>'{‘ 0.5 @
g 3
0.0 X
0.0 05 1.0 15 20 25 0.0 0.5 1.0 15 20
SARS-CoV-2-specific IFNy secreting SARS-CoV-2-specific TNF-a secreting
CD4" T cells CD4" T cells.
® HIV+: r=0.51, p=0.0256 ® HiV+: 1=0.66, p=0.0014
2 4] ®HIV-r=0.33, p=0.0202 2 3] @HIv-r=059, p<0.0001
H M g s
&
8.3 3
zg | ° i3 .
L2, Er
£ 2 2% .
28 g6 .
)‘{‘ 1 e e >,{, . -
3
8 . 3
o >~ T 1 T o T T 1
00 05 10 15 20 25 00 05 1.0 15 20
SARS-CoV-2-specific IFNy secreting SARS-CoV-2-specific TNF-a secreting
CD8* T cells CD8* T cells





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2023.1291048_cover.jpg
& frontiers | Frontiers in Immunology

Low pre-existing endemic human
coronavirus (HCoV-NL63)- specific
T cell frequencies are associated with
impaired SARS-CoV-2-specific T cell
responses in people living with HIV





OEBPS/Images/table2.jpg
Healthy HIV-unin- HIV-

controls fected infected
(n=28) (n=8) (n=6)
Age mean (range) 224 (18 - 33) 31.8 (20 - 40) 44.4 (25
- 65)
Male, n (%) 2 (25) 5 (62.5) 1 (20)
Female, n (%) 6 (75%) 3(37.5) 4 (80)
Days since diagnosis, - 7 (7 -21) 14 (7 - 22)
meadian (range)
CD4 count, 840 (634 819 (624 260 (133
median (range) - 1348) - 1131) — 566)
SARS-CoV-2- No Yes Yes

specific responses

HCoV-specific responses Yes Yes Yes

Convalescent HIV-infected and HIV-uninfected individuals were infected with either the beta
(second wave) or delta (third wave) variants.





OEBPS/Images/fimmu-14-1291048-g005.jpg
9, O
W0
+ ««\Q\ +
3 ) %)
+ s, 2
S 00 >
= 9 T
%,
s,
ozmuvoo\
C) s,
v r %
22222228 838888 ° (2
(w/ny °*60]) uonenuasuod 96| (%) Bunjoolg zaov
o@o\
2
%, ©
7%
[
%
+ 2
(2] & O +
e % ®
= % >
T % 2
%,
b\eo‘
oe&o@
COREH
e a4 3 9 o X2 v
e eeeeeeee
(Qu/nv °*60j) uonenuasuod 96|
%,
%
0,.@@0
%
I *,
'
I ) ")
= % 3
T & =
w@v T
S,
%,
oY
.eowo
0,
0&\ e\o\» &
g 8 8 8 2 - v m
g 8 ° ~© 2 9 9 2 o © Y
A m - B ‘0I © © < o~

(qw/ny °+60j) uonenuaduod 6| (%) Bunjoolg 30V





OEBPS/Images/fimmu-14-1291048-g003.jpg
100
0
0
0
0

493A
e-3NL
SIINVY
aL-din
qg-390ad
el-dIN
(4¥OW)L-dOW
ol-dl
B-NdI
4S0-WO
480-9
s1seq 494
uixejo3
2
(1]
]
zi-
Le]]

6l

8-l

Al

oI

$]0J3U0d AyzeaH +AIH -AIH

%
*xx NS

(%) 450-9

eefe o

g 2
(%) 480-W9






OEBPS/Images/table3.jpg
Plate SARS-CoV- Antigen

description 2 antigen description
Spot 1 SARS-CoV-2 Spike Wildtype
Spot 2 Spike (B.1.1.529; BA.L; Omicron
BA.1.15)
Spot 3 SARS-CoV-2 Nucleocapsid | Nucleocapsid
Spot 4 Spike (B.1.617.2; AY.4) Delta
Alt Seq 2
Spot 5 BSA -
Spot 6 BSA -
Spot 7 Spike (P.1) Gamma
Spot 8 Spike (B.1.1.7) Alpha
Spot 9 Spike (B.1.351) Beta
Spot 10 SARS-CoV-2 S1 RBD Receptor

binding domain





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/M1.jpg
ition Average Sempie UL Signe
% Inhibit Aveees BCL Siensl of Calibwator 8 Dbty > 1™






OEBPS/Images/fimmu-14-1291048-g002.jpg
>

HIV-/S- HIV-/S+ HIV+/S+

]

166 0018

ot o2
375 060

Qs
216

'HLA-DR/CD38 ————»
S
<] ;

