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SARS-CoV-2-specific T cell therapy for severe 
COVID-19: a randomized phase 1/2 trial

Despite advances, few therapeutics have shown efficacy in severe 
coronavirus disease 2019 (COVID-19). In a different context, virus-specific 
T cells have proven safe and effective. We conducted a randomized (2:1), 
open-label, phase 1/2 trial to evaluate the safety and efficacy of off-the-shelf, 
partially human leukocyte antigen (HLA)-matched, convalescent donor- 
derived severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)- 
specific T cells (CoV-2-STs) in combination with standard of care (SoC) 
in patients with severe COVID-19 compared to SoC during Delta variant 
predominance. After a dose-escalated phase 1 safety study, 90 participants 
were randomized to receive CoV-2-ST+SoC (n = 60) or SoC only (n = 30). The 
co-primary objectives of the study were the composite of time to recovery 
and 30-d recovery rate and the in vivo expansion of CoV-2-STs in patients 
receiving CoV-2-ST+SoC over SoC. The key secondary objective was survival 
on day 60. CoV-2-ST+SoC treatment was safe and well tolerated. The study 
met the primary composite endpoint (CoV-2-ST+SoC versus SoC: recovery 
rate 65% versus 38%, P = 0.017; median recovery time 11 d versus not reached, 
P = 0.052, respectively; rate ratio for recovery 1.71 (95% confidence interval 
1.03–2.83, P = 0.036)) and the co-primary objective of significant CoV-2-ST 
expansion compared to SοC (CoV-2-ST+SoC versus SoC, P = 0.047). Overall, 
in hospitalized patients with severe COVID-19, adoptive immunotherapy 
with CoV-2-STs was feasible and safe. Larger trials are needed to strengthen 
the preliminary evidence of clinical benefit in severe COVID-19.

Two years after the outbreak of the coronavirus disease 2019 (COVID-19) 
pandemic, caused by severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2), remarkable joint efforts have been made by the entire 
scientific community to fight the virus. Vaccines have unequivocally 
been the most effective advance against the pandemic. In terms of 
therapeutics, despite the improved outcomes in specific COVID-19 
populations with the recently approved molnupiravir and nirmatrelvir/
ritonavir (Paxlovid) (for mild to moderate disease at risk for progres-
sion)1–3 and the interleukin (IL)-6 receptor antagonists (for critical ill-
ness under organ support)4, hospitalized patients with severe disease 
lack therapeutic options that provide additional benefit over standard 
of care (SoC), which includes dexamethasone5 and remdesivir6.

Antiviral T cells as an alternative therapeutic platform against 
COVID-19 may hold promise. Specific T cells targeting viruses, includ-
ing Epstein–Barr virus, adenovirus, cytomegalovirus and BK virus, 
mainly in the setting of solid organ transplantation or hematopoietic 
stem cell transplantation (HSCT), have been safely and effectively 
applied as a prophylaxis or treatment of opportunistic infections7–13. 
Moreover, we and others have previously shown the key role of T cells in 
controlling SARS-CoV-2 infection and the feasibility to ex vivo expand 
SARS-CoV-2 memory T cells from convalescent donors14–21.

Here we report the feasibility of generating a bank of 
SARS-CoV-2-specific T cell (CoV-2-ST) products from convalescent 
donors, and we assess the safety and efficacy of adoptively transferring 
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expressed central memory (CM) and predominantly effector memory 
(EM) markers ((CD45RA−CD62L+ and CD45RA−/CD62L−, respectively;  
Fig. 1b)), the latter representing an important feature for prompt immu-
nologic response and low risk of graft-versus-host disease (GvHD)22. All 
CoV-2-ST products demonstrated robust specificity not only against the 
unmutated SARS-CoV-2 variant with spike being on the top of immuno-
dominance hierarchy but, notably, also against the Alpha, Beta, Delta 
and Omicron spike variants (Fig. 1c and Supplementary Table 1). When 
SARS-CoV-2 functional responses were mapped for each product by 
HLA-restricted viral epitopes, at least one HLA mediating CoV-2-ST 
specificity was identified in 29 of 30 products (Fig. 1d).

Phase 1 results
The clinical safety of CoV-2-STs was assessed in six patients with  
COVID-19 at George Papanikolaou Hospital, during a dose-escalation, 
phase 1 study, by intravenously administering 1.5 × 107 total or  
2 × 107/m2 CoV-2-STs, along with SoC (Fig. 1e). The objectives of the 
phase 1 study were safety and tolerability, including determination of 
the maximum tolerated dose of CoV-2-STs. A 12-d interval was antici-
pated before next patient enrollment. Patients were of median age 
54 years (95% confidence interval (CI) 45–70), and all but one had at least 

CoV-2-STs as a ‘living drug’ for high-risk hospitalized patients with 
COVID-19 in a randomized clinical trial, conducted during the 
SARS-CoV-2 Delta variant prevalence in Greece and at a time before 
the approval of Paxlovid.

Results
Establishment of a CoV-2-ST cell bank
Thirty clinical-grade CoV-2-ST cell products were manufactured in 
the Good Manufacturing Practice (GMP) facility of George Papan-
ikolaou Hospital from COVID-19 convalescent healthcare profession-
als, selected to express the most frequent human leukocyte antigen 
(HLA) molecules in the Greek population. Donor characteristics 
are summarized in Supplementary Table 1. Starting from 3–10 × 107 
peripheral blood mononuclear cells (PBMCs) and after pulsing with 
overlapping peptides spanning three immunogenic SARS-CoV-2 
antigens (spike, membrane and nucleocapsid (NCAP)), we generated 
multiple clinical doses per donor, reaching median (×107) 60.5 (range, 
24.5–111.5) cells per product and 12-fold expansion (Fig. 1a). The cell 
products were polyclonal, almost exclusively T cells (median (%) 97 
(range, 81–99)), enriched in CD4+ cells (median (%) 78 (range, 61–95)) 
but also containing CD8+ (median (%) 14 (range, 3–33)) cells. They also 
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Fig. 1 | CoV-2-ST cell product characteristics (left panels) and flow chart of 
patient enrollment and randomization (right panels). a, Ex vivo expansion 
of CoV-2-STs. Absolute cell numbers obtained after a 10-d culture in G-Rex 
bioreactors. Each dot represents a single T cell product (n = 30). Differences 
between datasets were analyzed using two-tailed t-test (****P < 0.0001).  
b, Immunophenotype of CoV-2-STs (upper panel). Each dot represents a single 
T cell product (n = 30). Pie chart of lymphocyte subpopulation frequencies 
(lower panel). CD3+CD45RA+CD62L+ (EM); CD3+CD45RA−CD62L− (CM); 
CD3+CD45RA−CD62L+ and TEMRA; CD3+CD45RA+CD62L−. c, Specificity of CoV-
2-STs. IFN-γ-secreting CoV-2-STs upon stimulation with the spike, NCAP and 
membrane antigens (upper panel, n = 30) or with the unmutated SARS-CoV-2 

