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Summary
Background The memory immune response is crucial for preventing reinfection or reducing disease severity. 
However, the robustness and functionality of the humoral and T-cell response to SARS-CoV-2 remains unknown 
12 months after initial infection. The aim of this study is to investigate the durability and functionality of the humoral 
and T-cell response to the original SARS-CoV-2 strain and variants in recovered patients 12 months after infection.

Methods In this longitudinal cohort study, we recruited participants who had recovered from COVID-19 and who 
were discharged from the Wuhan Research Center for Communicable Disease Diagnosis and Treatment at the 
Chinese Academy of Medical Sciences, Wuhan, China, between Jan 7 and May 29, 2020. Patients received a follow-up 
visit between Dec 16, 2020, and Jan 27, 2021. We evaluated the presence of IgM, IgA, and IgG antibodies against the 
SARS-CoV-2 nucleoprotein, Spike protein, and the receptor-binding domain 12 months after initial infection, using 
ELISA. Neutralising antibodies against the original SARS-CoV-2 strain, and the D614G, beta (B.1.351), and delta 
(B.1.617.2) variants were analysed using a microneutralisation assay in a subset of plasma samples. We analysed the 
magnitude and breadth of the SARS-CoV-2-specific memory T-cell responses using the interferon γ (IFNγ) enzyme-
linked immune absorbent spot (ELISpot) assay and intracellular cytokine staining (ICS) assay. The antibody response 
and T-cell response (ie, IFN-γ, interleukin-2 [IL-2], and tumour necrosis factor α [TNFα]) were analysed by age and 
disease severity. Antibody titres were also analysed according to sequelae symptoms.

Findings We enrolled 1096 patients, including 289 (26·4%) patients with moderate initial disease, 734 (67·0%) with 
severe initial disease, and 73 (6·7%) with critical initial disease. Paired plasma samples were collected from 141 patients 
during the follow-up visits for the microneutralisation assay. PBMCs were collected from 92 of 141 individuals at 
the 12-month follow-up visit, of which 80 were analysed by ELISpot and 92 by ICS assay to detect the SARS-CoV-2-
specific memory T-cell responses. N-IgG (899 [82·0%]), S-IgG (1043 [95·2%]), RBD-IgG (1032 [94·2%]), and 
neutralising (115 [81·6%] of 141) antibodies were detectable 12 months after initial infection in most individuals. 
Neutralising antibodies remained stable 6 and 12 months after initial infection in most individuals younger than 
60 years. Multifunctional T-cell responses were detected for all SARS-CoV-2 viral proteins tested. There was no difference 
in the magnitude of T-cell responses or cytokine profiles in individuals with different symptom severity. Moreover, we 
evaluated both antibody and T-cell responses to the D614G, beta, and delta viral strains. The degree of reduced in-vitro 
neutralising antibody responses to the D614G and delta variants, but not to the beta variant, was associated with the 
neutralising antibody titres after SARS-CoV-2 infection. We also found poor neutralising antibody responses to the beta 
variant; 83 (72·2%) of 115 patients showed no response at all. Moreover, the neutralising antibody titre reduction of the 
recovered patient plasma against the delta variant was similar to that of the D614G variant and lower than that of the 
beta variant. By contrast, T-cell responses were cross-reactive to the beta variant in most individuals. Importantly, T-cell 
responses could be detected in all individuals who had lost the neutralising antibody response to SARS-CoV-2 12 months 
after the initial infection.

Interpretation SARS-CoV-2-specific neutralising antibody and T-cell responses were retained 12 months after initial 
infection. Neutralising antibodies to the D614G, beta, and delta viral strains were reduced compared with those for 
the original strain, and were diminished in general. Memory T-cell responses to the original strain were not disrupted 
by new variants. This study suggests that cross-reactive SARS-CoV-2-specific T-cell responses could be particularly 
important in the protection against severe disease caused by variants of concern whereas neutralising antibody 
responses seem to reduce over time.
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Introduction
The SARS-CoV-2 pandemic remains a serious public 
health threat to the global population.1 Consistent with 
other viral infections, there is evidence that humans 
develop SARS-CoV-2-specific humoral and cellular 
immunity that mediates viral clearance and inhibits viral 
dissemination. A study of patients with COVID-19 
suggests that CD4 and CD8 T cells play a dominant role 
in reducing disease severity during initial SARS-CoV-2 
infection.2 In terms of neutralising antibodies, the data 
are inconclusive; one study suggested that neutralising 
antibodies against SARS-CoV-2 did not generally 
correlate with reduced disease severity in initial 
infections,3 but in another study, they seemed to have an 
important role in vaccination against and treatment of 
COVID-19.4 To date, few data are available on long-term 
immunity against SARS-CoV-2. Available reports 
mainly suggest that the titres of antibodies against 
SARS-CoV-2 decline over time after clearance of 
COVID-19 infection.5,6 Studies have shown that SARS-
CoV-2-specific cellular immune responses developed in 
patients with COVID-197,8 and remained detectable 8 
months after infection.9 Studies on patients who have 
recovered from SARS-CoV indicated that cellular 
immune responses were maintained for nearly two 
decades, whereas memory B cells and antibody 
responses could not be detected in most individuals at 
that point.10 However, the durability of antibody and 

T-cell memory against SARS-CoV-2 in recovered indi-
viduals remains poorly characterised.