PD-] ——— >

£ ®HIV+: =063, p=0.0076
8 ® HIV-: 1=0.41, p=0.0059
=

<

o

O 4

s

@

52

o

o

B: 2

e

2

zo

0.0 0.5 1.0 1.5 20 25

SARS-CoV-2-specific IFNy secreting CD4" T cells

® HIV+:r=0.03, p=0.9173
® HIV-: r=-0.06, p=0.6908

% HLA-DR* CD38" CD8" T cells

0.0 0.5 1.0 15 2.0 25

SARS-CoV-2-specific IFNy secreting CD8" T cells

HIV-/S- HIV-/S+ HIV+/S+

*okkk
23 *%x NS =
8 i 8
- . ~
+ +
< @
S2 : . S
o [ I k)
Il - @
[a} ) =]
o, o
g el
D .
2 2
% =
& & &
RS
° @ HIV+: r=0.31, p=0.1817
8  r=-0.08, p=0.5669
-
+
<
a
o
3
@
e}
o
o
+
o
Q
p
E
S o 2 4 6 8
HCoV-specific IFNy secreting CD4" T cells
° s ® HIV+: r=0.001, p=0.9950
§ ® HIV-: r=-0.14, p=0.3432
+
86"
2 e
LI
o
.
o
Q
3
I
= o 1 2 3 4
HCoV-specific IFNy secreting CD8" T cells
F
*kk ns
|
50 KRR ¥ 5007 Tor
" ) i
3 40 8 40 ®
= -
%4 30 o 30 .
) ] c ot
< 20 20 I' « 2
h A e,
[=]
o
; 10 = 10






OEBPS/Images/table1.jpg
All (N = 79) HIV- HIV-infected (n = 2| Healthy controls = Statistics

uninfected (n =11)
(n = 48)

Demographics

Age years, median (IQR) 35 (27 - 44) 345 (28 - 43.75) 41.5 (32 - 49.75) 19.5 (18.75 - 21.50) 0.0002*
Male sex, n (%) 29 (36.71) 22 (45.83) 4(20) 3(27.27) ns®
Female sex, n (%) 50 (63.29) 26 (54.17) 16 (80) 8 (72.73) ns®
Days since diagnosis, median (range) 14 (1 - 28) 14 (6 - 28) 13.5 (7 - 28) - ns®

HIV-associated parameters
HIV viral load copies/mL, median (IQR) - 13,981 (352-65,386) - n/a
CD4 cells/uL median (IQR) 7605 (580.5 - 874.3) | 783 (633 -921.5) 197 (755 - 726) 840 (739 - 996.3) ns?

Disease severity

Asymptomatic, n (%) 11 (16.18) 10 (20.83) 1(5) - ns'
Mild, n (%) 54 (79.4) 37 (77.1) 17 (85) - ns®
Severe/oxygen supplementation, n (%) 3 (441) 1(2.08) 2(10) s ns”

P values were calculated by one-way ANOVA, Fischer’s exact test, Mann-Whitney test or Kruskal-Wallis test for unpaired three groups. Convalescent HIV-infected and HIV-uninfected
individuals were infected with either the beta (second wave) or delta (third wave) variants.

*One-way ANOVA,

PFisher’s exact probability test.

“Mann-Whitney test.

“Kruskal-Wallis test.

‘ns’ not significant and “n/a’ not applicable.





OEBPS/Images/fimmu-14-1291048-g004.jpg
Anti-RBD IgG (OD4g0nm)

(&3
4 ® HIV+: r=0.1152,p=0.7589
E ° & ® HIV-: r=0.1649,p=0.4414
S L] °
3
[a)]
o o0 ° °
0] o ¢
K=y 29 o
[a]
2 4™ .
ol 1 [ ] .0 [ Y
= °®
< ‘.. [ ]

0.0 0.5 1.0 1.5 2.0 25
SARS-CoV-2-specific IFNy secreting CD4" T cells

D

® HIV+:r=0.5394,p=0.1139

4 ® HIV-: r=-0.1512,p=0.4806
£
S
<
[m)
S
O]
=2
o
[aa]
o
=
<

0.0 0.5 1.0 1.5 2.0
SARS-CoV-2-specific TNFa secreting CD4* T cells

Anti-RBD 1gG (OD4g0nm)

® HIV-
® HIV+

-

w

Anti-RBD 1gG (OD4g0nm)
- N

o

@ HIV+: r=0.3939,p=0.1269
® HIV-: r=0.3204,p=0.4414

w »

Anti-RBD 19G (OD4g0nm)
N

0.0 0.5 1.0 1.5 2.0
SARS-CoV-2-specific IFNy secreting CD8* T cells

O HIV+: r=0.4802,p=0.1616
4 @ HIV-: r=-0.2372,p=0.2645

0.0 0.5 1.0 1.5 2.0
SARS-CoV-2-specific TNFa secreting CD8" T cells





