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One Sentence Summary: 

CD4+ and CD8+ T cells specific for SARS-CoV-2 can be isolated from convalescent donors and 

rapidly expanded to therapeutic doses at GMP standard, maintaining the desired central 

memory phenotype required for protective immune responses against severe COVID-19 

infections. 
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Abstract: 

COVID-19 disease caused by the SARS-CoV-2 virus is characterized by dysregulation of 

effector T cells and accumulation of exhausted T cells. T cell responses to viruses can be 

corrected by adoptive cellular therapy using donor-derived virus-specific T cells. Here we 

show that SARS-CoV-2-exposed blood donations contain CD4 and CD8 memory T cells 

specific for SARS-CoV-2 spike, nucleocapsid and membrane antigens. These peptides can be 

used to isolate virus-specific T cells in a GMP-compliant process. These T cells can be rapidly 

expanded using GMP-compliant reagents for use as a therapeutic product. Memory and 

effector phenotypes are present in the selected virus-specific T cells, but our method rapidly 

expands the desirable central memory phenotype. A manufacturing yield ranging from 1010 

to 1011  T cells can be obtained within 21 days culture. Thus, multiple therapeutic doses of 

virus-specific T cells can be rapidly generated from convalescent donors for treatment of 

COVID-19 patients  

(149 words) 
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Introduction 

Coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory virus 

syndrome – coronavirus 2 (SARS-CoV-2) emerged in Wuhan, China in December 2019.  In 

the majority of cases infection with SARS-CoV-2 is asymptomatic or leads to relatively mild 

self-limiting disease, but a proportion of patients progress to severe disease with about a 1%  

overall mortality rate (1,2). Declared a pandemic by the WHO on 11th March 2020, the virus 

has spread rapidly to all parts of the world with >15 million infections and >600,000 deaths 

reported by July 2020 (3).   

Patients with progressive severe disease demonstrate a high neutrophil to lymphocyte ratio 

and a lymphopenia in the blood accompanied by a hyperinflammatory and prothrombotic 

diathesis leading to Acute Respiratory Distress Syndrome (ARDS) and multiorgan failure 

(4,5,6). Some success in treating severe disease has recently been reported with therapeutic 

agents such as remdesivir (7), dexamethasone (8), and nebulized interferon-beta (9). 

A particular feature of progressive COVID-19 disease is rapid exhaustion of the memory T 

cell compartment – characterized by overall lymphopenia and accumulation of 

naïve/exhausted T cell memory phenotypes (10,11). This undesirable phenotype is 

associated with a systemic hyperinflammatory response and poor outcomes (reviewed in 

12). Conversely, protection in self-limiting disease is associated with strong CD4 and CD8 T 

cells responses to the spike, membrane and nucleocapsid proteins of the virus and 

development of virus-specific antibodies (13-15). Convalescent plasma (CP) is currently 

being trialed in a number of countries as a potential therapeutic option, although the level 

and duration of protection afforded by the antibody response against re-infection remains 

unclear at present (16). 

New therapies to support the immune response to SARS-CoV-2, preventing the collapse of 

the lymphocyte compartment and supporting protective immunity would have significant 

impact on outcome for hospitalized patients. Anti-viral T cells specific for viruses such as 

cytomegalovirus (CMV), adenovirus (ADV) and Epstein Barr Virus (EBV) have been 

successfully used as adoptive cellular therapies to combat such infections in patients with 

immune deficiency (17-22). Following selection of antigen-specific T cells from a blood 

donation from an individual who has been infected with the relevant virus, T cells may be 
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expanded in vitro to manufacture banks of T cells from HLA-typed donors for repeated 

infusions in multiple patients with a partial HLA-match. We and others have adopted this 

approach in the treatment of EBV or CMV-driven disease (21, 22) with evidence of disease 

remission and low incidence of Graft versus Host Disease (GvHD) (21, 22).  

In this study we present clear evidence to show that donations from individuals who have 

been infected with SARS-CoV-2 with mild symptoms and have recovered retain normal T cell 

compartment profiles, with CD4 and CD8 memory and effector T cells specific for SARS-CoV-

2 spike, nucleocapsid and membrane antigens. These virus-specific T cells (VSTs) can be 

isolated using Good Manufacturing Practice (GMP)-compatible selection technology and 

rapidly expanded in vitro using closed culture vessels and GMP-compliant reagents and 

medium. The mononuclear cell fraction of a single whole blood donation from a COVID-19 

convalescent donor (CCD) can be used to generate up to 1011 T cells within 21 days with the 

desired central memory phenotype as a potential new therapy for SARS-CoV-2. This offers 

the potential for the manufacture of a bank of HLA-matched donor T cell products for use in 

clinical trial and future treatment of COVID-19 patients. 

 

Results 

Donor characteristics and leucocyte phenotype 

Buffy coats from CCD (n=15, see Table 1) were collected between 34-56 days after resolution 

of symptoms (diagnosis and resolution of infection were confirmed by SARS-CoV-2 PCR). 

