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Introduction

The heterogeneity of the immunocompromised population means some individuals may exhibit variable, weak or reduced vaccine-induced immune responses, leaving them poorly protected from COVID-19 disease despite receiving multiple SARS-CoV-2 vaccinations. There is conflicting data on the immunogenicity elicited by multiple vaccinations in immunocompromised groups. The aim of this study was to measure both humoral and cellular vaccine-induced immunity in several immunocompromised cohorts and to compare them to immunocompetent controls.





Methods

Cytokine release in peptide-stimulated whole blood, and neutralising antibody and baseline SARS-CoV-2 spike-specific IgG levels in plasma were measured in rheumatology patients (n=29), renal transplant recipients (n=46), people living with HIV (PLWH) (n=27) and immunocompetent participants (n=64) post third or fourth vaccination from just one blood sample. Cytokines were measured by ELISA and multiplex array. Neutralising antibody levels in plasma were determined by a 50% neutralising antibody titre assay and SARS-CoV-2 spike specific IgG levels were quantified by ELISA.





Results

In infection negative donors, IFN-γ, IL-2 and neutralising antibody levels were significantly reduced in rheumatology patients (p=0.0014, p=0.0415, p=0.0319, respectively) and renal transplant recipients (p<0.0001, p=0.0005, p<0.0001, respectively) compared to immunocompetent controls, with IgG antibody responses similarly affected. Conversely, cellular and humoral immune responses were not impaired in PLWH, or between individuals from all groups with previous SARS-CoV-2 infections.





Discussion

These results suggest that specific subgroups within immunocompromised cohorts could benefit from distinct, personalised immunisation or treatment strategies. Identification of vaccine non-responders could be critical to protect those most at risk.
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Introduction

COVID-19 vaccination programmes have been under way for more than two years and have successfully prevented tens of millions of deaths globally. In the first year, it was estimated that 19.8 million deaths from COVID-19 were averted by vaccination with SARS-CoV-2 (Watson et al., 2022). Despite this success, there is a substantial number of individuals who do not respond well to SARS-CoV-2 vaccinations. Variable, weak, or reduced vaccine immune responses have been observed in immunocompromised people compared to immunocompetent individuals (Nadesalingam et al., 2022; Parker et al., 2022; Lu et al., 2023). Consequently, immunocompromised individuals have been shown to have a greater risk of severe or persistent SARS-CoV-2 viral infection, with persistent infection favouring the emergence of newer variants (Abbasi, 2021; Belsky et al., 2021; Agrawal et al., 2022; Freer and Mudaly, 2022; Mishra et al., 2022). With immunocompromised cohorts excluded from initial vaccine trials, data on the effectiveness of the vaccines in these groups was initially lacking. Since vaccination began in December 2020, data on vaccine efficacy and safety in these groups has been acquired. Meta-analyses found that in immunocompromised patients (solid organ transplant recipients (SOTR), solid and haematological cancer patients, patients with immune mediated inflammatory disorders, malignant diseases, and inflammatory rheumatic disease), seroconversion rates and SARS-CoV-2 specific immunoglobulin G (IgG) antibody levels were considerably lower than in the control groups, with organ transplant recipients showing the lowest rates of seroconversion (Kolb et al., 2021; Rincon-Arevalo et al., 2021; Lee et al., 2022; Marra et al., 2022; Smith et al., 2022). Patients with primary immunodeficiencies, patients with rheumatological conditions and kidney transplant recipients were found to have much lower cellular responses after two vaccinations than their healthy control counterparts (Stumpf et al., 2021; Oyaert et al., 2022; Reischig et al., 2022). Not all studies agree. One study concluded that although there was a reduction in seroconversion in patients with rheumatoid arthritis and seronegative spondyloarthritis after the first vaccine, by the second, 100% of patients studied had seroconverted (Simader et al., 2022). Data on vaccine efficacy in people living with HIV (PLWH) has been mostly encouraging, with several studies suggesting that PLWH that are on ART have comparable cellular and humoral vaccine-induced immune responses to healthy control groups following two doses of COVID-19 vaccines (Frater et al., 2021; Oyaert et al., 2022), although PLWH with higher viral loads and/or low CD4 cell counts may have lower seroconversion and IgG levels (Xu et al., 2022). Contradictory data suggests that vaccination in PLWH results in a robust T cell response but an inferior neutralising antibody response (Lv et al., 2022).

Despite the conflicting findings and disparity in results between different cohorts of immunocompromised individuals, many countries advise all immunocompromised individuals to receive additional booster vaccine doses. In PLWH, a third dose was found to increase the humoral and cellular response above that measured after two doses, with responses comparable to healthy controls (Tortellini et al., 2022). In SOTR, a third dose was found to increase SARS-CoV-2 specific IgGs and neutralising antibodies, although responses were still comparatively weak compared to healthy controls (Ferreira et al., 2022; Karaba et al., 2022; Peghin et al., 2022). In rheumatology patients, conflicting data has been reported, with some studies suggesting a third dose results in excellent seroconversion of nearly all patients (Azzolini et al., 2022; Isnardi et al., 2022), some suggesting that only cellular immunity is boosted (Jyssum et al., 2022), and some suggesting that cellular and humoral responses are increased but at a much lower level than healthy controls (Farroni et al., 2022). Given the conflicting data on booster vaccines so far, the extent to which protection from additional vaccines is enhanced in immunocompromised groups remains unclear (Nadesalingam et al., 2022; Parker et al., 2022).