spike antigen compared to its Alpha, Beta, Delta and Omicron variants (lower 
panel, n = 18). Each dot represents a single T cell product. P values were calculated 
using ordinary one-way ANOVA with FDR multiple testing corrections using the 
two-stage step-up method from Benjamini, Krieger and Yekutieli (∗P < 0.05 and 
q < 0.05). FDR-adjusted *P < 0.05 and ****P < 0.0001. For all box plots, the center 
line corresponds to the median value; the lower and upper hinges correspond to 
the first and third quartiles (25th and 75th percentiles); and the whiskers extend 
from the largest to the smallest value. d, Number of HLA(s) mediating CoV-2-ST 
specificity of the T cell products (n = 30). e, Patient allocation to the tested doses 
during phase 1. f, Patient allocation during phase 2 and according to mITT and  
AT analyses.
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one comorbidity (Supplementary Table 2). In one patient, COVID-19 
developed 20 d after monodose vaccination. At the time of infusion, 
two patients were on nasal prongs, three on Venturi mask 40–60% and 
one on high-flow oxygen. All had pneumonia by X-ray or computed 
tomography (CT) imaging (Supplementary Table 2). There were no 
infusion-related dose-limiting toxicities, including cytokine release 
syndrome (CRS) and GvHD, at any dose level; thus, the 2 × 107/m2  
CoV-2-STs was defined as the final dose. Five of six patients recovered 
(≤3 by eight-category ordinal scale (OS)), for whom the median time 
to recovery, discharge from the hospital and negative molecular test-
ing were 11 d, 11 d and 14 d, respectively (95% CI 5–12, 5–12 and 9–25) 
(Supplementary Table 2). Clinical recovery was associated with oxy-
gen independence, considerable decrease of inflammatory marker 
serum levels and T cell lymphopenia recovery as early as median day 
5 (95% CI 4–8) (Supplementary Table 2 and Supplementary Fig. 1a–c). 
Moreover, by excluding the vaccinated patient in whom high endog-
enous CoV-2-STs existed already at the time of infusion, in the four 
non-vaccinated patients in a post hoc analysis, recovery was associated 
with considerable expansion of circulating CoV-2-STs (spot-forming 
cells (SFCs)/5 × 105 PBMCs: day 0, median 17 (0–42); day 10, median 
845 (275–1.200), P = 0.025 (Supplementary Fig. 1d)).

The sixth patient, on Venturi mask at the time of infusion, devel-
oped increasing oxygen needs, being ultimately intubated with 
acute respiratory distress syndrome (ARDS) 7 d after infusion while 
she remained hospitalized during the 60 d of follow-up. ARDS was 
accompanied by a ~10-fold increase of D-dimers over baseline and 
non-clinically relevant elevation of pro-inflammatory cytokines (Sup-
plementary Table 3), suggesting its possible association with COVID-19 
rather than the infused CoV-2-STs. Of note, that patient presented a 
delayed recovery of lymphopenia (day 14) and failed to expand CoV-
2-STs (Supplementary Fig. 1c,d).

Phase 2 results
Patients. We screened 94 hospitalized patients with COVID-19 for eligi-
bility at George Papanikolaou Hospital and Hippokrateion Hospital in 
Thessaloniki, Greece (Methods). Of these, 90 met the inclusion criteria 
and were randomly assigned (2:1) to receiving either CoV-2-STs+SoC 
(arm A) or SoC only (arm B). Three patients withdrew consent, and 
one patient (patient (Pt) 83), who was initially allocated to the CoV-
2-STs+SoC cohort, was intubated before receiving the cells. Here we 
present the modified intention-to-treat (mITT) analysis as primary 
analysis23, including all finally consented (three patients withdrew 
consent before day 0) and randomized patients (arm A: 58; arm B: 29), 
and the as-treated (AT) analysis as secondary analysis (arm A: 57; arm 
B: 30) (Fig. 1f). Notably, a suitable CoV-2-ST product was identified for 
all patients in arm A, and 56/57 patients who received CoV-2-STs were 
sharing at least one HLA-DRB1 with the cellular product.

In the total cohort, with a median age of 57 years (interquartile 
range, 50–67), 21% of the patients were vaccinated; 40% were female; 
85% had a Karnofsky score (KS) between 50 and 80; 48% had a high need 
for oxygen supply due to severely impaired respiratory function; and 
more than half had at least two comorbidities. Baseline demographic 
and disease characteristics were well balanced between the two groups, 
the only exception being that the incidence of diabetes was higher in the 
SoC arm. None of the enrolled patients had previously been exposed 
to SARS-CoV-2. The median time from symptom onset or consent to 
day 0 was 5 d (maximum 6 d) and 2 d (maximum 3 d), respectively, in 
both arms (Table 1).

Safety outcomes. All infusions were well tolerated, without any imme-
diate toxicities. There was not a single case of acute GvH reaction. Skin 
manifestations in one patient in arm A presenting as erythematous/
morbilifform eruptions (Supplementary Fig. 2) were considered as 
a COVID-associated rash and resolved without specific treatment. 
CRS, a severe inflammatory response accompanied by hypoxia and 

usually associated with the use of chimeric antigen receptor (CAR) 
T cells—albeit rare with non-genetically engineered T cells—has also 
been described in patients with severe COVID-19, usually in the form of 
ARDS. Differential diagnosis of such a rare but possible antigen-specific 
T-cell-associated CRS from a COVID-19-associated CRS was based on 
monitoring and assessment of specific biomarkers24 (Methods and 
Supplementary Table 4). On this basis, ARDS in all patients met the 
criteria of a SARS-CoV-2-related serious adverse event (SAE).

In total, 12 of 57 (21%) and 11 of 30 (37%) of patients in arm A and 
arm B, respectively, presented with or developed over time elevated 
cytokine levels. Notably, 10–20 d after day 0, three of 30 (Pt-33, Pt-53 
and Pt-73) SoC patients (10%) and only one of 57 (Pt-48) CoV-2-ST+SoC 
patients (1.75%) still maintained IL-6 levels of more than 1,000 pg ml−1 
(Fig. 2a). Day 10 serum IL-6 and TNF-α levels were overall higher in 
the SoC patients compared to the CoV-2-STs+SoC patients (P = 0.03 
and P = 0.026, respectively; Fig. 2b). Tocilizumab was administered 
(Pt-48) at the clinicians’ discretion. These data indicate that CoV-
2-STs not only did not induce CRS but also largely controlled the 
SARS-CoV-2-triggered systemic inflammatory reaction.

No statistically significant difference was observed in the inci-
dence of adverse events (AEs) between the two study arms, with the 
exception of a higher rate of increased international normalized ratio 
(INR) in the SoC arm (P = 0.045; Extended Data Table 1). The most 
common AEs occurring after day 0 in at least 2% of patients in either 
group were anemia, neutropenia, platelets decrease, elevation of liver 
enzymes, hypoalbuminemia and diarrhea. Grade 3 or 4 AEs occurred 
in 17 patients (29.8%) in the treatment group and in 14 patients (46.7%) 
in the control group. The most common grade 3 or 4 AEs occurring in 
at least 5% of all patients were anemia, hypoalbuminemia and throm-
bocytopenia. SAEs in the form of any-grade ARDS developed in 19 
patients in the CoV-2-ST+SoC arm (33.3%) and in 15 patients in the SoC 
arm (50%) (P = 0.13), which is a significant difference when ARDS grade 
5 was considered (21% versus 40%, respectively, P = 0.05). Likewise, 
grade 5 sepsis was less commonly seen in the CoV-2-STs+SoC group 
compared to the SoC group (12.3% versus 30%, respectively, P = 0.04). 
Of the total 14 deaths in the treatment group, none was deemed by the 
investigators to be related to the trial regimen (Extended Data Table 1).

Clinical responses. Primary efficacy outcome, time to recovery and 
recovery rate. Sixty-five percent (37/57) of CoV-2-STs+SoC-treated 
patients met the criteria of recovery by day 30 versus 38% (11/29) of 
SoC-treated patients (P = 0.017; Table 2). The median time to recovery 
from day 0 was 11 d for CoV-2-ST-treated patients, whereas it was not 
reached (NR) for SoC-treated patients (P = 0.052), with a rate ratio for 
recovery of 1.71 (95% CI 1.03–2.83; P = 0.036 and crude hazard ratio 
(HR) of 1.96 (95% CI 0.98–3.90; P = 0.055)) (Fig. 3a, Supplementary 
Fig. 3a, Table 2 and Supplementary Table 5). An analysis adjusting 
for age (≥55 years and <55 years), KS and vaccination as covariates to 
evaluate the effect on the primary outcome did not indicate significant 
superiority of the CoV-2-STs+SoC treatment across the subgroups 
(Supplementary Fig. 3b,c).