Emerging SARS-CoV-2 variants are a major public 
health concern. SARS-CoV-2 variants of concern (VOCs), 
including the alpha (B.1.1.7), beta (B.1.351), gamma (P.1), 
delta (B.1.617.2), and omicron (B.1.1.529) variants, spread 
more efficiently11 and lead to a substantial loss of 
neutralising activity by vaccine-elicited and monoclonal 
antibodies.12 However, the impact of VOCs on the 
durability of SARS-CoV-2 immunity, and whether these 
VOCs evolved to escape from natural infection-elicited 
immunity, is not well understood.

In this study, we characterised SARS-CoV-2-specific 
humoral and cellular immune responses in a follow-up 
cohort of patients recovered from COVID-19 12 months 
after infection, without repeat exposure or SARS-CoV-2 
vaccination, in Wuhan, China. We also tested in vitro the 
impact of SARS-CoV-2 variants on B-cell and T-cell 
responses 12 months after infection in this cohort.

Methods 
Study design and participants 
In this longitudinal cohort study, we recruited parti-
cipants who had recovered from laboratory-confirmed 
COVID-19 and who were discharged from the Wuhan 
Research Center for Communicable Disease Diagnosis 
and Treatment at the Chinese Academy of Medical 
Sciences, Wuhan, China, between Jan 7 and May 29, 2020.5 
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Research in context

Evidence before this study 
We searched PubMed on Nov 2, 2021, using the following 
search terms [(“SARS-CoV-2” OR “COVID-19” OR “Coronavirus 
Disease 2019 Virus” OR “2019 Novel Coronavirus”) AND 
(“Adaptive Immunity” OR “Adoptive Immunity” OR “Immunity, 
Cellular” OR “Cellular Immunity” OR “Humoral Immunity” OR 
“Immunity, Humoral”)], with no date or language restrictions, 
and identified 793 results. Studies identified by the search 
reported that SARS-CoV-2-specific antibodies gradually 
decreased over several months. However, analyses of 
lymphocytes from COVID-19-convalescent individuals indicate 
that B cells and CD4 or CD8 T cells play an important role in 
mediating memory responses after natural infection. Therefore, 
it is important to explore these pathways to improve 
vaccination efficacy. The longest study spanned 12 months. 
However, the characteristics of adaptive immunity in patients 
12 months after they contracted COVID-19 was not well 
understood. Given the rapid emergence of variants of concern, 
the ability of immunological memory to protect previously 
infected individuals from new variants has been examined, 
but no firm conclusions were reached.

Added value of this study 
To our knowledge, this is the first comprehensive evaluation on 
the durability and robustness of antibody and T-cell responses 

against the SARS-CoV-2 original strain and its variants in 
recovered patients 1 year after natural infection without repeat 
exposure or vaccination in Wuhan, China. Our findings show 
that robust antibody and T-cell immunity against SARS-CoV-2 
is present in the majority of recovered patients 12 months after 
moderate-to-critical infection. Total SARS-CoV-2-specific T-cell 
responses remain effective against variants, but neutralising 
antibodies diminish by 12 months.

Implications of all the available evidence 
These data have important implications for vaccine efficacy 
against SARS-CoV-2 variants; the presence of cellular immune 
responses to SARS-CoV-2 variants and patients who lost their 
neutralising antibody responses provide additional important 
information on broad B-cell and T-cell immunity for future 
vaccine strategies targeting SARS-CoV-2. In particular, when 
neutralising antibody responses are reduced, cross-reactive 
SARS-CoV-2-specific T-cell responses could be important in 
protection against severe disease caused by variants of concern. 
Continuous surveillance is required to assess the duration of 
infection-induced immunity and the antibody and T-cell 
responses to these variants.
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Patients were asked to attend a follow-up visit at the 
research centre between Dec 16, 2020, and Jan 27, 2021. 
Inclusion and exclusion criteria are provided in the 
appendix (p 2). The individuals studied are part of a 
larger longitudinal cohort study, whose outcomes were 
described in detail elsewhere.5,13 Written informed 
consent was obtained from each individual. The study 
was approved by the Institutional Review Boards of the 
Wuhan Research Center for Communicable Disease 
Diagnosis and Treatment, Chinese Academy of Medical 
Sciences (KY-2020-80.01).