Donors were 23-58 years old (median 49) and evenly split by gender (7 female, 8 male). In all 

cases, donors exhibited mild symptoms of COVID-19 infection and did not require hospital 

treatment. Immunophenotyping of buffy coat-isolated peripheral blood mononuclear cells 

(PBMC) from CCD compared to uninfected donors (UD, n=17) is shown in Figure 1. PBMC were 

sequentially gated as per Supplementary Figure 1. The mean percentage of T cells (CD3+/ 

CD56-), NKT cells (CD56+/ CD3+) and monocytes (CD14+) was comparable between UD and 

CCD (Fig 1A). The mean percentage of T cells with an activated phenotype (HLA-DR+/ CD38+), 

reported as elevated in other studies with moderate to severe disease, were not found to be 

significantly different between UD and CCD in this study. NK cell levels were significantly 

elevated (p=0.0073) in CCD compared to UD and the mean percentage of B cells in CCD was 
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significantly lower than UD (p=0.0003). In this study, age did not correlate with NK cell or B 

cell levels in CCD (Fig 1B/C), though a significant correlation (Pearson correlation p=0.04, 

r=0.524) was identified between percentage of B cells and SARS-CoV-2 antibody content (Fig 

1D). Within the T cell compartment the percentage of CD4 and CD8 T cells, as well as 

CD3+/CD4-/CD8- (double negative) and CD3+/CD4+/CD8+ (double positive) remained 

unchanged between CCD and UD (Figure 1E). In addition, analysis of co-expression of T cell 

memory markers CD62L, CD45RO and CD45RA reveals no difference in CD4 and CD8 memory 

subpopulations between UD and CCD for either CD4 T cells (Fig 1F) or CD8 T cells (Figure 1G).  

CCD T cell responses to spike, nucleocapsid and membrane SARS-CoV-2 peptides  

PBMC were stimulated with SARS-CoV-2 peptide pools for spike protein, nucleocapsid protein 

and membrane glycoprotein or combined pools of all three and subsequently labelled for T 

cell surface markers (CD3, CD4, CD8) and intracellular cytokines (IFN-γ, TNF-α, IL-2) or 

activation markers (CD38, CD154, CD137). Representative flow analysis for a UD and CCD 

stimulated with combined SARS-CoV-2 peptide pools, with gating applied from a no-antigen 

control, is shown in Figure 2A. The percentage of SARS-CoV-2 VSTs in CCD positively 

correlated (Pearson correlation p=0.0381, r=0.5391) with SARS-CoV-2 antibody level (Fig 2B). 

Interestingly, the percentage of SARS-CoV-2 VSTs in CCD was found to decline significantly 

over time (Pearson correlation p=0.0021, r=0.6275) (Fig 2C). The mean percentage of CD3+ 

cells expressing IFN-γ, TNF-α and CD154 (Fig 2D) was significantly higher in CCD compared to 

UD for stimulation with each individual peptide pool and also for the combined peptide pools. 

CCD T cell IFN-γ, TNF-α and CD154 responses to individual peptide pools (n=10) was compared 

using repeated measures (RM) one-way ANOVA to determine whether there was a 

preferential response to specific SARS-CoV-2 antigens. While the mean percentage of 

CD3+/IFN-γ+ cells and CD3+/TNF-α+ cells was comparable between the three peptide pools, 

the CD4+/CD154+ response was significantly higher (p=0.042) to membrane peptides than to 

nucleocapsid peptides. Altogether, these data indicate there is no consistent preferential T 

cell cytokine response to one particular SARS-CoV-2 antigen (Fig S3A).   

Further dissection of the cytokine response to SARS-CoV-2 peptide pools within lymphocyte 

subsets CD4+ T cells, CD8+ T cells and NK cells (CD56+/CD3- PBMCs) from CCD indicates the 

IFN-γ response is primarily by CD4+ T cells (Fig S3B). The mean percentage of CD4+/IFN-γ+ 

PBMC was significantly higher than either CD8+/IFN-γ+ or CD56+/IFN-γ+ cells for each 
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individual peptide pool. Stimulation with combined peptide pools drove induction of higher 

percentages of CD4+/IFN-γ+ T cells than either CD8+/IFN-γ+ or CD56+/IFN-γ+ cells. The 

percentage of CD8+/IFN-γ+ cells was significantly increased over CD56+/IFN-γ+ cells. 

Conversely the TNF-α response to pooled peptides demonstrated significantly higher CD56+/ 

TNF-α+ cells than CD8+/ TNF-α+ cells (Fig S3C). 

Isolation of SARS-CoV-2 VSTs using peptide-driven IFN-γ selection and expansion in culture 

PBMC were stimulated with combined peptide pools and reactive VSTs were isolated with the 

CliniMACS IFN-γ Cytokine Capture System (CCS) kit. Analysis of the IFN-γ selected T cells 

(Figure 3A) revealed an equal ratio of monocytes to T cells with negligible levels of NK or NKT 

cells. CD3+ T cells in the isolated fraction were a mix of CD4+ (53.02 ± 3.94%) and CD8+ (35.73 

± 3.23%) cells; where CD4+ T cells were predominantly central memory (86.52 ± 3.44%), CD8+ 

T cells showed mostly effector memory and terminal effector RA (TEMRA) phenotype. The 

non-target cells from the CCS isolation were irradiated and co-cultured with the isolated IFN-

γ+ target cells to act as feeders for VST culture expansion in G-Rex culture vessels. After 14 

days expansion (Fig 3B), cultures were highly enriched for T cells (87.95 ± 2.99%) with minimal 

expansion of NK and NKT cells. T cells were predominantly CD4+ (77.86 ± 5.19%) with smaller 

proportion of CD8+ T cells (18.05 ± 4.4%). Both the CD4+ and CD8+ populations were heavily 

skewed towards central memory phenotype. Direct comparison of populations between 

isolation and day 14 expansion showed significant differences in monocyte and T cell content, 

CD4+, CD8+ and Double Negative (DN) T cells, and memory subpopulations in both the CD4 

and CD8 compartment (Fig S4) demonstrating an enrichment of central memory CD4 cells in 

our culture process.  