Co-primary efficacy outcome and expansion of CoV-2-STs. CoV-2-ST 
longitudinal data were analyzed in response to arm and vaccination 
status up to 22 d after infusion, and both of these variables were shown 
to affect CoV-2-ST kinetics (Fig. 3b and Supplementary Fig. 4a). Spe-
cifically, patients in arm A exhibited significantly higher numbers of 
circulating CoV-2-STs for up to 22 d after infusion compared to patients 
in arm B (post hoc Tukey test, P = 0.048; Fig. 3b), whereas baseline 
values did not differ significantly (Mann–Whitney test, P = 0.553; Sup-
plementary Fig. 5). However, when extending the follow-up time to 
60 d, differences between patients in each arm were attenuated (post 
hoc Tukey test, P = 0.183; Fig. 3c and Supplementary Fig. 4b). These data 
suggest that the CoV-2-ST treatment triggered an earlier reconstitu-
tion of SARS-CοV-2-specific immunity in patients in arm A, potentially 
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providing a recovery advantage, whereas, not unexpectedly, at later 
time points, the endogenous CοV-2-ST immunity eventually developed 
in recovering patients in arm B.

A further exploratory analysis showed that vaccination before 
COVID-19 resulted in significantly increased circulating CoV-2-STs 
compared to unvaccinated status throughout the entire study duration 
(post hoc Tukey test, P = 0.008 at 22 d of follow-up and P = 0.019 at 60 d 
of follow-up; Fig. 3b,c). Notably, this effect on hybrid immunity was fur-
ther boosted by CoV-2-ST infusion during the breakthrough infection, 
as, early on (day 10), CoV-2-STs in vaccinated CoV-2-ST+SoC-treated 
patients were considerably higher than in their SoC-treated counter-
parts and healthy vaccinees (q ≤ 0.021; Fig. 3d).

Key secondary endpoint: survival. The median time to death was 
NR and 53 d in the CoV-2-ST+SoC and SoC patients, respectively 
(P = 0.007; Table 2 and Supplementary Table 5) with 53% lower day 
60 mortality risk in those receiving the CoV-2-STs infusion (24.1% ver-
sus 51.7%; risk ratio (RR) 0.47; 95% CI 0.26–0.83; P = 0.01). The day 
60 crude HR demonstrated an approximately 62% lower hazard for 
death, in favor of T lymphocyte infusion (HR (95% CI) 0.38 (0.18–0.79), 
P = 0.009) (Fig. 4a, Supplementary Fig. 6, Table 2 and Supplemen-
tary Table 5). The difference in survival between the two arms could 
be seen already from day 30 (Table 2 and Extended Data Fig. 1). In a 
stratified post hoc subgroup analysis, CoV-2-ST+SoC-treated patients 
aged ≥50 years and the unvaccinated CoV-2-ST+SoC recipients were 
favored in terms of mortality compared to those receiving SoC only 
(HR (95% CI), ≥50 years: 0.43 (0.20–0.91), P = 0.028; unvaccinated: 
0.40 (0.18–0.90), P = 0.026) (Extended Data Fig. 2 and Supplementary  
Fig. 7). Vaccinated CoV-2-ST+SoC-treated patients presented low, albeit 
not statistically significant, mortality (1/10, 10%) compared to vacci-
nated SoC-treated patients (4/8, 50%; P = 0.06, chi-square test), prob-
ably due to the small overall number of vaccinees developing severe 
COVID-19 (18/87), to meet eligibility for the study (Supplementary  
Fig. 7 and Table 1). It is noteworthy, however, that the one vaccinated 
CoV-2-ST+SoC-treated patient who died was an allogeneic HSCT 
recipient, whereas, among vaccinated SoC patients, two of eight were 

Table 1 | Baseline characteristics of study participants (mITT 
population)

Summary statistics (baseline) Group A Group B P value

n = 58 n = 29

Age (years)

Mean (s.d.) 56.7 (11.9) 59.3 (9.7)
0.311a

Median (Q1–Q3) 56.0 
(48.0–66.0)

60 
(51.0–67.0)

Sex, n (%)

Males 35 (60.3%) 17 (58.6%)
0.877b

Females 23 (39.7%) 12 (41.4%)

Time from first symptom to day 0 (days)

Median (Q1–Q3) 5 (3–6) 5 (4–6) 0.754c

Time from consent to day 0 (days)

Median (Q1–Q3) 2 (2–3) 2 (2–2) 0.185c

WHO OS at day 0, n (%)

OS 3 3 (5.2%) 0 (0.0%)

0.179c
OS 4 48 (82.8%) 22 (75.9%)

OS 5 6 (10.3%) 7 (24.1%)

OS 6 1 (1.7%) 0 (0.0%)

Oxygen supply, n (%)

No 3 (5.2%) 0 (0.0%)
0.548c

Yes 55 (94.8%) 29 (100.0%)

Oxygen supply specification, n (%)

Nasal cannula 19 (33.9%) 8 (26.7%)

0.306c

Venturi mask 35% 1 (1.8%) 0 (0.0%)

Venturi mask 40% 2 (3.6%) 2 (6.9%)

Venturi mask 60% 10 (17.9%) 2 (6.9%)

Non-rebreather mask 15 (26.8%) 7 (24.1%)

Non-rebreather maskb nasal cannula 1 (1.8%) 3 (10.3%)

High-flow 5 (8.9%) 3 (10.3%)

Non-invasive ventilation 2 (3.6%) 4 (13.8%)

Intubation, mechanical ventilation 1 (1.8%) 0 (0.0%)

Pneumonia by imaging

No 0 (0%) 1 (3.4%)

0.558bYes 57 (98.3%) 28 (96.6%)

N/A 1 (1.7%) 0 (0%)

Vaccination, n (%)

No 48 (82.8%) 21 (72.4%)
0.261b

Yes 10 (17.2%) 8 (27.6%)

KS at day 0

90–100 10 (17.2%) 3 (10.3%)

0.409c70–80 30 (51.8%) 13 (44.8%)

50–60 18 (31.0%) 13 (44.8%)

Comorbidities, n (%)

No 12 (20.7%) 4 (13.8%)
0.562c

Yes 46 (79.3%) 25 (86.2%)

Number of comorbidities

0 12 (20.7%) 4 (13.8%)

0.132b
1 19 (32.8%) 6 (20.7%)

2 15 (25.9%) 6 (20.7%)

>2 12 (20.7%) 13 (44.8%)

Summary statistics (baseline) Group A Group B P value

n = 58 n = 29

Comorbiditiesd, n (%)

Blood malignancies—allogenic HSCT 
transplantation

1 (1.7%) 0 (0.0%) > 0.999c

Cancer 4 (6.9%) 2 (6.9%) > 0.999c

Active 3 (5.2%) 0 (0.0%) >0.999e

Non-active 1 (1.7%) 2 (6.9%) 0.257e

Cardiovascular disease/hypertension 22 (37.9%) 14 (48.3%) 0.356b

Diabetes mellitus 8 (13.7%) 11 (37.9%) 0.010b

Obesity 26 (44.8%) 9 (31.0%) 0.216b

Neurological and psychiatric disorders 5 (8.6%) 2 (6.9%) 0.780c

Renal disease 0 (0.0%) 1 (3.4%) 0.333c

Autoimmune disease 1 (1.7%) 2 (6.9%) 0.257c

Respiratory disease 2 (3.5%) 3 (10.0%) 0.328c

Smoking currently 1 (1.7%) 2 (6.9%) 0.257c

Other 10 (17.2%) 6 (20.7%) 0.696b

Q1, 1st quartile; Q3, 3rd quartile; WHO, World Health Organization. aTwo-sample t-test with 
equal variances. Heteroskedasticity was evaluated with Levene’s test. bPearson’s chi-square 
test clog-rank test dEach patient could have more than one. eFisher’s exact test fAll statistical 
tests were two-sided. All patients were Caucasians.