Procedures 
Disease severity was characterised by clinicians using 
the highest seven-category scale during hospital stay 
(appendix p 2); for this study, patients in the third 
category (admitted to hospital but who did not require 
supplemental oxygen) were categorised as moderate, 
patients in the fourth category (admitted to hospital 
requiring supplemental oxygen) were categorised 
as severe, and patients in the fifth and sixth 
categories (admitted to hospital requiring high-flow nasal 
cannula, non-invasive mechanical ventilation, extra-
corporeal membrane oxygenation, or invasive mechanical 
ventilation) were categorised as critical.5 10 mL of venous 
blood was collected from participants by clinicians when 
they attended the 12-month follow-up visit and processed 
within 12 h to isolate plasma (for the antibody assays) and 
peripheral blood mononuclear cells (PBMCs; for the 
T-cell response assays; appendix p 2). Titres of IgM, IgA, 
and IgG antibodies against the nucleoprotein, Spike 
protein, and receptor-binding domain of SARS-CoV-2 
were evaluated using ELISA (appendix pp 2–3). The 
neutralising antibodies against the original, beta, and 
delta SARS-CoV-2 strains were titred on Vero cells using 
a microneutralisation assay (appendix p 3). SARS-CoV-2-
specific memory T-cell responses to overlapping peptides 
spanning the SARS-CoV-2 Spike protein, nucleoprotein, 
membrane protein, and envelope protein–open reading 
frame (E/ORF) were detected using both cryopreserved 
(ex vivo) and cultured PBMCs (in vitro) and assessed 
using the interferon enzyme-linked immune absorbent 
spot (ELISpot) and intracellular cytokine staining (ICS) 
assays (appendix pp 3–4). The antibody and T-cell 
responses (ie, interferon γ [IFNγ], interleukin-2 [IL-2], 
and tumour necrosis factor α [TNFα]) were analysed by 
age and disease severity. Antibody titres were also 
analysed according to sequelae symptoms.

Outcomes 
The primary outcomes were neutralising antibody titres 
and T-cell responses. The cutoff for neutralising antibody 
titre was 1/10. T-cell responses were expressed as the 
magnitude of IFNγ production and proportion of IL-2, 
IFNγ, and TNFα produced by SARS-CoV-2-specific CD4 
and CD8 T cells. Secondary outcomes included IgM 
antibodies against the nucleoprotein (N-IgM), Spike 

protein (S-IgM), and receptor-binding domain (RBD-
IgM), and IgA and IgG antibodies, which were expressed 
as optical density at 450 nm. Further secondary outcomes 
were the demographic character istics of recovered 
patients, such as age, sex, days after infection, and 
sequelae symptoms.

Statistical analysis 
Demographic characteristics and sequelae symptoms of 
COVID-19 in patients are presented as median (IQR) for 
continuous variables and n (%) for categorical variables. 
The comparison of seropositivity of IgM, IgA, IgG, and 
neutralising antibodies, and the escape percentage of the 
D614G, beta, and delta variants from neutralising 
antibodies was done with the χ² test, or Fisher’s exact test 
when appropriate. Single comparisons between other 
metrics were done using the Mann-Whitney U test. 
Multiple comparisons of antibody titres and memory 
T-cell responses were done using the Kruskal-Wallis test 
followed by a post-hoc Dunn’s correction. Paired plasma 
antibody titres and T-cell responses were compared using 
a two-tailed Wilcoxon matched-pairs signed-rank test. 
Spearman correlation analysis was done for single 
continuous variate correlation analyses. A two-sided 
p value less than 0·05 was considered to be statistically 
significant. All statistical analyses were done using 

See Online for appendix

Total (n=1096) Moderate (n=289) Severe (n=734) Critical (n=73)

Age, years 58 (48–65) 59 (48–66) 58 (48–65) 53 (47–64)

Sex

Male 587 (53·6%) 146 (50·5%) 393 (53·5%) 48 (65·8%)

Female 509 (46·4%) 143 (49·5%) 341 (46·5%) 25 (34·2%)

Days after infection 347 (336–358) 345 (335–355) 347 (336–358) 360 (351–372)

Sequelae symptoms

Overall 514 (46·9%) 131 (45·3%) 345 (47·0%) 38 (52·1%)

Fatigue 202 (18·4%) 51 (17·6%) 136 (18·5%) 15 (20·5%)

Sleep difficulties 183 (16·7%) 45 (15·6%) 128 (17·4%) 10 (13·7%)

Muscle weakness 147 (13·4%) 39 (13·5%) 98 (13·4% 10 (13·7%)

