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Objectives: Antiviral adaptive immunity involves memory B cells (MBC) and memory T cells (MTC). The 

dynamics of MBC and MTC in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) convales- 

cents warrant further investigation. 

Methods: In this cross-sectional and longitudinal study, blood-derived MBC and MTC responses were 

evaluated in 68 anti-spike IgG-positive mild coronavirus disease 2019 (COVID-19) convalescents at visit 

1, between 1 and 7 months (median 4.1 months) after disease onset. SARS-CoV-2 anti-spike IgG was de- 

termined by ELISA, MBC by SARS-CoV-2-specific receptor binding domain (RBD) ELISpot, and interferon 

gamma (IFN- γ )-, interleukin 2 (IL2)-, and IFN- γ + IL2-secreting MTC by IFN- γ and IL2 SARS-CoV-2 Fluo- 

roSpot. For 24 patients sampled at the first visit, the IgG, MBC, and MTC analyses were also performed 

3 months later at the second visit. 

Results: Seventy-two percent of convalescents were both MBC- and MTC-positive, 18% were MBC-positive 

and MTC-negative, and 10% were MTC-positive and MBC-negative. The peak MBC response level was de- 

tected at 3 months after COVID-19 onset and persisted up to 7 months post infection. Significant MTC 

levels were detected 1 month after onset in response to S1, S2_N, and SNMO peptide pools. The frequency 

and magnitude of the MTC response to SNMO was higher than those to S1 and S2_N. Longitudinal anal- 

ysis demonstrated that even when specific humoral immunity declined, the cellular immunity persisted. 

Conclusions: The study findings demonstrate the durability of adaptive cellular immunity at least for 

7 months after SARS-CoV-2 infection, suggesting long-lasting protection. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious 

Diseases. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The progressive decline in anti-severe acute respiratory syn- 

rome coronavirus 2 (SARS-CoV-2) antibody levels in convalescent 

atients after primary infection ( Achiron et al., 2021 ; Hartley et al., 

020 ; Rodda et al., 2021 ; Sakharkar et al., 2021 ) raises the pos-

ibility of SARS-CoV-2 re-infection, once the humoral immunity is 

iminished. As a result, attention has been drawn to longstand- 

ng immunity against SARS-CoV-2 involving memory B and mem- 

ry T cells (MBC and MTC, respectively). The presence of specific 

nti-SARS-CoV-2 MBC and MTC has been demonstrated in conva- 

escent patients ( Forthal, 2021 ; Hartley et al., 2020 ; Peng et al.,

006 ; Peng et al., 2020 ; Rodda et al., 2021 ; Schwarzkopf et al.,

021 ; Sekine et al., 2020 ; Sherina et al., 2021 ; Thieme et al., 2020 ).

Several recent studies have shown that SARS-CoV-2-specific 

gG persists and is accompanied by simultaneously increased 
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roportions of MBC and MTC for up to 8–9 months after disease 

nset ( Dan et al., 2021 ; Sandberg et al., 2021 ; Sherina et al., 2021 ),

hile others have shown a decline in SARS-CoV-2 IgG levels ac- 

ompanied by persistence and even an increase in MBC for at least 

 months after disease onset ( Hartley et al., 2020 ; Rodda et al.,

021 ; Sakharkar et al., 2021 ). 

In view of the reported decline in IgG levels during coronavirus 

isease 2019 (COVID-19) convalescence, the long-lasting adaptive 

mmunity is most relevant for the re-call immune response in the 

ase of re-infection. The recently reported low frequency of SARS- 

oV-2 re-infection in seronegative individuals ( Leidi et al., 2021 ; 

urchu et al., 2021 ) has raised the possibility of anti-SARS-CoV- 

 defense by re-call adaptive immunity. Therefore, this study was 

erformed to profile SARS-CoV-2 MBC and MTC responses and the 

TC repertoire in anti-spike IgG-positive mild COVID-19 convales- 

ent patients. In particular, the MBC and MTC responses in COVID- 

9 convalescents with a declined IgG level were assessed. 

. Methods 

.1. Participants 

SARS-CoV-2 convalescents were included in the study accord- 

ng to the following criteria: (1) positive RT-PCR SARS-CoV-2 RNA 

asopharyngeal swab; (2) positive anti-SARS-CoV-2 IgG test. None 

f the patients required hospitalization and the disease sever- 

ty was mild, with the patients presenting at least one of the 

ollowing symptoms: fatigue, weakness, muscle pain, cough, and 

ever. Healthy individuals with no history of SARS-CoV-2 symp- 

oms, no household contact with an infected patient, and who 

ere seronegative to anti-spike SARS-CoV-2 were included as a 

egative control group. Blood samples for immune assessments 

ere obtained from all participants ( N = 84), including 68 con- 

alescents and 16 healthy subjects. The MBC response was deter- 

ined in all 68 convalescents, and 41 were evaluated for MTC at 

he first visit. For the longitudinal study, 24 patients characterized 

y a reduced anti-spike IgG test 3 months later (second visit), were 

gain analyzed by MBC and MTC tests. 

.2. Ethics statement 

This study was approved by Sheba Institutional Review Board 

SMC-750320) and informed consent was obtained from all partic- 

pants. 