Table 1 (continued) | Baseline characteristics of study 
participants (mITT population)
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receiving immunosuppression for autoimmune diseases, and four of 
eight had more than two comorbidities.

Secondary and exploratory endpoints. Immunological responses. 
Both innate and adaptive immunity reconstituted earlier in CoV-
2-ST+SoC-treated patients (Fig. 4b,c). In particular, and apart 
from the earlier recovery of SARS-CoV-2-specific immunity, CoV-
2-ST+SoC-treated patients also achieved faster reconstitution of CD3+ 
cells than SoC-treated patients and maintained higher numbers of 
CD3+ cells throughout the follow-up period (Tukey honestly significant 
difference (HSD) test, P = 0.0024) (Extended Data Fig. 3). Moreover, 
the CoV-2-ST+SoC treatment in previously vaccinated individuals 
(Fig. 4b) resulted in higher CD3+ numbers than in their SoC-treated 
counterparts (Tukey HSD adjusted P = 0.0018), whereas no differ-
ence between the arms was observed within the unvaccinated cohorts 
(Tukey HSD adjusted P = 0.5649). Natural killer (NK) cells are key players 
in maintaining immune homeostasis and are both quantitatively and 
qualitatively impaired in severe COVID-19 (refs. 25,26). We observed 
significant variation in NK kinetics associated with treatment and vac-
cination (Supplementary Fig. 4d). Patients treated with CoV-2-STs+SoC 
exhibited significantly higher NK numbers than SoC-treated patients 
(Tukey HSD P = 0.049; Fig. 4c), whereas no significant differences were 
obserrved at randomization (Mann–Whitney test, P = 0.362). Likewise, 
vaccinated patients with hybrid immunity also had higher NK numbers 
than the unvaccinated patients (Tukey HSD P = 0.006; Fig. 4c).

Patients in arm A presented a faster clearance of the viral load 
(slope t-test, P = 0.0017) than patients in control arm B (Fig. 4d), with 
30% versus 20% of arm A and arm B patients becoming SARS-CoV-2 free 
by day 10, respectively (Mann–Whitney test, P = 0.03; Supplementary 

Fig. 8). The longitudinal kinetics of viral load was highly and inversely 
correlated with the in vivo expansion of CoV-2-STs (Extended Data  
Fig. 4), thus suggesting that the delayed CoV-2-ST recovery in patients 
in arm B might have contributed to the prolonged viremia compared 
to patients in arm A, whereas the rapid expansion of CoV-2-STs in 
SoC-treated patients led to earlier SARS-CoV-2 clearance.

Humoral neutralizing responses were affected by previous vacci-
nation and the combinatorial effect of CoV-2-ST treatment and previous 
vaccination. Vaccination alone explained most of the variance observed 
(ANOVA F(1,320) = 235.2740, P < 2.2 × 10−16; Supplementary Fig. 4e),  
followed by its combinatorial effect with treatment arm (ANOVA 
F(1,320) = 5.1986, P = 0.023; Supplementary Fig. 4e). Consequently, the 
vaccinated cohort exhibited significantly higher numbers of CoV-2 
neutralizing antibodies (Nabs) over time than the non-vaccinated 
cohort (Tukey’s HSD adjusted P = 1.0487 × 10−12), whereas vaccinated 
CoV-2-ST+SoC-treated patients displayed superior humoral responses 
over all other groups (Tukey HSD adjusted P value compared to vacci-
nated SoC-treated patients = 0.027) (Fig. 4e). Collectively, these data 
support that breakthrough COVID-19 infection after vaccination pow-
ers up the immune response over vaccination only or infection only and 
demonstrates that, in the context of hybrid immunity, CοV-2-STs, apart 
from T cell responses, also trigger humoral responses. In the context 
of natural immunity, however, CοV-2-STs do not boost CοV-2 Nabs in 
affected patients for at least 22 d after infusion (Fig. 4e).

Overall, and irrespective of the treatment arm, surviving patients 
presented robust cellular (CoV-2-STs, CD4+ and CD8+ cell subsets) and 
humoral (CoV-2 Nabs) immunological responses compared to patients 
who died, showing SARS-CοV-2-specific T cell responses to be a key 
player for the outcome27 (Fig. 4f,g and Extended Data Fig. 5).
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Other exploratory endpoints. SoC-treated-patients had a higher 
rate of intubation (15/29, 51.7% versus 22/58, 37.9%) and a lower rate of 
extubation (2/15, 13.3% versus 8/22, 36.4%) than CoV-2-ST+SoC-treated 
patients. The median time to intubation was NR for the treatment arm 
and was 23 d for the control arm (P = 0.088). Hospitalization length, 
although shorter by 6 d in the CoV-2-ST+SoC group, did not reach 
significance (Table 2, Supplementary Table 5, Extended Data Fig. 6 and 
Supplementary Fig. 9). Overall, at the end of follow-up (day 60), the 
clinical status of patients favored enrollment in arm A, with higher rates 

of CoV-2-ST+SoC-treated patients being alive and well (63.8% versus 
41.4%, P = 0.047) (Table 2 and Supplementary Table 5).

Donor DNA by microchimerism assay in ex vivo expanded 
patients’ CoV-2-STs became apparent from day 5 (median 1.72% (range, 
0–4.65%)), reaching peak levels on day 15 (median 2.63% (range, 1.03–
39.63)). Although those CoV-2-STs were ex vivo expanded and do not 
reflect the actual frequency of donor-derived CoV-2-STs in patient 
PBMCs, the trend in the kinetics of total circulating CoV-2-STs and 
donor DNA over time may allude to an in vivo expansion of donor CoV-
2-STs (Fig. 4h). Interestingly, and despite the partial HLA matching 
between recipients and donors (Supplementary Table 6), the infused 
CoV-2-STs persisted for at least 60 d (median 2.71% (range, 1.27–2.83)). 
The overall degree of HLA matching between the cell product and CοV-
2-ST recipients or the HLA class did not affect donor microchimerism 
frequencies or survival (Supplementary Table 7 and Supplementary 
Fig. 10).

Biomarkers previously reported to be associated with poor out-
come of severe COVID-19 (refs. 28,29) showed peak values at days 10–15 
after randomization in both arms, reaching higher levels (C-reactive 
protein (CRP), ferritin, lactate dehydrogenase (LDH) and D-dimers) in 
the SoC-treated patients than in the CoV-2-STs+SoC-treated patients, 
yet without statistical significance (P ≥ 0.09). Total white blood cells 
peaked on day 15, trending higher in the SoC arm (P = 0.066; Supple-
mentary Fig. 11).

Discussion
Dexamethasone5 and remdesivir6 have become the SοC in patients 
with COVID-19 with oxygen needs and moderate to severe illness, 
respectively. Recently, two oral anti-COVID-19 drugs, nirmatrelvir/
ritonavi (Paxlovid) and molnupiravir, received authorization for the 
treatment of mild/moderate COVID-19 in outpatients at increased risk 
for progression to severe COVID-19 (refs. 1–3). Treatment options, how-
ever, for hospitalized patients with severe COVID-19 are limited, and 
no benefit of tested drugs in ‘hard’ endpoints, including survival30–32, 
has been shown, with the exception of IL-6 receptor antagonists in the 
subpopulation of critically ill patients in the intensive care unit (ICU) 
under organ support4.