Joint pain 138 (12·6%) 35 (12·1%) 88 (12·0%) 15/58 (25·9%)

Palpitations 117 (10·7%) 24 (8·3%) 86 (11·7%) 7 (9·6%)

Hair loss  114 (10·4%) 26 (9·0%) 83 (11·3%) 5 (6·8%)

Chest pain 91 (8·3%) 23 (8·0%) 63 (8·6%) 5 (6·8%)

Cough 80 (7·3%) 25 (8·7%) 48 (6·5%) 7 (9·6%)

Dizziness 74 (6·8%) 18 (6·2%) 47 (6·4%) 9 (12·3%)

Headache 69 (6·3%) 17 (5·9%) 45 (6·1%) 7 (9·6%)

Skin rash 62 (5·7%) 14 (4·8%) 46 (6·3%) 2 (2·7%)

Myalgia 53 (4·8%) 14 (4·8%) 32 (4·4%) 7 (9·6%)

Smell disorder 45 (4·1%) 13 (4·5%) 28 (3·8%) 4 (5·5%)

Sore throat or difficult 
to swallow

43 (3·9%) 13 (4·5%) 26 (3·5%) 4 (5·5%)

Decreased appetite 33 (3·0%) 5 (1·7%) 24 (3·3) 4 (5·5%)

Taste disorder 33 (3·0%) 4 (1·4%) 29 (4·0%) 0

Diarrhoea or vomiting 10 (0·9%) 4 (1·4%) 4 (0·5%) 2/71 (2·8%)

Data are n (%), n/N (%), or median (IQR).

Table: Demographic characteristics of study patients recovered from COVID-19
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GraphPad Prism 9.1 (GraphPad Software, San Diego, CA, 
USA) and SAS (version 9.4).

Role of the funding source 
The funders of the study had no role in the study design, 
data collection, data analysis, data interpretation, or 
writing of this report.

Results 
We assessed 1107 patients for eligibility, of whom 
1096 patients who had recovered from COVID-19 and for 
whom 12 months had passed after the initial infection 
were enrolled. Demographic characteristics of recovered 
COVID-19 patients recruited in the 12-month follow-up 
visit are listed in the table; the baseline characteristics of 
these individuals are listed in the appendix (p 6). 
Participants included 289 (26·4%) patients with moderate 
initial disease, 734 (67·0%) with severe disease, and 
73 (6·7%) with critical disease. The median duration 
from symptom onset to the follow-up visit was 347 days 
(IQR 336–358). The median age of the patients was 
58 years (range 21–95; IQR 48–65), and 587 (53·6%) were 
male. In this cohort, 514 (46·9%) of 1096 patients 
reported at least one symptom at the 12-month follow-up 

visit, with fatigue, sleep difficulties, and muscle weakness 
being the most common self-reported symptoms (table).

Plasma samples were taken from all 1096 patients to 
perform the ELISA assay. 141 paired plasmas were 
collected from 141 patients during the follow-up visits 6 
(between June 16 and Sept 3, 2020) and 12 months after 
infection for the microneutralisation assay. PBMCs were 
collected from 92 of 141 individuals at the 12-month 
follow-up visit, of which 80 were analysed by ELISpot 
and 92 by ICS assay to detect the SARS-CoV-2-specific 
memory T-cell responses (appendix p 7).

Seropositivity for N-IgM, N-IgA, S-IgM, S-IgA, RBD-IgM, 
and RBD-IgA ranged from 11 (1·0%) to 49 (4·5%; appendix 
p 8). 899 (82·0%) were seropositive for N-IgG, 1043 (95·2%) 
were seropositive for S-IgG, and 1032 (94·2%) were 
seropositive for RBD-IgG (appendix p 8). S-IgG antibody 
titres were higher in those with severe symptoms 
(0·63 [IQR 0·44–0·83]) than in those with moderate 
symptoms (0·59 [0·42–0·75]; p=0·017). The IgG titres 
against SARS-CoV-2 increased with age at the 12-month 
follow-up visit (appendix p 11). We found that SARS-CoV-2-
specific antibody titres for some age groups were higher in 
patients with muscle weakness, hair loss, and headache 
than in patients with no related symptoms reported at the 
12-month follow-up visit (appendix p 12).