Expanded SARS-CoV-2 VSTs show specific response to all SARS-CoV-2 peptides 

SARS-CoV-2 peptide pool-loaded dendritic cells (DCs) and unloaded DC controls were then co-

cultured with 14-day expanded VST at [1 DC: 10 VST] and analyzed for T cell activation and 

cytokine expression. Both CD4+ and CD8+ VSTs demonstrated specific anti-viral reactivity via 

expression of IFN-γ, TNF-α, CD154, CD107a and CD137 when co-cultured with autologous DC 

loaded with SARS-CoV-2 pooled peptide (representative plots Fig 4A). There was a stronger 

response to peptide re-stimulation in CD4+ T cells than in the CD8+ T cells for IFN-γ, TNF-α, 

CD154 (Fig 4B), but equivalent CD107a and CD137 expression. The total T cell response to? 
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IFN-γ and TNF-α response to individual pools for each donor VST are shown in Fig 4C and Fig 

4D respectively, indicating donor-specific variation. When the data was collated, equivalent 

reactivity to all three peptide pools was observed (Fig 4E). Although the total T cell population 

did not show predominance for any of the SARS-CoV-2 antigen pools, the IFN-γ response was 

also assessed for the individual peptide pools, gated on CD8+ T cells and CD4+ T cells 

specifically (representative plot Fig 4F). In CD4+ T cells there was a similar response to each 

peptide pool, but in CD8+ T cells, the nucleocapsid peptide pool was clearly 

immunodominant, inducing the strongest response (Fig 4G and H). 

We assessed whether other non-SARS virus-specific T cells were coincidentally expanded in 

this process. Stimulation with EBV, adenovirus or irrelevant (GAD65) peptides did not 

demonstrate any significant levels of T cells directed to other viruses as measured by 

intracellular IFN-g response (Fig S5). 

Culture Optimization to Enhance SARS-CoV-2 VST Expansion for Clinical Manufacture 

Adoptive transfer of VSTs relies upon significant cell expansion in order to provide sufficient 

doses for clinical trial or therapeutic treatment. Combined growth curves of VST samples 

C19BC8-C19BC14 (n=6) cultured at optimized seeding density demonstrated a 2-3 log 

expansion from the initial isolated IFN-γ+ cells at day 0 to day 14, followed by a general 

plateau in expansion beyond this point (Fig 5A). Additionally, some VST cultures were 

expanded in different medium supplements for optimization of culture conditions, 

supplemented with IL-2, IL-7 or commercial pathogen-inactivated human platelet lysate 

(hPL). Addition of IL-7 had no effect on culture expansion between day 0 and day 8 (Fig 5B), 

whereas addition of hPL induced a markedly higher fold expansion between day 0 to day 14 

compared to IL-2 alone in each donor culture tested (Fig 5C). After day 14 culture expansion 

plateaued, and an increased transition from central memory to effector memory phenotype 

by day 21 was observed (representative plot Figure 5D). When cultures were administered a 

second feeder cell re-stimulation (FR) with autologous irradiated cells at day 14, central 

memory phenotype was retained at day 21. FR induced a subsequent two log expansion 

between day 14-21 (Fig 5E) in all VST cultures tested (n=5). The final VST numbers harvested 

under optimized conditions from a single CCD buffy coat ranged from 1-4.6x109 at day 14, and 

0.3-2x1011 at day 21 following FR (Fig 5F). Cultures were monitored throughout expansion to 
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determine whether FR affected culture composition, but no significant differences in 

lymphocyte subsets (Fig 5G-H) or T cell memory status (Fig 5I-J) were observed between cells 

harvested at day 14 or at day 21. 

 

 

Discussion 

 

The recent global outbreak of SARS-CoV-2 infection has caused significant issues in many 

countries due to the strains on both healthcare infrastructure and economic climate. This viral 

infection is associated with widely divergent degrees of clinical severity, with most infected 

people having asymptomatic or mild symptoms, but severe effects in a proportion of 

individuals. These infections have been extensively studied and reported and have indicated 

that failure of key aspects of the immune response appear to be consistent with progression 

to severe disease and mortality. The principal features include alterations to the neutrophil : 

lymphocyte ratio (11, 23), loss of T cells (24), and increased expression of exhaustion and 

senescence markers within the T cell compartment (10, 25, 26). 

Adoptive anti-viral T cell therapy has been an important therapeutic approach for other 

infections such as EBV, CMV and adenovirus (20, 22, 27). Various manufacturing methods 

have been developed, but recently cytokine capture has proved effective for isolation of T 

cells for clinical therapy (17-19).  

PBMC fractions from whole blood (buffy coats) from CCD confirmed by SARS-CoV-2 RNA assay 

(n=15) were collected between 34-56 days after resolution of symptoms, and only patients 

with mild symptoms (non-hospitalized) were used, as current reports suggest that in these 

patients a robust T cell response is generated and maintained (28), without the aberrant T 

cell phenotype seen in severe infections. The immunophenotyping of PBMC demonstrated 

broadly similar percentages of different immune subpopulations compared to UD, though 

there was a significant decrease in CD19 B cells in CCD in common with many other reports 

(11, 25). However, there was a significant increase in the NK compartment in CCD. Large 

cohort studies investigating immunosenescence of healthy individuals report a concomitant 

decline in T and B cells with preservation or increase in NK cell numbers (29), indicating a 

more important role for these innate immune cells to clear infections in elderly people. 