Here, we recruited immunocompetent participants (control group) and individuals from three different immunocompromised cohorts: rheumatology patients, renal transplant recipients, and PLWH, who had received at least three SARS-CoV-2 vaccine doses. Using a rapid whole-blood assay to measure T cell cytokine release (Murugesan et al., 2020; Petrone et al., 2021; Tan et al., 2021; Oliver et al., 2022), a neutralising antibody assay (Fielding et al., 2022) and an enzyme-linked immunosorbent assay (ELISA) to measure total IgG, we compared their immune responses to an immunocompetent control group. The aim was to investigate the relationship between multiple SARS-CoV-2 vaccinations and both cellular and humoral immune responses of at-risk immunocompromised individuals. Disparity in results may exist between previous studies due to limited parameters being used to assess immunity. To address this issue and add clarity to the field, our study measured IFN-γ production, IL-2 production, baseline IgG levels and neutralising antibody levels, all from the same sample of blood to build a more complete picture of immunity in multiple immunocompromised cohorts following three or four vaccines. Comparing responses between multiple immunocompromised cohorts with each other as well as with immunocompetent controls provides informative data about which groups of individuals are most at risk.





Materials and methods




Study approval

This study received ethical approval from the Wales Research Ethics Committee (REC) 6 (IRAS number: 305040). Written informed consent was received from participants prior to inclusion in the study.





Study cohort

This study received ethical approval from the Wales Research Ethics Committee (REC) 6 (IRAS number: 305040). Participants from across Wales and England were recruited to the project between December 2021 and May 2022. Immunocompromised patients were recruited when attending clinics and blood samples taken to coincide with routine blood tests. Participants were only recruited if they met the eligibility criteria stated in documents supplied to the REC, namely be aged 18 years of older, be able to understand and communicate in English or in first language with translator, have had at least 3 doses of a UK approved SARS-CoV-2 vaccine, and fall into one of the four cohorts of patients being investigated: rheumatology patients established on biologic therapy, renal transplant patients taking immunosuppressants, PLWH, and immunocompetent (control) group. All immunocompromised participants were identified via National Health Service (NHS) clinic and directorate databases and patients were all diagnosed by NHS professionals, with their underlying diagnoses recorded where appropriate (see Supplemental Tables S1, S2). All participants had to be able and willing to provide informed, written consent prior to inclusion. Individuals were not eligible for enrolment into the study if they met any of the exclusion criteria, namely they were unable to provide consent, had a predicted life expectancy less than one year, had been in receipt of rituximab in the past year, or had been in receipt of intravenous immunoglobulin (IVIG) therapy in the past 3 years. For the rheumatology patients, exclusion criteria also included receiving anti-TNF or other biologic therapies <3 months. For the renal transplant recipients, exclusion criteria also included having been on maintenance immunotherapy other than tacrolimus, mycophenolate-mofetil and prednisolone; or having been on these treatments for < 3 months. For the PLWH cohort, exclusion criteria also included being on antiretroviral therapy for <2 years; HIV viral load >100 copies/ml at any point in past 18 months; any opportunistic infection or diagnosis of AIDS-related malignancy in the past 6 months. For the immunocompetent group, exclusion criteria also included having any chronic diseases or medical conditions affecting the immune system or taking any medication which impairs the immune system and thus deems them as immunocompromised in some way. A total of 166 participants met the inclusion criteria, each of whom donated a single sample of blood. At the time of blood sample collection, corresponding details of prior test results for SARS-CoV-2 infection including method of confirmation (polymerase chain reaction test and/or lateral flow), details of SARS-CoV-2 vaccinations including date and vaccine manufacturer, and demographic information were obtained via questionnaire (see Table 1, Supplemental Tables S1, S2). For the immunocompromised cohorts, 100% (30/30) of SARS-CoV-2 history positive participants had their infection confirmed by a positive laboratory PCR test. For the SARS-CoV-2 history positive immunocompetent individuals, 10/11 infections were confirmed by PCR and 1/11 was confirmed by a positive lateral flow test with accompanying symptoms.


Table 1 | Participant demographic information.







Peptides

The peptide pool consisted of 470 15mer peptides from the ancestral strain of SARS-CoV-2, overlapping by 11-amino acids, covering the entire proteome of the nucleocapsid phosphoprotein (Miltenyi Biotec, Bergisch Gladbach, Germany), membrane glycoprotein (Miltenyi Biotec) and the spike (S1 and S2) protein (JPT Peptide Technologies, Berlin, Germany). All peptides were purified by High Performance Liquid Chromatography. Previous studies demonstrated a concentration of 0.5µg/ml/peptide was sufficient to generate specific T cell responses (Oliver et al., 2022).