Among 141 paired plasmas, 121 (85·8%) were positive 
for neutralising antibodies at the 6-month follow-up visit 
and 115 (81·6%) were positive for neutralising antibodies 
at the 12-month follow-up visit (p=0·33; figure 1A). There 
were no significant differences in neutralising antibody 
titres between critical, moderate, and severe individuals 
at the 6-month (p=0·088) and 12-month (p=0·53) visits, 
as well as between age groups of 18–44, 45–59, and 
60–95 years at 6 months (p=0·48) and 12 months 
(p=0·73). When comparing overall titres, neutralising 
antibody titres decreased between the 6-month 
(median 1/25·1 [IQR 1/12·6 to 1/40]) and 12-month visits 
(1/25·1 [1/13·4 to 1/50·1]; p=0·024; figure 1B). 
Neutralising antibody titres did not differ significantly 
between the 6-month and 12-month visits in moderate 
(p=0·67) and severe (p=0·31) patients, or in the groups 
aged 18–44 (p=0·59) and 45–59 (p=0·58) years 
(figure 1C–D). However, neutralising antibody titres did 
decrease in the critical group (from 1/29·5 [1/22·4 to 
1/56·2] at 6 months to 1/28·2 [1/15·8 to 1/35·1] at 
12 months; p=0·038) and the group aged 60 years or older 
(from 1/31·6 [1/15·9 to 1/50·1] at 6 months to 1/24·3 
[1/11·3 to 1/40·0] at 12 months; p=0·0008; figure 1C–D). 
Seropositivity for neutralising antibodies did not differ 
significantly between the 6-month and 12-month visits in 
cohorts with different disease severity and across age 
groups (appendix p 13).

ELISpot responses against SARS-CoV-2 were measured 
in five (26%) of 19 healthy individuals sampled between 
October and December, 2018 (appendix p 14). The overall 
magnitude and breadth of SARS-CoV-2-specific IFNγ 
responses against viral peptides is shown in figure 2A 

Figure 1: Neutralising antibody titres 6 and 12 months after SARS-CoV-2 infection
(A) Seropositivity of neutralising antibodies against the original SARS-CoV-2 strain from Wuhan, China. 
(B) Neutralising antibody titres against the original SARS-CoV-2 strain (IPBCAMS-WH-01/2019, number 
EPI_ISL_402123). (C) Neutralising antibody titres against the original SARS-CoV-2 strain in moderate, severe, 
and critical patients. (D) Neutralising antibody titres against the original SARS-CoV-2 strain in different 
age groups. The dotted line denotes the cutoff value for positive neutralising antibody titre. The solid lines 
denote the median value.
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and the appendix (p 15). Memory T-cell responses were 
detected in 72 (90%) of 80 recovered patients, 
showing SARS-CoV-2-specific T-cell responses to at least 
one of the SARS-CoV-2 peptide pools. However, there was 
high interindividual heterogeneity in the magnitude of 
SARS-CoV-2-specific T-cell responses (figure 2A). No 
significant correlations were observed between the magni-
tude of SARS-CoV-2-specific memory T-cell responses and 
disease severity (p=0·42; figure 2B). Differences in the 
magnitude of IFNγ T-cell responses to the Spike (p=0·62), 
nucleoprotein (p=0·82), and membrane protein (p=0·80) 
peptide pools were not significant (figure 2C). However, 
the IFNγ T-cell responses to the E/ORF peptide pool 
were lower than those to nucleoprotein peptide pools 
(p=0·0045; figure 2C).

Ex-vivo ELISpot assays for T-cell responses to the Spike 
and nucleoprotein peptide pools were performed on 

37 individuals (15 moderate and 22 severe patients; 
appendix p 16). We did not see any significant difference 
between Spike protein and nucleoprotein T-cell responses 
overall, or between severe versus moderate patients, in 
line with data from the expanded (in vitro) patient T-cells 
(figure 2).

To assess functional SARS-CoV-2-specific memory T-cell 
responses in COVID-19-convalescent individuals, we 
isolated PBMCs and exposed them to overlapping Spike, 
nucleoprotein, and membrane or E/ORF peptide pools. 
We then measured the production of IFNγ, IL-2, and 
TNFα by SARS-CoV-2-reactive T cells (appendix pp 17–18). 
For 92 individuals tested, both CD4 and CD8 antigen-
specific T cells produced at least one of these three 
cytokines. The proportion of CD4 and CD8 T-cell 
responses to the Spike protein and the membrane and 
E/ORF protein peptide pools showed no significant 

Figure 2: Memory T-cell responses to SARS-CoV-2 peptides measured by IFNγ ELISpot
(A) Magnitude of IFNγ T-cell responses for each individual. Each bar shows the total T-cell response of each individual specific to all the SARS-CoV-2 protein peptide pools 
tested. Each coloured segment represents the source protein corresponding to peptide pools eliciting the IFNγ T-cell responses. (B) Magnitude of IFNγ T-cell responses in 
individuals with different disease severity. (C) Magnitude of IFNγ T-cell responses against different peptide pools. The solid lines in panels B and C denote the median of 
magnitude of IFNγ T-cell responses. ELISpot=enzyme-linked immune absorbent spot assay. IFNγ=interferon γ. PBMC=peripheral blood mononuclear cells.
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differences among moderate, severe, and critical patients 
(figure 3A–B). However, there was a lower proportion of 
CD4 (p=0·0032 for severe vs moderate and p=0·0017 for 
severe vs critical) and CD8 (p=0·019 for severe vs moderate 
and p=0·0034 for severe vs critical) T-cell responses to the 
nucleoprotein in severe patients than in moderate and 
critical patients (figure 3A–B). Spike and nucleoprotein 
peptide pools expressed more IL-2 and TNFα than did 
membrane and E/ORF peptide pools (figure 3C–D).