We and others have highlighted the major role of T cell immunity 
in COVID-19 resolution, demonstrating that lymphopenia is associated 
with poorer outcomes33–35, whereas circulating CoV-2-STs in convales-
cent patients promote recovery and reduce disease severity21,36,37. Given 
the paucity of therapeutic options and the key role of specific T cell 
immunity in severe COVID-19, along with the successful control of other 
viral infections with virus-specific T cells (VSTs) in the context of HSCT, 
we assessed the safety and efficacy of off-the-shelf CoV-2-STs compared 
to SoC in patients with severe COVID-19, before the Paxlovid era.

We generated a bank with convalescent donor-derived, highly 
specific CoV-2-STs against SARS-CoV-2 and its known variants, which 
were polyclonal, CD4+ cell predominant38 and expressed CM and EM 
markers. In a previous, extensive immunophenotypic characteriza-
tion, we demonstrated that CoV-2-STs exhibit an activated profile, 
lacking expression of T-regulatory and exhaustion markers21. Such 
CD4+ predominant responses against SARS-CoV-2, but against other 
respiratory viruses as well39,40, have been described in the context of 
targeted immunotherapy, providing evidence that CD4+ responses are 
critical not only for efficient CD8+ cell and antibody response but also 
for direct killing of virus-infected cells and recruitment to the infection 
site of other immune cells by cytokine production41–43.

The infusion of CoV-2-ST had an excellent safety profile, with-
out inducing CRS or GvHD44, in line with a recent pilot study from 
Baylor College of Medicine where the infusion of off-the-shelf CoV-
2-STs in immunocompromised patients with COVID-19 proved safe 
and resolved the SARS-CoV-2 infection in three of four patients45. 
Indeed, VSTs have a limited capacity to induce GvHD, being dom-
inated by memory T cells with a limited T-receptor diversity, 

Table 2 | Median times to event and outcomes (mITT 
population)

Group A  
(n = 58)

Group B 
(n = 29)

P valuea Total cohort, 
n = 87

Status at day 30, n (%)

  Dead 10 (34.5%) 8 (13.8%) 0.025b 18 (20.7%)

Status at last follow-up (day 60), n (%)

  Alive and well 37 (63.8%) 12 (41.4%) 0.047b 49 (56.3%)

 � Alive with 
disease

7 (12.1%) 2 (6.9%) 0.455b 9 (10.3%)

  Dead 14 (24.1%) 15 (51.7%) 0.010b 29 (33.3 %)

Day 30 
recovered 
patients / n (%)

(n = 57)c  
37 (64.9%)

11 (37.9%) 0.017b (n = 86)  
48 (55.8%)

Days to recovery 
(median,  
Q1–Q3)–day 30

(n = 57)c 11  
(6, NR)

NR (7, NR) 0.052d (n = 86)  
16 (6, NR)

Day 30 recovery 
rates / risk ratio 
(95% CI)

1.71 (1.03–2.83) 0.036e

HR (95% CI) 
through day 30

1.96 (0.98–3.90) 0.055f

Days to death 
(median, 
Q1–Q3)

NR (44, NR) 53 (19, NR) 0.007d NR (34, NR)

Day 30 mortality 
rates / risk ratio 
(95% CI)

0.40 (0.18–0.90) 0.028e

Day 60 mortality 
rates / risk ratio 
(95% CI)

0.47 (0.26–0.83) 0.010e

HR (95% CI) 
through day 30

0.35 (0.14–0.88) 0.026f

HR (95% CI) 
through day 60

0.38 (0.18–0.79) 0.009f

Length of 
hospitalization 
from day 0 
(median days, 
Q1–Q3)

10 (5, 27) 16 (6, 34) 0.293d 11 (6, 29)

Intubation

 � Days to 
intubation 
(median, 
Q1–Q3)

NR (10, NR) 23 (5, NR) 0.088d NR (9, NR)

 � % of patients 
intubated

22/58 (37.9%) 15/29 (51.7%) 0.220c 37/87 (42.5%)

 � % of patients 
extubated

8/22 (36.4%) 2/15 (13.3%) 0.153c 10/37 (27.0%)

aAll tests were not adjusted for multiple comparisons. bPearson’s chi-square test c57 evaluable 
of 58 total patients. One patient had OS = 3 on day 0 (time to event = 0) and was excluded from 
the recovery rate analysis. dlog-rank test eWald statistic based on a logistic regression model 
fWald statistic based on a Cox model. All statistical tests were two-sided.
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considered naturally occurring, ‘universal’ donor T cells22. CRS is also 
rare after VST infusion, as T cells express native receptors directed 
to tumor-associated or virus-associated antigens, generating more 
physiological antigen–receptor interactions than CAR T cells where 
CRS is triggered by the activation of tumor-directed T cells via artificial  
receptors46,47.

Our trial population comprised real-world patients with severe 
Delta variant illness, as delineated by the eligibility criteria and base-
line characteristics, with most having KS ≥ 50 ≤ 80 and at least two 
comorbidities. In this high-risk population, CoV-2-ST+SoC treatment 
resulted in increased recovery rates and a shorter time to recovery. 
After infusion, circulating CoV-2-STs significantly expanded through 
day 22, probably contributing to the increased early recovery rates and 
faster reduction of viral load (in correlation with CoV-2-ST kinetics) in 

CoV-2-ST+SoC-treated patients compared to SoC-treated patients. The 
earlier restoration of SARS-CoV-2-specific immunity was also accom-
panied by faster recovery of both adaptive (CD3+ cells) and innate (NK 
cells) immunity and an overall attenuated inflammatory response dur-
ing the critical days after randomization. A 53% reduced risk of mortal-
ity in the treatment group, although significant, should be interpreted 
with caution as multiplicity adjustments were not implemented.

Previously vaccinated patients developed hybrid immunity, gen-
erated by the additional antigen exposure through natural infection. 
Hybrid immunity induces greater humoral responses48 and memory 
SARS-CoV-2-specific B cells and T cells49. We show that, in this context 
of hybrid immunity, CoV-2-ST infusion further boosted both cellular 
and humoral responses, thus shaping a potentially protective ‘super 
immunity’.
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A suitable product with ≥1 shared HLA mediating SARS-CoV-2 
specificity could be found in all cases. Partially matched CoV-2-STs 
are expected to be eventually rejected by the host. Previous evi-
dence in immunocompromised recipients suggested persistence of 
off-the-shelf VSTs or SARS-CoV-2-STs for at least 3 months or 6 months, 
respectively8,45,50. Here, the infused CoV-2-STs were detected through 
the end of follow-up, 60 d after infusion, which, along with the higher 
CoV-2-ST trajectories at early timepoints after infusion and the faster 
CD3+ cell recovery in CoV-2-ST+SoC-treated patients, allowed us to 
speculate that donor CoV-2-STs may control the infection by being 
expanded early in vivo, boosting, in parallel, the endogenous T cell 
immunity.

Considering recipients of SARS-CoV-2-STs derived from donors 
exposed to a different SARS-CoV-2 variant, reasonable concerns may be 
raised about potential immune escape; however, our products, which 
were generated from wild-type virus-recovered donors and clinically 
used against the Delta variant, were cross-reactive to all known variants, 
including Omicron (Fig. 1c). Indeed, CoV-2-STs, by spanning the whole 
genome, have greater potential to conquer immune escape mutations 
than monoclonal antibodies, vaccines and recently the new antiviral 
drugs, the efficacy of which might be threatened by escape mutations 
in drug-binding motifs and imposed selective pressure51,52.