Though increased innate lymphocyte levels have been correlated with increasing age, there 
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was no correlation between age and frequency of NK cells or B cells. There was a significant 

correlation between B cell level and SARS-CoV-2-specific antibody levels. The T cell 

compartment showed no significant differences in CD4/8 ratios or differentiation status 

between CCD and UD, which indicates that mild COVID-19 does not significantly affect the 

overall T cell composition There is however clear evidence of double-positive T cells, 

associated with viral infections (30).  

 

The T cell response in CCD stimulated with spike, nucleocapsid and membrane glycoprotein 

peptide pools demonstrated that there was a small but distinct population of virus-specific T 

cells present, which were absent in UD. A number of reports have indicated that protein or 

peptides from the C terminal of the spike protein can elicit T cell responses in donors known 

to be SARS-CoV-2 negative, indicating a cross-reaction with conserved motifs in other 

coronaviruses (31, 32) but this was not observed using this spike peptide pool. There was 

some indication that peptide pools from different proteins elicited a differential cytokine 

response, with IFN-γ and TNF-α responses stronger to nucleocapsid peptides, though CD154 

was preferentially increased in response to membrane peptides. This correlates well with 

findings in other cases of mild COVID-19 (33). The relatively low percentage of VSTs detectable 

has been reported in other studies on COVID-19 patients with mild disease (31), but there is 

evidence that SARS-CoV-2 infection blunts the cytokine response in a wide variety of 

leukocytes (34). The key finding from this was that we could successfully elicit IFN-γ responses 

in SARS-CoV-2 VSTs from CCD peripheral blood, which then determined that we could isolate 

and expand these T cells using an established clinical-grade cytokine capture assay. The 

principal confounding factor was identifying that SARS-CoV—2 VST levels were closely 

correlated with time from resolution of infection, with VSTs dropping to less than 0.03% by 

60 days post-resolution of infection. Further work is ongoing to determine whether SARS-

CoV-2-VST remain detectable later in convalescence, though subsequent re-exposure to the 

virus may result in reinforcement and expansion of residual cells.  

  

Leucocytes isolated using Good Manufacturing Practice (GMP)-compliant IFN-γ bead 

selection resulted in a mixed cell population with monocytes and NK cells as well as the 

SARS-CoV-2 VSTs, but after culture in closed-process flasks, there was a rapid expansion of 

the T cells, and a significant modulation of T cell phenotype. The initial peptide-reactive T 
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cells were predominantly differentiated effector T cells, with an equal CD4:CD8 split, but 

after 14 day culture, there was an overwhelming shift to central memory phenotype with a 

strong skew to CD4 T cells. This change may reflect a loss of effector T cells and a massive 

expansion of the central memory (TCM) compartment. There is retention of few NK cells, 

though the monocytes are lost during culture. The cultured VSTs also retain strong 

specificity for viral peptides, as shown by the functional assay of response, where co-culture 

with autologous DC drives a pronounced CD4 activation and cytokine response, indicating 

that these expanded T cells would have a significant supportive role in recipients. 

Interestingly, the CD8 response was significantly lower than CD4 VSTs, with low expansion 

and weaker responses to the SARS-CoV-2 antigens. This lower response may be an 

advantage for a therapeutic product, as in models there is a clear protective role for CD8 T 

cells against acute SARS infection (35), but there is evidence that hyper-activation of CD8 T 

cells is linked to severity of COVID-19 disease (36). The expanded CD8 VST cell demonstrated 

differential responses to each protein peptide pool and there was clear indication that the 

nucleocapsid protein is the immunodominant antigen for the cytotoxic T cell population. 

 

The initial 14 day culture of SARS-CoV-2 VSTs in GMP-compliant reagents demonstrated that 

a suitable therapeutic T cell product could be manufactured from even small numbers of VSTs 

present in a single unit of blood, yielding up to 5x109 cells per manufacturing run with greater 

than 90% central memory T cells and a 3.3 log expansion. However, in common with other 

VST cells cultures, growth peaked at day 14-15 and tended to decrease by day 21, with 

concomitant changes in the differentiation status of the T cells. Supplementation of the 

medium with IL-7 had no significant effect on growth or phenotype, but addition of hPL 

significantly increased T cell expansion, suggesting that other cytokines and growth factors 

may support and drive T cell proliferation. Further expansion was provided by a second round 

of stimulation with autologous feeder cells, resulting in an approximate 2-log further increase 

in cell numbers with a consolidation of central memory phenotype, plus reduction in NK cells. 

There was a further skew towards CD4 T cells during this second expansion. Thus, with the 

use of leukapheresis instead of buffy coats, fully-closed isolation and expansion using 

CliniMACS Prodigy cell processing and G-Rex culture flasks we could generate sufficient 

material to treat multiple patients from a single suitably HLA-matched donor, with or without 
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a second expansion phase. HLA matching is important for effective function of adoptive T cell 

therapies, and it is clear that some HLA types have increased susceptibility to COVID-19 (37), 

so supplementation of immune response with donor T cells from a matched donor could be 

a therapeutic option where few others exist. 