To establish whether plasma from recovered patients can 
neutralise circulating SARS-CoV-2 variants, we tested 
plasma from 141 recovered patients against authentic 
viruses of the D614G, beta, and delta variants using 
microneutralisation assays. 12 months after infection, 
115 (82%) of 141 individuals had neutralising antibodies 
against the original strain from Wuhan, China. By contrast, 
only 68 (48%) had neutralising anti bodies against D614G, 
32 (23%) had neutralising antibodies against the beta 
variant, and 69 (49%) had neutralising antibody responses 
against the delta variant (all p<0·0001; figure 4A). The 
neutralising antibody titres were significantly lower 
for the D614G (median 1/5·0 [IQR 1/5·0–1/14·1]; 

p<0·0001), beta (1/5·0 [1/5·0–1/5·0]; p<0·0001), and 
delta (1/5·0 [1/5·0–1/15·8]; p<0·0001) variants than for the 
original strain (1/25·1 [1/12·6–1/40·0]). Moreover, the 
neutral ising antibody titres against the D614G and delta 
variants were similar (p=0·42), and both were higher than 
those against the beta variant (p=0·036 for D614G vs beta 
and p=0·0019 for delta vs beta; figure 4A).

Of the 115 samples positive for neutralising antibodies to 
the original strain, 28 (24%) had a titre of 1/10 to 1/20, 
43 (37%) had a titre of 1/20 to 1/32, and 44 (38%) had a titre 
of 1/32 or more. 21 (75%) of 28 patients with a titre of 1/10 
to 1/20 (p=0·047), 21 (49%) of 43 patients with a titre of 
1/20 to 1/32 (p<0·0001), and five (11%) of 44 patients with a 
titre of 1/32 or more (p=0·0001) lost neutralising activity to 
the D614G variant at 12 months. 19 (68%) of 28 patients 
with a titre of 1/10 to 1/20 (p=0·32), 23 (53%) of 43 with a 
titre of 1/20 to 1/32 (p<0·0001), and seven (16%) of 44 with 
a titre of 1/32 or more (p=0·0003) lost neutralising activity 
against the delta variant at 12 months (appendix p 19). By 
contrast, 22 (79%) of 28 patients with a titre of 1/10 to 1/20, 
34 (79%) of 43 with a titre of 1/20 to 1/32, and 27 (61%) of 
44 with a titre of 1/32 or more lost neutralising activity 

Figure 3: Functional characteristics of SARS-CoV-2-specific T cells in recovered COVID-19 patients
Cytokine-producing T cells were detected by ICS after incubation with SARS-CoV-2 peptides in 92 recovered patients. Comparison of the relative proportion of 
SARS-CoV-2 peptide-pool-reactive CD4 (A) and CD8 (B) T cells among moderate (n=35), severe (n=29), and critical (n=28) patients recovered from COVID-19. 
The SARS-CoV-2 peptide-pool-reactive CD4 or CD8 T cells were identified with at least one of the three cytokines (IFNγ, TNFα, and IL-2) detected. Bar graphs 
summarise the distribution of multifunctional cytokines against different peptide pools among SARS-CoV-2-specific CD4 (C) and CD8 (D) T cells in 92 recovered 
patients. Data are presented as median (IQR). ICS=intracellular cytokine staining. IFNγ=interferon γ. IL-2=interleukin 2. TNFα=tumour necrosis factor α.
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against the beta variant (p=0·13; appendix p 19). The 
D614G (p=0·36) and beta (p=0·82) variants escaped from 
neutralising antibodies against the original strain, and 
there were no differences between age cohorts 
(appendix p 19). However, the escape percentage of the 
delta variant was higher in those aged 18–44 years 
(p=0·020) and 45–59 years (p=0·021) than in those aged 
60–95 years (appendix p 19).