Stimulation

Whole blood stimulations were carried out as previously described (Oliver et al., 2022). Briefly, a single 10ml sodium heparin vacutainer (Becton Dickinson, Franklin Lakes, New Jersey, USA) tube of blood was collected from each participant and 1ml whole blood samples were aliquoted into sterile T332 Micrewtubes (Simport Scientific, Saint-Mathieu-de-Beloeil, Canada) containing pre-aliquoted peptides, phytohaemagglutinin-L (positive control) or phosphate-buffered saline (PBS) (negative control). Samples were incubated at 37°C, 5% CO2, for 18-22 hours. Tubes were then centrifuged at 2000g for 3 minutes before harvesting ~200-300µl plasma from each blood sample. Plasma samples were stored at -20°C for up to 6 weeks prior to analysis.





ELISA for interferon-gamma

IFN-γ protein was measured by an IFN-γ ELISA MAX Deluxe kit (BioLegend, San Diego, California, USA), following manufacturer’s instructions with a few modifications: an additional point on the standard curve (1000pg/ml); a 1-hour incubation for standards, samples, and blanks; and a pre-read step (at 450nm with just the TMB substrate) to standardise development of the assay. When standard 2 reached an optical density of 0.1, stop solution was added and the plate was read at 450nm. The amount of IFN-γ in each sample was analysed using the Gen5 software 8-point standard curve. To calculate the T cell response to SARS-CoV-2, the amount of IFN-γ in the control (PBS only) sample was subtracted from the corresponding value for the SARS-CoV-2 peptide stimulated sample and reported as pg/ml of plasma. In the absence of a response to the peptides, the amount of IFN-γ was calculated as below the lower limit of detection (LLOD). Therefore, a value equal to the lowest value on the standard curve was given for that sample.





Luminex assay for interleukin-2

Cytokine IL-2 was measured by Bio-plex Pro Human Cytokine IL-2 Assays (Bio-Rad, Hercules, CA, USA). The median fluorescent intensity of the IL-2 bead set was measured on a Bio-plex 200 instrument (Bio-Rad). Cytokine concentration was calculated from a control curve of standard provided separately by the same supplier. In the absence of a response to the peptides, the amount of cytokine was considered as below the LLOD and a value equal to the lowest value on the standard curve was given for that sample.





Chimeric ELISA for SARS-CoV-2 spike specific IgG

SARS-CoV-2 spike specific IgG was measured by an in-house assay adapted from the assay described in (Schuurman et al., 1997). Microtiter plates were coated with SARS-CoV-2 full-length spike protein (InBio, Charlottesville, VA, USA) at 0.5µg/well and incubated with plasma from unstimulated blood samples from all cohorts. Bound spike-specific IgG antibodies were detected using peroxidase conjugated Mouse anti-human IgG FCγ (Jackson ImmunoResearch, West Grove, PA, USA) at 0.08µg/well. Direct binding of IgG antibodies bound to the spike protein was quantified from a standard curve created using a mouse anti-Der p 2 chimeric human IgG1 antibody bound to nDer p 2 coated wells. Plasma samples obtained before the pandemic were used as negative controls.





SARS-CoV-2 neutralising antibody assay

Live SARS-CoV-2 neutralisation assays were carried out as described previously (Fielding et al., 2022). Briefly, 600 plaque forming units of wild-type SARS-CoV-2 was incubated with 3-fold serial dilutions of plasma in duplicate for 1 hour at 37°C. Mixes were added to VeroE6 cells in 96-well plates, seeded 18 hours prior at 2x104, for 48 hours at 37°C. Monolayers were fixed with 4% paraformaldehyde, permeabilised with 0.5% NP-40, then incubated in 3% blocking buffer (PBS containing 0.1% Tween and 3% non-fat milk) for 1 hour in the dark. Primary antibody (anti-nucleocapsid 1C7, Stratech, Ely, Cambridgeshire, UK) was added in 1% blocking buffer (PBS containing 0.1% Tween and 1% non-fat milk) for 1 hour at room temperature. Monolayers were washed with PBST (PBS containing 0.1% Tween), and secondary antibody (anti-mouse IgG-HRP, Pierce, Waltham, Massachusetts, USA) was added in 1% blocking buffer for 1 hour. Monolayers were washed with PBST, developed using OPD (OPD Tablets and Peroxidase substrate buffer; Fisher, Waltham, Massachusetts, USA), and read on a Clariostar Omega plate reader at 495nm. Control wells of no virus, virus but no antibody, and a standardised serum displaying moderate activity were included in each experiment. The 50% neutralising titre (NT50) values were calculated in GraphPad Prism 9 v 9.5.0 using a 4-parameter nonlinear regression. Where no neutralisation was observed, an arbitrary value of 1.0 was given.





Statistics

GraphPad Prism Version 9.5.0 was used for all statistical analyses of datasets.

Significance was determined using either a Kruskal-Wallis test with Dunn’s multiple comparison test or a Mann Whitney test. A p-value <0.05 was considered significant. Simple linear regression was used to determine Pearson R squared values and associated p values. For box and whisker plots: the middle line = median; lines of the box = 25th and 75th percentiles; whiskers = minimum and maximum values.