 

It is now clear that there are several immunotypes of patients with COVID-19, some of 

which are predicated towards more severe infection and higher mortality (38). The GMP-

compliant T cell isolation and expansion process we have outlined clearly demonstrates that 

CCD with mild symptoms do not have the disruption to the T cell compartment seen in 

severe cases. VSTs can be isolated and rapidly expanded to sufficient yield to provide 

multiple doses for adoptive T cell therapy in patients with symptoms severe enough to 

require hospitalization. Therefore, it is feasible to generate T cell products for clinical trials 

in support of severe SARS-CoV-2 infections where the endogenous T cell response is 

compromised, representing a potentially significant advance in therapy for COVID-19. 

Limitations of this study. 

This study has used the 3 SARS-CoV-2 Ag peptide pools available from April 2020 to 

generate the phenotyping and expansion data of antigen-specific T cells. Additional antigens 

may reveal a fuller picture of the immune response in COVID-19, although their addition to 

the T cell expansion method described here could have a positive additive effect. The 

demographics of the local donor pool used is necessarily limited to blood donors who have 

undergone mild COVID-19 disease. Different T cell responses and proliferation 

characteristics may be found in other donor populations recovering from a range of COVID-

19 symptoms. Clinical use of this product will require controlled clinical trials for safety and 

efficacy assessment. 
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MATERIALS & METHODS 

Study Design 

The aim of this study was to investigate the potential to isolate and expand SARS-CoV-2 

peptide-specific T cells from CCD and evaluate this for use as an allogeneic ‘off the shelf’ VST 

therapy for hospitalized COVID-19 patients. To explore this, CCD were recruited through the 

SNBTS Convalescent Plasma program.  CCD were eligible if they had a confirmed positive 

SARS-CoV-2 PCR test and were a minimum of 28 days after resolution of infection 

symptoms, as well as fulfilling the current criteria for whole blood donation. UD (adults 

confirmed as having suffered no COVID-19 symptoms at time of donation) were used to 

compare initial phenotyping and SARS-CoV-2 antigen T cell responses with CCD. Buffy coats 

from CCD (n=15) and UD (n=17) were obtained under Sample Governances 20~02 and 

19~11 respectively. All donations were fully consented for research use.  

SARS-Cov-2 antibody detection The Euroimmun anti-SARS-CoV-2 assay (Euroimmun US, NJ, 

USA) clinical diagnostic indirect ELISA was used to detect antibodies to SARS-CoV-2 spike 

protein from donor serum according to the manufacturer’s instructions. The results were 

expressed as a ratio against a calibrator control, where values <0.8 is considered negative 

and >1.1 are considered positive.  

Buffy Coat Peripheral Blood Mononuclear Cell Isolation 

Buffy coats were diluted [1:3] with PBS and added to Leukosep tubes containing Ficoll-

Paque (GE Healthcare). Tubes were centrifuged at 450g for 40 minutes and the resulting 

buffy layer extracted. Isolated PBMCs were then washed in PBS and counted on 

MACSQuant10 Analyzer (Miltenyi Biotec).  

Immunophenotyping 

PBMC directly after isolation from buffy coats, and T cells from VST cultures (see below) 

were analyzed for surface immunophenotype. For this, 2x106 cell samples were taken and 

washed with PBS buffer supplemented with EDTA and human serum albumin (PEA buffer).  

Cell pellets were re-suspended in 100 μL PEA and incubated with 5μL Fc Receptor blocking 

reagent to prevent non-specific antibody binding. Antibody surface marker multi-color 

panels detailed in Fig S1 were then added for 20 minutes at 4°C. Samples were then washed 
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and re-suspended in PEA, with dead cell dye DRAQ7 (eBioscience) added prior to acquisition 

on a MACSQuant10 Analyzer (Miltenyi Biotech) recording a minimum of 100,000 events. 

PBMC Stimulation with SARS-CoV-2 Peptides 

SARS-CoV-2 Peptivator peptide pools (Miltenyi Biotech) containing 15-mer sequences with 

11 amino acids overlap for the immunodominant section of the spike protein, and the full 

sequence for nucleocapsid protein and membrane protein were reconstituted in 

DMSO/water according to manufacturers’ guidelines.  

PBMC were plated in TexMACS medium (Miltenyi Biotech) in a 24-well plate at 5x106 

cells/mL per well with treatments: negative control, PMA/ionomycin positive control, 

individual spike, nucleocapsid, and membrane peptide pools, and combined pools (spike + 

nucleocapsid + membrane - SNM). SARS-CoV-2 peptide pools were used at [0.3 nmol/mL], 

and cell activation cocktail (BioLegend) added to the positive control well at [1X]. The 

negative control well contained DMSO/water at the same volume as the peptide wells. Cells 

were stimulated for a total of 5 hours at 37°C, 5% CO2; with Brefeldin A (BioLegend) added 

at [5 μg/mL] for the final 3 hours. 

Intracellular Labelling 

Plates were harvested into FACS tubes and washed with PEA. Samples were treated with Fc 

Receptor blocking reagent as above, and surface marker antibodies for multi-color panels 

(see Figure S2 for details) were then added for 20 minutes at 4°C. Cells were then washed 

and stained with fixable viability dye (FVD) eFluor780 (eBioscience) for 30 minutes at 4°C. 