Major strengths of our trial include the enrollment of real-world, 
high-risk patients and the ability to identify a suitable cell product 
for all patients under investigational treatment. Our study also has 
limitations, which should be considered when interpreting the results. 
The trial was powered only for the composite endpoint of recovery 
rate/time to recovery and not for the expansion of CoV-2-STs, owing 
to the absence at that time of any pre-existing data on the effect size 
for CoV-2-ST expansion in patients with COVID-19. As a phase 1/2 trial, 
it was not powered to assess the secondary endpoints, including the 
key secondary objective of survival by day 60, for which the widths of 
the CIs have not been adjusted for multiple testing and cannot infer 
definitive treatment effects. In addition, given the sample size, patient 
heterogeneity, especially in terms of vaccination and comorbidities, 
although balanced between the two groups, limited the ability to detect 
significant treatment effects in subgroup comparisons.

Another limitation is the initiation of treatment within a maximum 
of 7 d from symptom onset, not permitting evaluation at later stages 
of illness. The T cell intervention within this timeframe was decided 
on the basis that it typically takes a few days for T cells to expand, 
and the infusion cannot be performed earlier than the next day of 
randomization owing to the need for HLA typing; thus, the earliest 
possible intervention could mount a strong immune response before 
the critical second week of illness.

We also acknowledge that Paxlovid, as an early treatment within 
5 d of symptom onset, will probably change the natural history of 
COVID-19 and limit the number of patients who would need alternative 
treatments, thus challenging the role of adoptive immunotherapy in 

COVID-19 treatment. Nevertheless, the stringent eligibility criteria 
of our trial delineated a patient population that had, by day 5 after 
symptom onset, severe illness already (T-lymphopenia (87/87) and 
pneumonia (85/86 evaluable)), probably most not being eligible for 
Paxlovid today and in whom CoV-2-ST+SoC treatment potentially 
altered a possible adverse outcome.

In the new era of COVID-19 treatment, we anticipate that patients 
eligible for adoptive immunotherapy would be those who initially 
present with severe disease and oxygen needs; those who progress, 
develop resistance or experience severe breakthrough infection while 
on or after Paxlovid51–53 ; or immunocompromised patients who develop 
prolonged viral shedding and may favor the selection of ‘fitter’ variants 
and in whom the prolonged persistence of off-the-shelf CoV-2-STs may 
enable virus clearance.

Our study suggests a feasible approach, without evident safety 
concerns, to adoptively transfer a ‘natural’ robust immunological 
memory for specific protection against severe COVID-19 across all 
known variants through convalescent donor CoV-2-ST infusions, which, 
when initiated within a maximum of 7 d after the onset of symptoms, 
led to improved recovery rates and non-conclusive evidence of reduced 
mortality. Future, larger phase 3 studies are needed to solidify the 
evidence that adoptive immunotherapy for severe COVID-19 has a 
key role to play and to justify the consideration of VSTs as a potential 
therapeutic platform for future emerging pandemic threats.
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Methods
Ethics
This study was conducted in accordance with the Declaration of 
Helsinki. Approval was obtained from the National Organization 
for Medicines and jurisdictional ethics committees (the National  
Ethics Committee (NEC) and the institutional review boards of George 
Papanikolaou Hospital and Hippokrateion Hospital) after thorough 
discussions and protocol adjustments on eligibility criteria and safety 
assessments and an interim and final review of the phase 1 study data 
(NEC) before beginning the phase 2 study. A continuous safety surveil-
lance by pharmacovigilance was also integrated into all study phases. 
All patients provided written informed consent. EudraCT identifier: 
2021-001022-22; ClinicalTrials.gov identifier: NCT05447013.

Trial design
This was a randomized 2:1, open-label, phase 1/2 trial, conducted 
between June 2021 and February 2022 (first and last patients were 
enrolled on 2 June 2021 and 7 December 2021, respectively), when 
the Delta variant predominated. The study evaluated the safety and 
efficacy of CoV-2-STs+SoC compared to SoC in hospitalized adults 
with severe COVID-19. All patients in both arms received SoC, which 
included remdesivir, low-molecular-weight heparin, dexamethasone 
(6 mg per day for 5 d), azithromycin, oxygen supply and, as neces-
sary, ICU support. Inclusion criteria were as follows: (1) molecularly 
confirmed COVID-19; (2) symptom onset within 6 d; (3) pneumonia 
or oxygen saturation on air ≤94%; (4) CD3+ cells ≤ 650 per microliter; 
and (5) at least one increased biomarker (CRP (≥3× the upper limit of 
normal (ULN)), LDH (≥2× ULN), ferritin (>1,000 ng ml−1), D-dimers 
(≥2× ULN)) and age ≥18 years or ≤80 years. Main exclusion criteria 
involved the administration of corticosteroids at a dose of >0.75 mg kg−1  
(methylprednisolone equivalent), the presence of ARDS and 
multi-organ failure, mechanical ventilation and KS < 50. Detailed  
eligibility criteria are provided in Supplementary Table 8.

In a ‘3 + 3’ design54 phase 1 study, two escalated cell doses were 
assessed. For the next phase of the study, a sample size of 90 male or female 
participants was deemed adequate for a phase 2 trial—that is, 10–15% of the 
total sample size estimated (13%), by assuming a 2:1 allocation, a recovery 
rate of 1.30 within 30 d, 5% for type I error and 90% for power.

Eligible participants were randomly assigned (2:1) to receive either 
CoV-2-STs and SoC (CoV-2-STs+SoC group, arm A) or SoC alone (SoC 
group, arm B) and followed for 60 d. The randomization sequence was 
generated in RStudio using the binomial distribution by an independ-
ent statistician, and it remained concealed from the study investigators; 
for each codified entrance in the study, the assigned treatment was 
revealed to investigators by telephone.

CoV-2-ST products were selected based on the presence of at least 
either one common with the recipient HLA mediating viral specificity or 
two common HLAs, by prioritizing matching at HLA-DRB1 when possible, 
given that the CoV-2-ST cell products were dominated by CD4+ cells. HLA 
typing was conducted with priority, and the cells were administered within 
a maximum of 24 h after randomization (day 0 for both arms; Supplemen-
tary Fig. 12). All data for eligible participants were collected at George 
Papanikolaou Hospital and Hippokrateion Hospital at pre-specified time-
points. No major protocol deviations occurred; three participants initially 
signed a previous version of the consent form and were subsequently 
re-consented by signing the correct version. Four patients missed their 
visits within the permitted timeframe, and one was lost to follow-up. 
After the completion of the enrollment and treatment of the 90 patients 
presented here, the trial was amended to include additional patients and 
is still open. The corresponding version of the study protocol is available 
as a supplement to the full text of this article (Appendix B).

CoV-2-ST donors
CoV-2-ST donors comprised 30 (of 70 evaluated) healthcare profes-
sionals, aged ≤58 years, who recovered from wild-type COVID-19, had 

no serious underlying disease, developed strong SARS-CoV-2-specific 
T cell immunity and expressed the most frequent HLA molecules in the 
Greek population (as determined by reviewing the HLA database of 
HSCT recipients at our center). In 18 convalescent donors, vaccination 
had preceded donation (Supplementary Table 1). All donors provided 
written informed consent.

CoV-2-ST generation
CoV-2-STs were generated under GMP standards using 35–45 ml of 
donor blood. PBMCs were pulsed with 0.5 μg ml−1 spike, membrane 
and NCAP 15mer, overlapping pepmixes (customized pepmixes, JPT 
Peptide Technologies) and cultured for 9–11 d in G-Rex10 (80040S, 
Wilson Wolf Manufacturing) with 10 ng ml−1 IL-7 (207-GMP, R&D  
Systems) and 400 U ml−1 IL-4 (204-GMP, R&D Systems)7,8,21,55. The gener-
ated cell products were stored in liquid nitrogen to be used off the shelf 
in a subsequent phase 1/2 trial.