Results

SARS-CoV-2 immune responses were analysed from participants who fell into one of 4 cohorts: rheumatology patients, renal transplant recipients, PLWH or immunocompetent participants. Participant demographics are summarised in Table 1. Rheumatology patients were established on biologic therapy (Supplemental Table S1), renal transplant patients were taking at least two immunosuppressants (Supplemental Table S2), and PLWH were all on HAART, had no AIDS diagnosis or were taking immunosuppressants at the time of blood donation.




IFN-γ and IL-2 responses in SARS-CoV-2 infected and uninfected individuals following booster vaccinations

Blood samples from all participants were stimulated overnight with SARS-CoV-2 peptides and the level of IFN-γ and IL-2 was measured in the plasma by ELISA and a Luminex assay respectively (see methods).

In individuals with no history of infection, significant differences were observed in the magnitude of IFN-γ responses. Rheumatology patients and renal transplant recipients had significantly lower median IFN-γ levels (19.8pg/ml and 10.3pg/ml, p < 0.01 and p < 0.0001, respectively) compared to immunocompetent participants (median IFN-γ of 135pg/ml, Figure 1A). Significant reductions in IL-2 were observed in both these groups (p < 0.05 and p < 0.001 for rheumatology and renal transplant cohorts, respectively). Median levels of IL-2 were 12.3pg/ml for the rheumatology cohort and 8.3pg/ml for the renal transplant cohort compared to immunocompetent controls (median IL-2 71.6pg/ml, Figure 1B). No differences in either IFN-γ or IL-2 production in the PLWH cohort were observed, with median levels for both cytokines being comparable to immunocompetent participants (Figures 1A, B).




Figure 1 | SARS-CoV-2-specific T cell responses in immunocompromised and immunocompetent cohorts. IFN-γ and IL-2 production in whole blood in response to overnight stimulation with SARS-CoV-2 peptide mega pool in individuals with no prior SARS-CoV-2 infection (A, B) and in individuals with a previous history of SARS-CoV-2 infection (C, D). IFN-γ was measured by ELISA and IL-2 was measured by Luminex assay. Significant differences were calculated by Kruskal-Wallis test with Dunn’s multiple comparison test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns = not significant. Dotted line indicates lower limit of detection.



Other variables that could have influenced T cell responses were considered. The type of initial vaccines that the participants received, and the gender of the participants did not significantly influence the T cell responses observed in any of the cohorts. However, there was ~2-4-fold lower median cytokine response in the rheumatology and renal transplant cohorts in those receiving an adenovirus initial vaccine than those receiving an mRNA initial vaccine (Supplemental Figures S1A, S1B, Supplemental Table S4). The age of the immunocompromised participants did not influence the T cell responses. A slight reduction in IFN-γ production was observed in the immunocompetent cohort as the participants got older (R2 = 0.08239, p = 0.0455, Supplemental Table S3).

These results indicate that uninfected individuals being treated for rheumatology conditions and those having received a kidney transplant have an impaired T cell immune response following multiple vaccinations compared to PLWH and immunocompetent controls.

In previously infected individuals, cytokine production was comparable between all groups (Figures 1C, D). The median IFN-γ levels in the renal transplant cohort were ~2.6 fold lower than the immunocompetent group (35.4pg/ml and 92.8pg/ml respectively), although this was not statistically significant.





Antibody responses in SARS-CoV-2 infected and uninfected individuals following booster vaccinations

Unstimulated plasmas from the same blood samples above were analysed for neutralising antibody levels using the NT50. Due to the difficulties implementing the neutralising antibody assay in large quantities, a subset of samples was analysed for each cohort. To limit bias and cover as wide a range of immune responses as possible, the samples were selected based on low, medium, and high IFN-γ and IL-2 responses. In individuals with no history of infection, a significant difference was observed in the magnitude of the neutralising antibody responses in renal transplant recipients compared to immunocompetent controls (p < 0.0001, Figure 2A). The renal transplant group had a median NT50 of 1.0 (an arbitrary value assigned when no neutralisation was observed) with over 50% of the participants unable to mount a neutralising antibody response, in comparison to the immunocompetent participants who had a median NT50 of 355. A significant reduction was also observed in the rheumatology patient cohort (median NT50 = 116, p < 0.05), although in this group, only 16% of donors did not mount a detectable neutralising antibody response (Figure 2A). No differences in neutralising antibody responses were observed in the PLWH cohort. In previously infected individuals, neutralising antibody levels were comparable between all groups (Figure 2B).




Figure 2 | Serological immune responses in immunocompromised and immunocompetent cohorts. Neutralising antibody levels were determined by NT50 in uninfected (A) and previously infected (B) individuals. When no neutralisation was observed, an arbitrary value of 1 was assigned. Baseline levels of SARS-CoV-2 full length spike-specific IgG antibodies were measured in uninfected (C) and previously infected (D) individuals. Significant differences were calculated by Kruskal-Wallis test with Dunn’s multiple comparison test. *p<0.05, ***p<0.01, ****p<0.0001, ns = not significant. Solid grey line indicates the mean IgG concentration of three pre-pandemic plasma samples.