Cells were subsequently fixed and permeabilized using Cytofix/perm kit (BD Biosciences) for 

20 minutes at 4°C, then washed and labelled with antibodies for intracellular cytokines 

(detailed in Supplementary table 2) for 20 minutes at 4°C. Cells were washed and analyzed 

with a MACSQuant10 Analyzer recording a minimum of 150,000 events. 

VST Isolation  

SARS-CoV-2 VSTs were isolated from PBMC whole population using a cytokine capture 

system (CCS) assay. Briefly, PBMC were plated at 5x106 cells/mL/cm2 in standard corning 

plates and incubated overnight at 37°C, 5% CO2. The following morning, plates were 

stimulated with pooled SARS-CoV-2 peptide pools (spike + nucleocapsid + membrane) each 
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at [0.3nmol/mL] for 6 hours at 37°C, 5% CO2. The virus-specific IFN-γ secreting cells were 

then isolated using the IFN-γ CCS assay by either manual column or CliniMACS Prodigy 

isolation as described in (17). Following isolation, each fraction was counted and 

phenotyped using the lymphocyte panel as described above and illustrated in Fig.S1. 

VST Culture Optimization 

Non-target cells from the IFN-γ CCS assay were irradiated at 40Gy and used as feeders for 

the IFN-γ+ target cells. Cultures were initially seeded at either 1x107 total cells per cm2 [200-

400 non targets: 1 target], or 3x106 total cells per cm2 [100 non targets: 1 target] in G-Rex 

culture vessels (Wilson Wolf). Cells were cultured in GMP-grade TexMACS medium, and 

supplemented to determine culture optima using [200U/mL] IL-2 (GE Healthcare), 

[155U/mL] IL-7 (Miltenyi Biotech), [2%] human AB Serum (SNBTS) or [2%] nLiven (Cook 

Regentec).  Cells were cultured for up to 28 days with feeds every 3-4 days and cultures split 

as necessary to maintain a density of 0.5-3x106 T cells/cm2. At day 14, VST cultures from six 

donors were split to test feeder re-stimulation, where thawed irradiated non-target cells 

were added to cultured VSTs at [10 non targets: 1 VST] alongside a control culture with no 

feeder re-stimulation. Samples were taken every 3-4 days for immunophenotyping with the 

lymphocyte panel described above.  

Generation of Monocyte-Derived DC 

Monocyte-derived DC were generated from isolated PMBC CD14+ monocytes. Briefly, 

monocytes were isolated from purified PMBC using anti-CD14 microbeads (Miltenyi Biotech) 

as per manufacturer’s instructions. Cells were cultured at 37°C, 5% CO2 for 6 days in RPMI 

(Life Technologies) supplemented with [5%] AB serum, [2mM] Glutamax (Sigma-Aldrich), [20 

ng/mL] GM-CSF and [15 ng/mL] IL-4 (both Miltenyi Biotech). Media was replaced on days 2 

and 4 of culture. After 6 days, cells were harvested using [1X] TrypLE (Life Technologies) and 

frozen in CryoStor 10 (Stem Cell Technologies) until required for VST stimulation. 

VST Stimulation Assay 

Cells from VST cultures were taken at day 14 to test in a stimulation assay with peptide-

loaded DC. Briefly, frozen autologous immature DC were thawed, plated with RPMI medium 

and stimulated with individual SARS-CoV-2 peptide pools and combined pools at 
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[0.3nmol/mL] for 6 hours at 37°C, 5% CO2. Where possible, VSTs were tested for specificity 

to SARS-CoV-2 by testing against other virus-specific peptides (Adenovirus Hexon peptide, 

Epstein-Barr Virus consensus peptide pool, and GAD65 peptide, all Miltenyi Biotech). 

Unloaded DC were included as a negative control. DC were then washed and re-plated in 

RPMI supplemented with poly I:C [20 μg/mL] and PGE2 [1 μg/mL] at 2.5x105 cells/cm2 

overnight to drive DC maturation. The next morning DCs and VSTs were co-cultured at 

2.5x106/cm2 [10 VST: 1 DC]. A VST-only control well was used to measure baseline 

stimulation of VSTs co-cultured with unloaded DCs. Plates were then stimulated for 5 hours 

and labelled for the cytokine and activation panels as described above.  

Flow Cytometry Data Analysis 

Analysis of all flow cytometry data was performed using either MACSQuantify (Miltenyi 

Biotec) for cell counts, or FlowJo version 7 (TreeStar Inc) for wider phenotyping analysis. All 

analyses were subject to a basic initial gating strategy in which debris was first excluded on 

the basis of forward and scatter properties, and sequentially gated for singlets using FSC 

Area versus Height, and finally sequentially gated on live cells (DRAQ7 or FVD negative cells). 

Populations and acquisition of activation markers/ cytokines were then quantified using 

percentages corrected to negative controls (see S1 and S2 for full gating strategies).  

Statistical Analysis 

Statistical analysis was performed using GraphPad Prism version 8.4.2 (GraphPad Software). 