Assessments
Patients were assessed daily from day 0 for the eight-category OS score 
(Supplementary Table 9), safety, discharge, intubation or death. Clini-
cal data were recorded on paper case record forms and then entered 
into an electronic database. Laboratory assessments were performed 
on days 3, 5 (±2), 10 (±2), 15 (+3), 22 (+3), 30 (+3), 45 (+3) and 60 (+7) and 
additionally as indicated. AEs were assessed through the end of study 
participation (60 d after enrollment).

Outcome measurements
Major safety endpoints were any acute toxicity associated with the cell 
therapy, the development of CRS and the rates of AEs and SAEs in either 
arm. To differentially diagnose a CRS in the form of ARDS associated with 
hyperinflammatory COVID-19 from a rare, but possible, CoV-2-ST-induced 
CRS, we were based on the more profound cytokine (especially IL-6) 
or acute-phase reactant elevations (especially ferritin) observed in 
T-cell-induced CRS (than COVID-19 ARDS) and the greater elevations of 
D-dimers found in hyperinflammatory COVID-19 (than T-cell induced CRS) 
(Supplementary Table 4)24. Secondary endpoint was the development 
of GvHD. Toxicities were graded according to National Cancer Institute 
Common Toxicity Criteria of Adverse Events (version 4.03). Toxicities 
and AEs were analyzed in the treated population. Primary efficacy end-
points were (1) the composite endpoint of time to recovery (defined as 
the first day after randomization (day 0) on which a patient scored ≤3 
in the eight-category OS (Supplementary Table 9)), recovery rate ratio 
and the percentage of recovered patients and (2) the in vivo expansion of  
CoV-2-STs. The key secondary outcome was day 60 survival. Other sec-
ondary outcomes included the time to polymerase chain reaction (PCR) 
negativity, time to lymphopenia recovery, hospitalization length, intuba-
tion/extubation incidence and the in vivo persistence of donor CoV-2-STs.

Viral load
SARS-CoV-2 viral load from nasopharyngeal samples was assessed by 
real-time PCR using commercially available kits (Fast PCR Detection 
Kit version 5.1, 3103010069, 3D Biomedicine Science & Technology Co., 
Ltd.) as per the manufacturer’s instructions. To quantitate viral RNA, 
a standard curve was obtained by amplification of known amounts 
of SARS-CoV-2 RNA (3DMed Verification Kit 2, 3000000000038, 3D  
Biomedicine Science & Technology Co., Ltd.). Four consecutive dilutions 
were prepared from 24,000 to 400 copies per milliliter. The amounts 
of SARS-CoV-2 RNA in patient samples were obtained by plotting cycle 
threshold (Ct) values onto the standard curve against the log of the stand-
ard sample amount. After discharge from the hospital, for some patients 
the SARS-CoV-2 negativation was assessed by the rapid diagnostic test.

CoV-2 Nabs
CoV-2 Nabs were measured in serum by a competitive chemiluminescence 
immunoassay on the Snibe Maglumi 800 analyzer (Maglumi SARS-CoV-2 
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Neutralizing Antibody CLIA, 130219027M, Snibe Diagnostic).  
CoV-2 Nabs compete with the angiotensin‐converting enzyme 2 antigen 
immobilized on a solid phase for binding to labeled SARS‐CoV‐2 spike 
receptor-binding domain, producing a light signal that is inversely 
proportional to the sample CoV-2 Nabs. CoV-2 Nabs ≥0.3 μg ml−1 were 
regarded as positive.

ELISpot assay
PBMCs or T cell products were pulsed with a mix peptide pool 
of spike, membrane and NCAP antigens (PM-WCPV-S-1 or 2, 
PM-WCPV-NCAP-1 and PM-WCPV-VME-2, JPT Peptide Technolo-
gies) or spike only (unmutated, Alpha, Beta, Delta or Omicron 
variant of spike; PM-SARS2-SMUT01-1, PM-SARS2-SMUT02-1, 
PM-SARS2-SMUT06-1 and PM-SARS2-SMUT08-1, JPT Peptide Tech-
nologies) or individual or pooled SARS-CoV-2 epitopes known to be 
restricted through specific HLAs (customized peptides, JPT Peptide 
Technologies) (Supplementary Table 10). Specificity was meas-
ured by ELISpot (Eli.Scan scanner (A.EL.VIS), Eli.Analyse software 
V6.2.SFC) as IFN-γ-secreting cells and expressed as SFCs per number 
of input cells (3420-2AST-2, Mabtech). Response was considered 
positive if the total cytokine-producing SFCs against antigens tested 
were ≥30 per 5 × 105 PBMCs or 2 × 105 CoV-2-STs.

Flow cytometry
Samples were acquired on a FACSCalibur device (Becton Dickinson). All 
analyses were performed with CellQuest Pro 6 software or FlowJo ver-
sion 10. Gating strategies are illustrated in Supplementary Figs. 13–15.

Absolute cell numbers. Peripheral blood cells were stained with 
CD45 APC (clone 2D1, 340910, BD Biosciences, dilution 1:20), CD3 
FITC (clone UCHT1, 1F-514-T100, EXBIO, dilution 1:5), CD4 PE-Cyanine5 
(clone RPA-T4, CYT-4C1, Cytognos, dilution 1:20) and CD56 PE (clone 
C5.9, CYT-56PE, Cytognos, dilution 1:20), and the absolute number of 
lymphocyte subpopulations per microliter of blood was analyzed with 
BD TruCount technology.

Immunophenotyping. CoV-2-STs were stained with CD3 APC (clone 
SK7, 345767, BD Biosciences, dilution 1:20), CD8 PE (clone MEM-31,  
1P-207-T100, EXBIO, dilution 1:5), CD45RA PE (clone MEM-56, 
1P-223-T100, EXBIO, dilution 1:5) and CD62L APC (clone LT-TD180, 
1A-449-T100, EXBIO, dilution 1:10). T cell subsets were defined as  
follows: naive; CD3+CD45RA+CD62L+, EM; CD3+CD45RA−CD62L−,  
CM; CD3+CD45RA−CD62L+ and TEMRA; and CD3+CD45RA+CD62L−.

Cytokine evaluation. Serum cytokine measurements were performed 
by using a multiplex cytokine assay (AimPlex Biosciences, C191051) as 
per the manufacturer’s instructions.

HLA typing
DNA samples from CoV-2-ST donors were typed for HLA-A*, -B*, -C*, 
-DRB1*, -DRB3*, -DRB4*, -DRB5*, -DQA1*, -DQB1*, -DPA1* and -DPB1*. 
High-resolution 2F typing was performed either by PCR-SSP using 
PCR amplification with sequence-specific primers (SSPR1-24, SSPR1-
33, SSPR1-05, SSPR1-21, SSPR1-40, SSPR2-111, SSPR2-113, SSPR2- 116, 
SSP2LDQB1, Micro SSP; One Lambda) or by next-generation sequenc-
ing (NGS). NGS-based HLA typing was performed using the AllType  
FASTplex kit (ALL-FAST11LX, One Lambda) for library preparation, Ion 
Chef for chip preparation (IONCHEF-EXT, One Lambda) and Ion Gen-
eStudio S5 (IONS5-530C4, Thermo Fisher Scientific) for sequencing.

All patients were typed for HLA-A, -B and -DRB1. Low-resolution 
typing was performed either by PCR-SSP (PROTRANS Cyclerplate 
System HLA A*-B*-DRB1* REF 020,200, Morgan HLA A SSP 33240, 
HLA DRB SSP 33280, TBG Biotechnology Corp., inno-train Diagnostik  
HLA- Ready Gene HLA B 002051020) or by PCR-SSO (using PCR 
amplification and subsequent hybridization with sequence-specific 

oligonucleotide probes (RSSO 1B, LABType SSO Luminex/One Lambda 
Kit, LIFECODES HLA-A 628911, HLA-DRB1 628923, SSO Typing Kits, 
IMMUCOR)).