Plasmas from all participants were analysed for SARS-CoV-2 full-length spike specific IgG and correlated with the NT50 result. Significant correlation between results was observed in all four groups (Supplemental Figure S2), suggesting that the spike specific IgG antibody level is a good proxy for functional antibody responses. However, despite this correlation, there was no significant difference observed in IgG levels between the rheumatology patients and the immunocompetent participants (Figure 2C). Furthermore, although the responses in the renal transplant recipient group were still significantly reduced compared to the immunocompetent cohort (p = 0.01, mean IgG levels were 101.2µg/ml and 492.4µg/ml, respectively), the magnitude of this difference was much larger when measuring neutralisation as opposed to IgG levels. Thus, both the quality and the quantity of IgG may be affected in these individuals. As with the NT50 response, no significant difference was observed between the PLWH and the immunocompetent cohort.

These results suggest that renal transplant recipients, and to a lesser extent, rheumatology patients, have an impaired antibody response following multiple vaccinations compared to PLWH and immunocompetent controls. In previously infected individuals, IgG antibody levels were comparable between all groups (Figure 2D).

Other variables that could have influenced antibody responses were also assessed. The type of initial vaccines received, age, and gender of the participants did not influence the antibody responses observed in the renal transplant or the PLWH cohorts (Supplemental Figure S1C, Supplemental Tables S3, S4). In the rheumatology cohort, participants who received mRNA vaccines as their initial doses had a 2.2-fold higher median IgG response than those receiving adenovirus vaccines initially. Contrastingly, immunocompetent participants who initially received adenovirus vaccines had a 2.7-fold higher IgG response than those who received mRNA vaccines initially (Supplemental Figure S2C). Females in the rheumatology group also showed a 5-fold higher response than males in the same group, although the ratio of males to females in this group was highly skewed toward females which may have influenced this observation (Table 1, Supplemental Table S4).





Immune responses in rheumatology patients receiving different biologic drugs

Responses in the rheumatology cohort were assessed depending on the biologic drugs they received. Individuals on abatacept (a selective co-stimulation immunomodulator) showed reduced levels of IFN-γ and IL-2 production following whole blood stimulation (Figures 3A, B) compared to those on αTNF biologics or tocilizumab (TCZ, an αIL-6R monoclonal antibody), although numbers were too small to be statistically significant. A positive T cell response was seen in only 50% of patients on abatacept, compared to 85% and 67% for those on anti-TNF biologics and TCZ, respectively. No significant differences in baseline IgG levels were observed (Figure 3C).




Figure 3 | Immune responses in rheumatology patients receiving different anti-rheumatic drugs. IFN-γ (A) and IL-2 (B) production in whole blood in response to overnight peptide stimulation and baseline measurement of spike specific IgG antibodies (C) in individuals receiving different anti-rheumatic drugs. IFN-γ and IgG were measured by ELISA and IL-2 was measured by Luminex assay. Statistical analysis was performed with a Kruskal-Wallis test with Dunn’s multiple comparison test. ns = not significant. Dotted line indicates lower limit of detection. Solid grey line indicates the mean IgG concentration of three pre-pandemic plasma samples.







Immune responses in renal transplant recipients receiving different combinations of immunosuppressive drugs

Responses in the renal transplant cohort were assessed depending on the type of immunosuppressive drugs they received. Individuals who received three immunosuppressive drugs (Tacrolimus, Mycophenolate mofetil (MMF) and Prednisolone) had a lower IFN-γ response and IgG baseline levels than those on two drugs only, although numbers were too small to be significant (Figures 4A, C). The median IFN-γ responses for those receiving three drugs were 2.2-fold lower than those receiving just Tacrolimus and MMF, or Tacrolimus and Prednisolone. Median IgG levels were 29.8µg/ml for those receiving three drugs and 182.5µg/ml and 102.7µg/ml for those receiving just Tacrolimus and MMF, or Tacrolimus and Prednisolone respectively. The median IL-2 levels were comparably low in all three groups (Figure 4B).




Figure 4 | Immune responses in renal transplant recipients receiving different combinations of immunosuppressive drugs. IFN-γ (A) and IL-2 (B) production in whole blood in response to overnight peptide stimulation and baseline measurement of spike specific IgG antibodies (C) in individuals receiving different combinations of immunosuppressive drugs. MMF = Mycophenolate mofetil. IFN-γ and IgG were measured by ELISA and IL-2 was measured by Luminex assay. Statistical analysis was performed with a Kruskal-Wallis test with Dunn’s multiple comparison test. ns = not significant. Dotted line indicates lower limit of detection. Solid grey line indicates the mean IgG concentration of three pre-pandemic plasma samples.