Comparisons of population frequencies between healthy donors and COVID-19 convalescent 

donors were performed using unpaired two-tailed Student’s t tests with Holm-Sidak 

correction for multiple comparisons. Tests comparing population frequencies intra-donor 

between time-points (i.e. day 0 versus day 14, and day 14 versus day 21) for lymphocyte 

phenotype markers or comparing acquisition of activation markers within the CD8 versus 

CD4 population were paired two-tailed Student’s T t-tests, corrected for multiple 

comparisons using the Holm-Sidak method where relevant. Response comparisons between 

the three individual SARS-CoV-2 peptides (spike, nucleocapsid and membrane) were tested 

using repeated-measures one-way ANOVA with the Geisser-Greenhouse correction to 

assume equal variability of differences within VST cultures. Correlation between intra-donor 

frequency of populations compared to other baseline characteristics was done by 
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computing linear correlation coefficients using Pearson’s correction with confidence 

intervals of 95%. Unless otherwise stated, data is represented as mean values ± SEM. 
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Figures and Tables 

 

Donor 

Code 

Blood 

Group 

Days from 

symptoms onset 

to resolution 

Days from 

symptoms 

resolution to 

donation 

Antibody 

level 

% SARS-CoV-2 

VST* 

C19BC1 O pos 8 38 10.5 0.22 

C19BC2 O pos 10 36 5.9 0.22 

C19BC3 A pos - 34 9.3 0.13 

C19BC4 O pos 13 45 3.1 0.12 

C19BC5 O pos 14 52 3.9 0.03 

C19BC6 A neg 14 55 2.3 0.05 

C19BC7 O pos 14 56 6.2 0.07 

C19BC8 B pos 10 46 9.5 0.10 

C19BC9 O neg 18 37 7.4 0.16 

C19BC10 O pos - - 11 0.26 

C19BC11 B neg 7 49 11 0.05 

C19BC12 A pos 7 53 9.42 0.13 

C19BC13 O pos - - 5 0.08 

C19BC14 O pos - - 4.51 0.07 

C19BC15 O neg 13 53 3.48 0.03 

 

Table 1.   Baseline characteristics of COVID-19 convalescent donors and immune response at 

donation. Antibody level refers to Euroimmun assay values (>1.1 = positive). *Percentage 

CD3+/IFN-γ cells responding to combined SARS-CoV-2 pooled peptides (cf Figure 3). 
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Figure 1. Analysis of COVID-19 convalescent donor buffy coat-derived PBMCs. (A) Buffy coat-derived 

PBMCs from COVID-19 convalescent donors (CCD, n=15, orange circles) and healthy uninfected donors 

(HD, n=17, clear circles) were assessed for leukocyte lineage by flow cytometry (see supplementary 

figure S1A for gating strategy). No correlation was seen between age of COVID-19 convalescent donors 

with (B) NK cells or (C) B cells, but significant correlation between (D) SARS-CoV-2 serum antibody 

content and the percentage of B cells between donors (p=0.04, r=0.534, Pearson correlation 

coefficient). (E) Analysis of the T cell compartment (see supplementary figure S1B for gating strategy) 

shows comparable mean levels of T cell subtypes, as well as (F) CD4+ and (G) CD8+ memory 

populations between HD and CCD. Data is represented as mean ± SEM. Significance determined by 

unpaired t-test with Holm-Sidak correction for multiple comparisons. DN double negative (CD4-/CD8-

), DP double positive (CD4+/CD8+), TNaive (CD62L+/CD45RA+/CD45RO-), TCM central memory 

(CD62L+/CD45RA-/CD45RO+), TEM effector memory (CD62L-/CD45RA-/CD45RO+), TEMRA terminal 

effector memory CD45RA revertant (CD62L-/CD45RA+/CD45RO-). 
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Figure 2. PBMC responses to SARS-CoV-2 peptides. PBMCs derived from buffy coats were incubated 

with SARS-CoV-2 peptides (Spike + Nucleocapsid + Membrane) for 5 hours and corrected against a no 

antigen control well for positive expression of cytokines and activation markers. (A) Representation 

of flow cytometric analysis from a healthy uninfected donor (HD) and COVID-19 convalescent donor 

(CCD), note all flow analyses were gated on lymphocytes/ single cells/ live cells and subsequently 

quantified for percentage CD3+/IFN-γ+ cells, CD3+/TNF-α+ cells and CD4+/CD154+ cells (S2 for gating 

strategy). The percentage of SARS-CoV-2 VSTs in the CCD PBMC population (i.e. CD3+/IFN-γ+ cells 

reactive to pooled S+N+M peptides corrected to no antigen control) significantly correlated with (B) 

antibody titre at donation (p=0.0381, r=0.5391) and (C) days from resolution of symptoms to donation 

(p=0.0021, r=0.6275). Calculation was performed using Pearson correlation coefficient. (D) Mean 

percentages of CD3+/IFN-γ+ cells, CD3+/TNF-α+ cells and CD4+/CD154+ cells for individual and pooled 

peptides corrected to no antigen control were compared between HD (n=12, clear circles) and CCD 

(n=15, orange circles). Data is represented as mean ± SEM. Statistical significance was determined 
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using unpaired t-tests corrected for multiple comparisons using the Holm-Sidak method where 

*p≤0.05, **p≤0.01, p≤0.001 and **** p≤ 0.0001.  