To investigate the difference in T-cell recognition 
between the original strain and the beta variant, we did 
IFNγ ELISpot and ICS assays using the original strain 
and the beta variant peptide pools spanning the 
full length of the Spike protein. The SARS-CoV-2-specific 
IFNγ responses were heterogeneous. However, the overall 
SARS-CoV-2-specific IFNγ responses in ELISpot showed 
no differences between the original strain and the beta 
variant peptide pool (p=0·70; figure 4B) and showed a 
strong correlation in the magnitude of IFNγ responses 
(Spearman r=0·85, p<0·0001; appendix p 19). Furthermore, 
we examined whether there was T-cell immune deviation 

between the original strain and the beta variant using ICS. 
The beta variant induced a stronger TNFα 
response in CD4 T-cell responses (p=0·012), and stronger 
IFNγ (p=0·024) and TNFα (p=0·013) responses in CD8 
T-cell responses (figure 4C–D).

No correlation was observed between the magnitude 
of the T-cell ELISpot responses and the neutralising 
antibody (Spearman r=0·10, p=0·34), S-IgG (Spearman 
r=–0·062, p=0·59), N-IgG (Spearman r=–0·052, p=0·65), 
and RBD-IgG (Spearman r=0·14, p=0·23) titres 12 months 
after infection (appendix p 20). To assess the persistence 
of the T-cell response, we measured the SARS-CoV-2-
specific cellular immune response in 16 patients who 
were negative for neutralising antibodies after 12 months, 
selected from 26 (18%) of 141 recovered patients. We found 
that 15 (94%) of 16 individuals showed memory IFNγ 
responses in the ELISpot assay. All 16 samples produced 
at least one of the three cytokines (IL-2, IFNγ, and TNFα) 
in combination in CD4 and CD8 specific T-cell responses 
in the ICS assay (appendix p 21).

Figure 4: Humoral and cellular immune responses to the original SARS-CoV-2 strain, and the D614G, beta, and delta variants, in recovered patients 12 months 
after infection
(A) Neutralising antibody titres against the original SARS-CoV-2 strain from Wuhan, China (IPBCAMS-WH-01/2019, number EPI_ISL_402123), and the D614G, beta 
(B.1.351), and delta (B.1.617.2) variants in 141 patients. The lines denote the median of neutralising antibody titres. (B) Magnitude of IFNγ T-cell responses to the original 
SARS-CoV-2 strain, and the beta variant Spike protein peptide pool, plotted pairwise in 80 individuals. (C–D) Comparison of the relative proportion of multifunctional 
cytokines between the original SARS-CoV-2 strain and the beta variant Spike protein peptide-pool-reactive CD4 (C) and CD8 (D) T cells in 92 recovered patients. 
The lines denote the median proportion of T-cell responses. IFNγ=interferon γ. IL-2=interleukin 2. TNFα=tumour necrosis factor α.
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Discussion 
The data presented here show that 82·0% of recovered 
COVID-19 patients had N-IgG antibodies, 95·2% had 
S-IgG antibodies, 94·2% had RBD-IgG antibodies, and 
81·6% had neutralising antibodies 12 months after a 
SARS-CoV-2 infection. Although the decline in neutralising 
antibody titres between 6 and 12 months after infection 
mainly occurred in older people and critical patients, 
seropositivity of neutralising antibodies was stable in this 
population. Virus-specific T cells were detectable in all 
patients that had recovered from COVID-19. Both the 
D614G and the delta variants escape from the neutralising 
antibodies against the original strain, an effect that 
depends on neutralising antibody titres. By contrast, an 
absence of response to the beta variant is not related to 
neutralising antibody titres against the original strain. 
Importantly, although neutralising antibody responses are 
less efficient to this variant, T-cell responses are cross-
reactive to the beta variant in patients recovered from 
infection. Memory T cells retained the ability to mediate 
cellular immunity in patients who had lost their 
neutralising antibody responses.

At present, long-term immune responses in recovered 
patients have been investigated. Cohen and colleagues 
observed that broad and effective antibody responses, and 
memory B-cell and T-cell responses, might persist for 
8 months following SARS-CoV-2 infection.14 Li and 
colleagues found that the positive rate of RBD-IgG 
exceeded 70% 12 months after diagnosis.15 However, they 
did not evaluate the T-cell responses to SARS-CoV-2 and 
neutralising antibody responses to variants. Rank and 
colleagues found that about two-thirds of participants 
maintained IFNγ-specific T-cell responses at the 12-month 
follow-up. The antiviral T cells were lower in frequency 
than those in this study.16 The major reason for this 
discrepancy might be because we used in-vitro expanded 
short-term T-cell lines after peptide pool stimulation. 
Recently, Zhang and colleagues reported that SARS-CoV-2-
specific cellular and humoral immunities are durable 
1 year after disease onset, and PBMCs were expanded for 
9 days in vitro.17 The results were similar to our findings. 
However, the neutralising antibody and T-cell responses to 
SARS-CoV-2 variants were not assessed in the study by 
Zhang and colleagues.