Immune responses in the PWLH cohort relative to CD4 cell count

The results from participants in the PLWH cohort were analysed according to their most recent CD4 count; those with a CD4 count less than 200 cells/µl (increased risk of opportunistic infections), those with a CD4 count between 200-500 cells/µl (lower than the ‘normal’ range of uninfected individuals but opportunistic infections are unlikely), and those above 500 cells/µl (considered a ‘normal’ range). The two individuals with CD4 counts <200 cells/µl did not demonstrate any T cell response (both IFN-γ and IL-2 were <LLOD) and had extremely low IgG levels (Figures 5A–C). These individuals also had an NT50 result of 1, an arbitrary value that was assigned when no antibody neutralisation of the virus was observed (Figure 2A). These results indicate that no immune response had been generated following multiple vaccinations. One individual with a CD4 count >500 cells/µl was reported as having a <LLOD result for IFN-γ (Figure 5A). Despite this individual having a positive response to the viral peptides, there was also a high background level of IFN-γ in the negative control which when subtracted, led to the result being below the assay limit of detection. However, given that IFN-γ was produced in response to the peptides, along with a positive IL-2 result and an IgG level of 238.3µg/ml, it would be predicted that this person does not have an impaired immune response following vaccinations. No significant differences were observed in the magnitude of cytokine production or IgG levels between individuals with CD4 cell counts between 200-500 cells/µl and individuals of CD4 cell counts >500 cells/µl. Statistical analysis was not performed on the group containing <200 cells/µl due to only two participants in that category.




Figure 5 | Immune responses in PLWH according to CD4 cell count. IFN-γ (A) and IL-2 (B) production in whole blood in response to overnight peptide stimulation and baseline measurement of spike specific IgG antibodies (C) in PLWH. ● = CD4 cell count of <200 cells/µl, ⏹ = CD4 cell count between 200 and 500 cells/µl, ▲ = CD4 cell count of >500 cells/µl. Results show individual results with median. IFN-γ and IgG were measured by ELISA and IL-2 was measured by Luminex assay. Statistical analysis was performed with a Mann Whitney test. ns = not significant. Dotted line indicates lower limit of detection. Solid grey line indicates the mean IgG concentration of three pre-pandemic plasma samples.







Immune response comparison between 3rd and 4th vaccination doses in immunocompromised cohorts

Participants from the rheumatology and renal transplant cohorts were split into those that had received a third vaccination dose and those that had received a fourth vaccination dose. Although the samples were not all taken at the same time point since vaccination, regression analysis revealed no correlation between number of days since vaccination and levels of IFN-γ, IL-2 or IgG (R-squared values = 0.227, 0.017 and 0.066 respectively for rheumatology patients, and 0.009, 0.001 and 0.055 respectively for renal transplant recipients, data not shown). In the rheumatology cohort, responses were increased in those that had received a fourth dose compared to third dose only. Median IFN-γ, IL-2 and IgG levels were 5-fold, 3.2-fold and 6.9-fold higher respectively following a fourth dose, although none of these increases were statistically significant, most likely due to the small number for the fourth dose group (Figures 6A–C). Detectable IFN-γ and IL-2 levels were observed for 100% of rheumatology patients who received a fourth dose, compared to 53% and 41% respectively for those who received just three doses.




Figure 6 | Immune responses in rheumatology patients and renal transplant recipients after three or four SARS-CoV-2 vaccine doses. IFN-γ (A) and IL-2 (B) production in whole blood in response to overnight peptide stimulation and baseline measurement of spike-specific IgG antibodies (C) in individuals who received three SARS-COV-2 vaccine doses (●) or individuals who received four SARS-CoV-2 vaccine doses (O). Results show individual results with median. IFN-γ and IgG were measured by ELISA and IL-2 was measured by Luminex assay. Statistical analysis was performed with a Mann Whitney test. *p<0.05, ns = not significant. Dotted line indicates lower limit of detection. Solid grey line indicates the mean IgG concentration of three pre-pandemic plasma samples.



In the renal transplant cohort, the cytokine responses remained low even after receiving a fourth dose, with only 55% of participants recording a positive IFN-γ response and only 33% of them recording a positive IL-2 response. IgG levels did not appear to be boosted following a fourth dose either, with just 17% of participants recording an IgG level >10µg/ml.






Discussion

Whilst pre-pandemic levels of social normality have returned for many people, immunocompromised individuals may still feel particularly vulnerable to SARS-CoV-2 related complications and potential associated social isolation. Given the conflicting or unavailable information regarding responses to vaccinations and the level of protection, or lack of protection that these provide, immunocompromised individuals need more information on whether these feelings are justified. In this study, we have simultaneously taken three immunocompromised cohorts and assessed their cellular and humoral immune responses to multiple SARS-CoV-2 vaccination doses from one blood sample, revealing impaired T cell and humoral immune responses in rheumatology patients and renal transplant recipients compared to PLWH and immunocompetent individuals.




Humoral responses

When assessing the antibody response, NT50 against live virus was used as a functional assay for neutralising antibodies, and total IgG was used for circulating antibody levels. Here we demonstrated strong correlations between the two readouts, a finding that has been observed by others (Amanat et al., 2020; Suthar et al., 2020). However, despite the good correlation, differences between the assays were revealed. In the uninfected group of rheumatology patients, three individuals were identified as having no detectable levels of neutralising antibodies. Overall, the median NT50 level was significantly lower than the control group. When comparing total IgG, this difference was no longer significant, although two out of the three individuals with no neutralising antibodies also had the lowest IgG levels. Amongst transplant recipients, circulating anti-spike IgG was detected in individuals who did not mount a neutralising response. It is plausible that affinity maturation is partially inhibited in these cohorts, leading to production of lower affinity antibodies and therefore weaker neutralisation. However, providing a definitive explanation for the observed results is beyond the scope of this study. The NT50 result is an important functional marker and a more sensitive one, yet total IgG readings are a good substitute when the NT50 assay is not feasible. Interestingly, antibody levels in individuals from both cohorts who had a previous SARS-CoV-2 infection were comparable with previously infected immunocompetent individuals, indicating that a humoral immune response can be mounted in response to natural infection, but it is impaired in response to vaccinations. This may indicate that the design of the vaccine doses administered in this study could be improved as they do not mimic natural infection in certain individuals.