 

Figure 3. Phenotypic analysis of isolated and expanded SARS-CoV-2 VSTs. The percentages of 

leukocytes, T cell subpopulations and CD4/CD8 differentiation status were quantified for (A) IFNg+ 

target cells directly after SARS-CoV-2 peptide-mediated cytokine capture system (CCS) isolation and 

(B) following expansion in culture for 14 days. All data is represented as mean ± SEM.  
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Figure 4. Cultured SARS-CoV-2 VST peptide specificity. Isolated and expanded SARS-CoV-2 VST (n=5) 

at day 14 culture were co-cultured with peptide-loaded mature autologous DC. (A) Flow cytometric 

analysis on either CD3/CD4+ or CD3/CD8+ cells for IFN-γ, TNF-α, CD154, CD107a and CD137 is shown 

for negative controls (VSTs Only, and VSTs + Unloaded DCs), and VST with pooled SARS-CoV-2 peptide 

loaded DCs (VST + SNM-loaded DCs). (B) The mean percentage of CD4+ and CD8+ positive for each 

marker of DC-stimulated VST was compared using paired t-test Holm-Sidak correction for multiple 

comparisons. *p≤0.05. (C, D) Individual donor VST were assessed for T cell response (% CD3+/IFN-γ+ 

and % CD3+/TNF-α+ respectively) against DCs loaded with individual SARS-CoV-2 peptide pools: spike, 

nucleocapsid and membrane. (E) Collated responses to the individual peptides in the total CD3+ 

population indicated no significant difference. (F, G) A significantly higher CD8+/IFN-γ+ cells response 

was seen with nucleocapsid stimulation than with the other peptide pools (significance determined 

using RM one-way ANOVA with Geisser-Greenhouse correction **p≤0.01). (H) CD4+/ IFN-γ+ cells 

responded similarly to all the three peptide pools. All data represented as mean ± SEM. 
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Figure 5. SARS-CoV-2 VST culture optimization. (A) Isolated SARS-CoV-2 VST from donors C19BC8-14 

had a 2-3 log expansion over 21 day culture using an optimized culture expansion protocol. Variation 

in the start numbers of VST reflect donor variation in initial buffy coat PBMC numbers. Fold expansion 

between (B) day 0 and day 8 and (C) day 0 and day 14 was assessed in cultures after supplementation 

with IL-2, IL-7 and human platelet lysate (PL). Donors C19B9 (square), C19BC11 (triangle), C19BC12 

(circle) and C19BC13 (diamond) were divided to compare medium supplementation condition. (D) 

Representative culture C19BC9 by day 21 without re-stimulation indicated some transition of CD4 

TCM to CD4 TEM (Day 21 top panel). CD4 CM phenotype was retained when cultures re-stimulated at 

day 14 with autologous irradiated feeders (Day 21 bottom panel). (E) VST cultures were split at day 14 

to directly compare standard continuation in culture (control) and re-stimulation with autologous 

irradiated feeders. Data is represented as mean T cell count ± SEM (n=5). (F) VST from a single donor 

buffy coat were compared for optimal cell yields at day 14 (grey), and day 21 with feeder re-

stimulation at day 14 (Day 21 FR, blue). (G-J) Final product phenotype and T cell memory status was 

compared at both harvest time-points: Day 14 (grey circles) and Day 21 FR (blue triangles). Data is 

represented as mean ± SEM. No significant differences were observed using paired t-tests with Holm-

Sidak correction for multiple comparisons. 
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Supplementary figures 

 

Figure S1. Surface phenotyping panels and gating strategies.  
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Figure S2. Intracellular flow cytometry panels and gating strategies. (A) Antibodies used in cytokine 

and activation panels. (B) All analyses were subject to initial sequential gating as shown for PBMCs 

and VST cultures. Flow cytometry gating strategies following initial gating above for (C) cytokine and 

(D) activation panel are shown using representative PBMC. 
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Figure S3. Covid-19 convalescent donor PBMC responses to SARS-CoV-2 peptides. (A) Mean 

percentages of CD3+/IFN-γ+ cells, CD3+/TNF-α+ cells and CD4+/CD154+ cells were compared for 

response to individual peptide pools: Spike, Nucleocapsid and Membrane in CCD (n=10). Data 

represented as mean ± SEM. Lymphocyte subsets (CD4+ T cell, CD8+ T cell and CD56+ NK cells) were 

compared for (B) IFN-γ response and (C) TNF-α response stimulation with individual peptide pools and 

combined SARS-CoV-2 peptide pools. Data represented as mean ± SEM. All significance was 

determined using RM one-way ANOVA with Geisser-Greenhouse correction where *p≤0.05, **p≤0.01, 

p≤0.001 and **** p≤ 0.0001. 
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Figure S4. Direct comparison of T cell subpopulations between day 0 isolated VST and day 14 expanded 

VST. Significance was calculated using paired t-tests with Holm-Sidak correction for multiple 

comparisons *p≤0.05, **p≤0.01, p≤0.001 and **** p≤ 0.0001. All data is represented as mean ± SEM. 
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Figure S5. Specificity of cultured SARS-CoV-2 VSTs. SARS-CoV-2. VST cultures at day 14 were co-

cultured with antigen-loaded mature autologous DCs and assessed for response. (A) Peptide 

specificity in a representative individual VST culture was assessed using DC loaded with GAD65 

peptide, Adenovirus5 (AdV5) Hexon peptide, Epstein-Barr Virus (EBV) consensus peptide and 

combined pools of SARS-CoV-2 peptides (Spike + Nucleocapsid + Membrane) as positive control. (B) 

The mean percentage ± SEM of CD3+/IFN-γ+ cells, CD3+/TNF-α+ cells in day 14 SARS-CoV-2 VSTs (n=3) 

for each peptide. No statistical significance was determined.  
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