SARS-CoV-2 variants, especially alpha, beta, gamma, 
delta, and omicron, have been associated with rapid 
increases in cases at multiple locations.18–22 These variants 
harbour mutations in the Spike protein that might alter 
virus–host cell interactions and escape neutralising 
antibody responses. Because beta is the most probable 
variant to escape the approved vaccines in comparison 
with the alpha, gamma, and delta variants,23 we evaluate 
the neutralising antibody and T-cell responses to the beta 
variant in this study. Our data showed that neutralising 
antibodies from individuals who had recovered from 
natural infection against the original strain are less able to 
neutralise effectively the D614G, beta, and delta variants. 

However, higher neutralising antibody titres against the 
original strain contributed to the protection from infection 
of D614G and delta variants in vitro. Neutralising 
antibodies against the original strain had a lower ability to 
neutralise the beta variant than the D614G and delta 
variants. The ability to escape from the neutralising 
antibodies against the original strain has no association to 
antibody titres, suggesting that the beta variant affects the 
binding of neutralising antibodies to the viral Spike 
protein. Structural information provides a basis for how 
SARS-CoV-2 variants have evolved to evade the immune 
system. The three mutations characterising the beta 
variant (K417N, E484K, and N501Y) are located at the 
receptor-binding domain, making the variant resistant to 
some potent neutralising antibodies.24 However, the D614G 
variant enhances infectivity mainly through increasing the 
stability of the trimer, rather than through more exposed 
receptor-binding domains.25 Recently, a new SARS-CoV-2 
variant (omicron [B.1.1.529]) was reported.22 How it 
interacts with immune cells needs to be assessed.

Current SARS-CoV-2 vaccines are mainly focused on 
neutralising antibodies induced by the viral Spike or 
receptor-binding domain protein. However, mutations in 
the Spike protein can cause epitope changes, potentially 
resulting in the virus escaping from neutralising 
antibodies. It has been reported that the beta and gamma 
variants could not be efficiently blocked by plasma from 
convalescent patients with COVID-19 and serum from 
individuals vaccinated with the BNT162b2 vaccine 
(tozinameran, Pfizer–BioNTech),26 indicating that vaccine 
efficacy could be compromised by the emergence of viral 
variants. Although neutralising antibodies were less 
efficient at mediating in-vitro protection in naturally 
infected individuals, we found that the beta variant 
seemed to have no substantial impact on cellular 
immune responses 12 months after infection. Thus, the 
lack of sufficient neutralising antibodies against 
SARS-CoV-2 variants in individuals recovered from 
previous SARS-CoV-2 infection could be mitigated by 
T-cell responses. Despite the existence of cellular 
immune responses, it is urgent to use viral targets that 
are less likely to mutate for future SARS-CoV-2 vaccine 
platforms.

Our findings indicate that SARS-CoV-2 cellular 
immunity decays more slowly over time than neutralising 
antibody titres. In addition, SARS-CoV memory T cells 
have been detected 17 years after infection in individuals 
who recovered from SARS, and displayed robust cross-
reactivity to SARS-CoV-2.27 It has been reported that in the 
absence of neutralising antibodies, T-cell memory 
correlates with protection from influenza disease severity 
in humans.28 Future studies are needed to evaluate the role 
of T-cell memory of SARS-CoV-2 in protection against 
reinfections.

Our study has several limitations. First, we did not obtain 
consecutive samples. Longitudinal data from cohorts will 
help to further analyse the SARS-CoV-2 humoral and 
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cellular immunity in individuals recovered from 
COVID-19. Second, because moderate-to-critical cases 
represent most inpatients, asymptomatic and mild cases 
are not included here. Third, we evaluated neutralising 
antibody responses to the D614G, beta, and delta variants, 
and the cellular responses to the beta variant. Further 
studies should be done to characterise humoral and 
cellular immunity against other SARS-CoV-2 VOCs. In 
addition, because of the ethical limitations to sampling, we 
were not able to obtain enough samples for T-cell analysis. 
Instead, we cultured PBMCs in vitro before analysing 
T-cell responses in ELISpot assays, as described previously.17 
This expansion protocol could potentially alter both the 
magnitude and polyfunctionality of the T cells due to 
differences in the proliferative capacity of different antigen-
specific T cells.

In summary, we evaluated antibody and cellular 
immunity in COVID-19-convalescent individuals 
12 months after infection. Our findings show that humoral 
and cellular immunity against SARS-CoV-2 is present in 
most recovered patients 12 months after moderate-to-
critical infection. Neutralising antibody responses to the 
D614G, beta, and delta variants are much poorer than 
those to the original strain from Wuhan, China. Our 
results also showed the presence of cellular immune 
responses to SARS-CoV-2 variants and patients who lost 
their neutralising antibody responses. These data 
underline the importance of broad B-cell and T-cell 
immunity for future vaccine strategies targeting SARS-
CoV-2.
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