T cell responses

Whole blood peptide-stimulation assays have become a widely utilised method for investigating SARS-CoV-2 specific T cell responses due to the relative simplicity, speed and small amount of blood required (Murugesan et al., 2020; Lineburg et al., 2021; Petrone et al., 2021; Tan et al., 2021; Oliver et al., 2022). Our data revealed that after three or four vaccination doses, T cell responses were significantly lower in patients with rheumatological conditions than those of immunocompetent controls in uninfected individuals. One infected individual did not record a positive IFN-γ, and another infected individual did not record a positive IL-2 response. This highlights the importance of measuring both cytokines to assess T cell responses, particularly in immunocompromised groups where immune responses may be atypical. Results presented here for renal transplant recipients revealed similar findings, with uninfected individuals displaying markedly reduced T cell activation in response to SARS-CoV-2 peptide stimulation. As with the antibody responses, individuals from the immunocompromised cohorts who had been naturally infected did not have an impaired T cell response compared to immunocompetent controls, further emphasising discord between naturally induced immune responses and vaccine induced immune responses. This implies that even with a weakened immune system, a memory response to SARS-CoV-2 can be produced by individuals within these immunocompromised cohorts, indicating that a different type of vaccine such as the live attenuated vaccines that are currently being developed may be beneficial to these groups (Trimpert et al., 2021; Chen et al., 2022; Liu et al., 2022; Tang et al., 2022).

Of interest, two previously infected patients in the renal transplant cohort had no/low IFN-γ responses, but the IL-2 levels in these patients were positive, further strengthening the argument for measuring two different cytokines to assess T cell responses. These two patients with low IFN-γ were not the same patients with no/low NT50 results. This is an important finding given that regression analysis in this group revealed excellent correlation between IFN-γ and IgG levels (p < 0.0001, data not shown), and highlights the potential utility for measuring serological responses and T cell responses concurrently to provide a more accurate picture of an individual’s immune status.





Rheumatology patients

The types of drugs used to treat inflammatory conditions may impair immune responses to vaccines such as influenza, herpes zoster, hepatitis B and others (Friedman et al., 2021). The effects of different disease-modifying anti-rheumatic drugs on SARS-CoV-2 vaccines are still being examined, but evidence so far suggests that rituximab and abatacept have significant adverse effects on immune response; methotrexate has lesser negative effect; whereas anti-TNF biologics and other biologics such as tocilizumab have minimal adverse effects (Friedman et al., 2021; Saleem et al., 2022; Simon et al., 2022). Although the numbers in our rheumatology group are too small for analysis to be of significance, our data agrees with findings that for T cell responses, patients receiving abatacept have the lowest median levels of both IFN-γ and IL-2. Small studies have demonstrated that when methotrexate was temporarily withdrawn for 1-2 weeks after vaccine administration, vaccine immunogenicity was improved (Araujo et al., 2022; Azzolini et al., 2022). Temporarily suspending treatment can result in disease flare ups, and although often mild, patients may express hesitancy over this intervention (Xie et al., 2022). Therefore, each patient will need to weigh the risks versus benefits of pausing treatment temporarily to potentially increase vaccine immunogenicity and reduce the likelihood of requiring SARS-CoV-2 related hospitalisation (Agrawal et al., 2022; Lee et al., 2023).





Renal transplant recipients

There is currently limited data on vaccine immunogenicity in SOTR following four or even five doses of COVID-19 vaccines. A fourth dose has been associated with a slight improvement in humoral responses in individuals with no or a low response after three doses (Osmanodja et al., 2022; Peghin et al., 2022). One study found that serological immune responses only increased from 55.6% after four doses to 57.5% following a fifth vaccine dose (Osmanodja et al., 2022). Results from our renal transplant recipients did not demonstrate that a fourth dose elicited improved responses above those individuals who had three doses, with only 55% of participants recording a positive IFN-γ response, 33% recording a positive IL-2 response and just 17% of participants recording an IgG level >10µg/ml. Further follow-ups of these non-responders after subsequent doses will be an important consideration to determine if they will elicit an immune response or if they are chronically unresponsive. If the latter, a different protective approach may be required.

Predictors of poor antibody responses in renal transplant patients have been previously reported for those receiving triple immunosuppression and/or those receiving MMF (Stumpf et al., 2021; Smith et al., 2022). Our results demonstrated that those on three immunosuppressive drugs have a 2.2-fold lower IFN-γ response and 3.4 to 6.1-fold lower IgG levels than those receiving only two immunosuppressors. IL-2 responses were comparable, further strengthening the need to measure at least two cytokines when assessing the T cell SARS-CoV-2 specific immune response.