Genomic analysis
Quantitative determination of donor’s lymphocytes compared to 
recipient in sequential samples was based on chimerism level of donor’s 
DNA compared to total DNA measured by NGS. Due to inadequate num-
bers of patient PBMCs, mainly at the early stage of lymphopenia, and to 
obtain measurable cell representation in patient samples, PBMCs were 
pulsed with CoV-2-ST pepmixes and ex vivo expanded before the assay. 
Genomic DNA was isolated from T lymphocytes using the QIAamp Mini 
DNA Kit (51104, Qiagen). Chimerism level was quantified using the 
Devyser Chimerism kit (8-A107), based on targeted sequencing of 24 
indels for screening of a recipient/donor pair and measuring their allele 
frequency. A total of 60 ng of genomic DNA was used to build the librar-
ies, quantified by Qubit (Thermo Fisher Scientific) and sequenced on a 
MiniSeq System in a 2 × 150-bp run (Illumina). Sequences were analyzed 
using Advyser for Chimerism software version 3.0.1.0 where cover-
age of more than 10,000 reads is required to determine chimerism  
at 0.1% sensitivity.

Analysis plan and statistical methodology
Sample size calculation. Our study was powered only for the com-
posite primary endpoint of time to recovery and day 30 proportion 
of recovered patients without considering the co-primary endpoint 
of the expansion of CoV-2-STs over time, as, at that time, there were no 
pre-existing data on the effect size for CoV-2-ST expansion in patients 
with COVID-19. We assumed a recovery ratio equal to 1.35 used in the 
remdesivir ACTT-1 trial study (including patients with moderate to 
severe COVID-19) (ref. 6), a 2:1 ratio between the two compared groups 
(CoV-2-STs+SoC versus SoC), α = 0.05 and power 90%, and we adjusted 
the final sample size between 10% and 15% of the calculated (90 (60/30) 
from 656 (440/216)), considering this phase 1/2 study as a ‘pilot’ of a 
phase 3 confirmatory study, for which a subset of the final sample size 
(3–5%) (ref. 56) could be considered satisfactory.

Primary analysis according to pre-specified analysis plan. Differences  
in baseline characteristics between the two arms were assessed by 
Student’s t-test or Mann–Whitney U-test after testing for normality  
with the Shapiro–Wilk test (continuous variables were expressed 
as needed with mean and s.d. or median and 1st–3rd quartiles) and 
Pearson’s chi-square or Fisher’s exact test (categorical variables were 
expressed as absolute (n) and relative (%) frequencies). Time-to-event 
analyses were performed using Kaplan–Meier curves stratified by 
treatment group, log-rank test to assess the difference between groups 
and Cox model for the estimation of HR and 95% CIs. RRs with 95% 
CIs for mortality and recovery endpoints were determined by the 
Mantel–Haenszel method, with treatment comparison assessed with 
a logistic regression model. A stratified analysis was performed for 
day 30 recovery and day 60 mortality for age categories, gender, KS 
and vaccination status. KS was selected among other disease severity 
variables, as all were highly correlated (KS, oxygen supply and OS). 
All analyses of treatment effect (STATA version 17) used mITT (main 
analysis) and an AT approach (Fig. 1), with endpoints being analyzed at 
a 0.05 significance level (two-sided). No adjustments for multiplicity 
were made in the analysis of secondary outcomes, including survival; 
thus, they should be considered descriptive and not used to infer 
treatment effects.

Longitudinal data analysis. All longitudinal data on immunological 
responses, including immune cell populations, CoV-2-ST expansion 
and Nab kinetics in response to arm, vaccination or survival status,  
were analyzed by applying linear regression and correction for  
multiple comparisons where indicated. Model selection was performed 
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by backward elimination using the likelihood ratio test (R package 
lmtest) and a chi-square P value cutoff of 0.05, starting with interac-
tion between arm and vaccination. Days after enrollment was fitted 
as a quadratic term except for NK kinetics. Response variables were 
log-transformed except for CoV-2 NAb counts, which were normalized 
by ordered quantile normalization (R package bestNormalize). Post 
hoc analysis between groups was performed using the Tukey HSD test 
using the mosaic R package, with correction for multiple comparisons 
where applicable and significance cutoff of P < 0.05. All analyses and 
visualizations were performed in R version 4.2.2. Differences between 
datasets on specificity of CoV-2-ST products or day 10 circulating 
CoV-2-STs were analyzed using one-way ANOVA with false discovery 
rate (FDR) multiple testing corrections using the two-stage step-up 
method from Benjamini, Krieger and Yekutieli (*P < 0.05 and q < 0.05) 
or a Mann–Whitney test or a two-tailed Student’s t-test for two-group 
comparisons (GraphPad Prism).

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
George Papanikolaou Hospital is committed to responsible and 
transparent sharing of clinical trial data with healthcare practition-
ers and researchers, toward the improvement of scientific knowledge 
and the promotion of innovative medical approaches. Participant 
de-identified data collected for this study, including text, tables, 
figures, appendices and documents, including the study protocol, 
statistical analysis plan and informed consent form, will be available 
after article publication. Researchers interested in obtaining access to 
documents and/or data for academic use only can make their request 
by submitting the scientific design, specific data needs and analysis 
and dissemination plans, which will be reviewed by the institutional 
review board of George Papanikolaou Hospital, and, based on scien-
tific merit, data access could be granted. An agreement will be signed 
between the two parties stating that the data will be used only for the 
agreed purpose, in compliance with ethical and regulatory require-
ments and the commitments made to the study participants. Any 
publication derived from the accessed data should be of high qual-
ity, and George Papanikolaou Hospital’s institutional review board 
will have the right to review and comment on any draft manuscripts 
before publication.
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Extended Data Fig. 1 | Kaplan-Meier curves for mortality (time to death) at 30 days in the modified intention-to-treat (mITT) population. P value was calculated 
using the two-sided log-rank test.
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Extended Data Fig. 2 | Subgroup analysis on mortality at 60 days, in the and mITT population. mITT: modified intention-to-treat analysis. Two-sided Wald  
test-based P values (as calculated using Cox regression). All P values shown are unadjusted for multiple testing and should therefore not be used to infer treatment 
effects.
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Extended Data Fig. 3 | Longitudinal analysis of T lymphocyte recovery 
kinetics over the study period in CoV-2-ST+SoC-treated (red lines, n = 58) 
and SoC-treated (blue lines, n = 29) patients. The thin lines represent 

individual CD3+ cell values for each patient. Bold lines are the quadratic fitted 
splines for each group. Shaded bands extend to 95% CI of the fitted values.  
Tukey HSD p-value is reported.
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Extended Data Fig. 4 | Correlation of the kinetics of circulating CoV-2-STs 
and viral load, in CoV-2-STs+SoC-treated (n = 57) and SoC-treated (n = 30) 
patients. The dotted lines represent the fitted values of circulating CoV-2-STs, 

the solid lines represent the fitted values of SARS-CoV-2 viral load. Shaded bands 
extend to 95% CI of fitted values. Pearson’s correlation coefficient values are 
reported.
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Extended Data Fig. 5 | Longitudinal trajectories of circulating CD4 (A) and 
CD8+ (B) cells in surviving (green lines, n = 58) and non-surviving (purple 
lines, n = 29) COVID-19 patients. Thin lines represent individual cell population 

counts for each patient. Bold lines are the quadratic fitted splines of each group. 
Shaded bands represent the 95% CI of the fitted values. One-way ANOVA p-values 
are reported for the survival status effect on both CD4 and CD8 trajectories.
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Extended Data Fig. 6 | Kaplan-Meier curve for hospitalization length at 60 days in the mITT population. P value was calculated using the two-sided log-rank test.
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Extended Data Table 1 | Safety information
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