There has been conflicting data reported on immune responses in SOTR depending on vaccine type the recipients received, with some evidence suggesting Moderna is superior to Pfizer-BioNTech for seroconversion, and that Pfizer-BioNTech was superior to ChAdOx1 for the development of humoral responses but comparable for T cell responses (Prendecki et al., 2021; Stumpf et al., 2021; Smith et al., 2022). Our renal transplant cohort received either ChAdOx1 or Pfizer-BioNTech as their initial two doses, followed by various combinations of ChAdOx1, Pfizer-BioNTech or Moderna for their additional vaccine doses. No significant differences were seen for the development of either humoral or T cell responses depending on if ChAdOx1 or Pfizer-BioNTech was administered, and given that so many of this cohort did not develop vaccine-induced immune responses even after 4 doses, perhaps the more important question should be, would a different type of vaccine produce better results in these immunocompromised cohorts?





PLWH

Results from the PLWH cohort revealed that following three vaccination doses, both T cell responses and antibody responses are comparable to immunocompetent controls in uninfected individuals. Responses were also comparable in previously infected individuals. In the uninfected group of PLWH, there were two individuals who did not record a detectable cytokine response or a neutralising antibody response. PLWH that have a CD4 count less than 200 cells/µl have an increased risk of opportunistic infections. These individuals had a lower percentage of vaccine-responding T cells than those with counts above 200 cells/µl (Tortellini et al., 2022). In agreement with this, the 2 individuals in our cohort with impaired vaccine-induced immune responses had CD4 counts of <200cells/µl, suggesting that assessment of total CD4 cell count should be considered when determining vaccine efficacy (Alrubayyi et al., 2021; Lv et al., 2022; Mullender et al., 2022). It is important to note that all the participants in this cohort had controlled viremia and none had high viral load counts (all under 500 copies/ml) so these results cannot be extrapolated to individuals with uncontrolled viremia or high viral loads.





General discussion

Certain immunocompromised individuals remain at higher risk of breakthrough infections, severe disease and SARS-CoV-2 related hospitalisations despite receiving multiple vaccinations. The major limitations of our study include limited ethnic demographics, relatively low numbers for comparing anti-inflammatory or immunosuppressive drug effects, no participants in the PLWH cohort with uncontrolled viremia, no confirmation of natural infection status via an anti-N/anti-ORF8 ELISA lab test to rule out asymptomatic infections in the history negative groups, and different time lapses between the last vaccine dose and blood collection. Despite these limitations, the results support the growing argument that specific subgroups within each immunocompromised cohort could benefit from distinct, personalised immunisation strategies (Alrubayyi et al., 2021; Karaba et al., 2022; Mullender et al., 2022). For example, a pause or a switch in certain drug treatments may be necessary to elicit the most immunogenic response when booster vaccinations are administered (Stumpf et al., 2021; Araujo et al., 2022; Azzolini et al., 2022; Osmanodja et al., 2022; Saleem et al., 2022). These assays may be a relatively simple way of identifying those individuals who do not respond to vaccines and thus are more at risk of adverse outcomes from SARS-CoV-2 infection. These individuals may benefit from enhanced isolation during periods of COVID surges or high transmission or could be ideal candidates for receiving primary neutralising monoclonal antibodies prophylactically and/or prioritised for early antiviral or monoclonal antibody therapy if they get infected.

Levels of circulating SARS-CoV-2 specific IgG antibodies do not always correlate significantly with IL-2 or IFN-γ production (data not shown and (Alrubayyi et al., 2021)). Furthermore, neutralising antibodies to the original Wuhan strain are functionally reduced against other viral strains, including Omicron (Zhang et al., 2021; Dejnirattisai et al., 2022; Lyke et al., 2022). Whilst using the full-length spike protein from the original Wuhan strain in these IgG ELISA assays is informative, there is a possibility that antibody responses to other variants may be even further diminished in the immunocompromised groups studied here. In contrast, T cell responses are generally longer lived than antibody responses (Guo et al., 2022; Moore et al., 2023) and T cell memory encompasses a broad recognition of viral proteins, thus T cell responses remain robust against viral variants, including Omicron (Moss, 2022; Oliver et al., 2022). Consequently, the argument for prioritising the assessment of T cell responses in immunocompromised cohorts to provide the best preventative strategy can be made.

Finally, given that there is no consensus on what level of cellular or humoral responses actually constitutes protective immunity from severe or moderate disease, or how long this protection lasts in the general population, it is equally difficult to define protective immunity in immunocompromised individuals (Prendecki et al., 2021; Mullender et al., 2022; Parker et al., 2022).






Conclusions

In this study, we revealed that in comparison to immunocompetent individuals, rheumatology patients and renal transplant recipients had impaired T cell and humoral immune responses even after multiple SARS-CoV-2 vaccinations. Conversely, PLWH had comparable responses. We provide evidence that measuring serologic and cellular aspects of SARS-CoV-2 immunity builds a complete picture of vaccine efficacy and immunogenicity in different immunocompromised cohorts. Assessment of immune responses to identify vaccine-non responders as demonstrated here, could be critical to protecting those most at risk by providing the opportunity to offer alternative preventive strategies instead of repeated vaccinations to which they might never respond.
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