.3. Detection of SARS-CoV-2 anti-spike S1 IgG antibodies 

The immunoassay for the detection of SARS-CoV-2 IgG anti- 

odies in blood samples was performed using the Euroimmun 

EI, Lubeck, Germany) anti-SARS-CoV-2 IgG quantitative ELISA kit 

ased on a recombinant S1 subunit of the SARS-CoV-2 spike pro- 

ein. The tests were performed in accordance with the manu- 

acturer’s instructions using an Agility automated ELISA analyzer 

DYNEX Technologies Inc., Chantilly, VA, USA). Optical density (OD) 

as detected at 450 nm, and the ratio of the reading of each sam- 

le to the reading of the calibrator, included in the kit, was cal- 

ulated for each sample (referred to as the IgG score below). IgG 

core values higher than 1.0 were considered positive. 

.4. COVID-19 memory B cell and memory T cell responses 

The analysis of SARS-CoV-2-specific MBC was performed us- 

ng the FluoroSpot assay for the detection of receptor-binding 

omain (RBD)-specific MBC-derived IgG-secreting cells, following 

olyclonal B cell stimulation. The human IgG SARS-CoV-2 receptor- 

inding domain (RBD)-specific ELISpot PLUS kit (ALP kit; Mabtech, 
209 
weden) was used, according to the manufacturer’s instructions. 

riefly, peripheral blood mononuclear cells (PBMC) were incubated 

250 0 0 0 cells/well) on the anti-IgG FluoroSpot plate after stim- 

lation with a mixture of R848 (1 μg/ml) and interleukin 2 (IL2) 

10 ng/ml) (B-Cell stimpack; Mabtech, Sweden). The number of 

ARS-CoV-2-specific IgG-secreting B cells was measured in spot- 

orming units (SFU) using a Mabtech IRIS reader. The results were 

xpressed as the number of SFU per 250 0 0 0 seeded cells after 

ubtracting the background of unstimulated cells. The positive cut- 

ff value was set above the 90% confidence interval in healthy sub- 

ects (HS). 

The interferon gamma (IFN- γ )-, IL2-, and IFN- γ + IL2-secreting 

TC were detected using human IFN- γ and IL2 SARS-CoV-2 

luoroSpot PLUS kits according to the manufacturer’s protocol 

Mabtech AB, Sweden). The pre-coated plates with monoclonal 

nti-IFN- γ /IL2 were incubated overnight in RPMI-1640 medium 

ontaining 10% Fetal calf serum (FCS) supplemented with SARS- 

oV-2 peptide pools or non-specific anti-CD3 stimuli (0.1 μg/ml) in 

he presence of anti-CD28 (0.1 μg/ml) and 300 000 cells per well 

n a humidified incubator (5% CO 2 , 37 °C). 

The SARS-CoV-2 S1 scanning pool contains 166 peptides from 

he human SARS-CoV-2 virus (#3629-1; Mabtech AB). The peptides 

re 15-mers overlapping with 11 amino acids, covering the S1 do- 

ain of the S protein (amino acids 13–685). The S1 pool is sup- 

lied as S1_1 (1–83) and S1_2 (84–166) peptides. The SARS-CoV-2 

NMO defined peptide pool contains 47 synthetic peptides bind- 

ng to human leukocyte antigen (HLA), derived from the S, N, M, 

RF3a, and ORF7a proteins (#3622-1; Mabtech AB) ( Peng et al., 

020 ). The SARS-CoV-2 S2_N defined peptide pool contains 41 syn- 

hetic peptides binding to HLA derived from the S and N proteins 

f the SARS-CoV-2 virus (#3620-1, Mabtech AB) ( Ahmed et al., 

020 ). 

The results of the ELISpot and FluoroSpot assays were evalu- 

ted using an IRIS reader and analyzed using IRIS software version 

.1.9 (Mabtech AB). Peptide pool specific responses were quantified 

y measuring IFN- γ -, IL2-, or IFN- γ + IL2-producing MTC. Measure- 

ents of at least 5.0 SFU, that were at least 2-fold higher than 

he SFU background in culture media, were considered positive. 

he background SFU were subtracted from the measurements and 

xpressed as SFU/250 0 0 0 cells. To determine the overall IFN- γ - 

 IL2-, or IFN- γ + IL2-producing MTC response as positive or neg- 

tive, the subjects with at least one positive response for either 

FN- γ , IL2, or IFN- γ + IL2 to at least one of the SARS-CoV-2 peptide

ools were taken into consideration. To assess the continued over- 

ll MTC response in relation to one of the analyzed cytokines, the 

ositive SFU of the specific cytokine-secreting MTC in response to 

1, S2_N, and SNMO peptides was summarized as described previ- 

usly ( Sherina et al., 2021 ). The positive cutoff value was set above 

he 90% confidence interval of the number of specific MTC in the 

ealthy controls. 

.5. Statistical analysis 

All continuous characteristics are described as the mean ± stan- 

ard deviation (SD); non-continuous characteristics are described 

s the median with 25–75% interquartile range (IQR). Differences 

ere determined by Mann–Whitney U -test, Fisher’s exact test, and 

he Chi-square test; correlation was assessed by Spearman (rank) 

est. A P -value < 0.05 indicated significance. 

. Results 

Sixty-eight anti-spike-IgG positive COVID-19 convalescents, 25 

emale and 43 male, mean age 39.3 ± 13.2 years, with a median 

ime from disease onset (TFO) at first visit of 4.1 months (IQR 2.6–

.1 months), were included in the study. The MBC analysis was 
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Figure 1. Study design. 

MBC, memory B cells; MTC, memory T cells. 

Figure 2. Representative images for the MTC and MBC tests. (A) MTC test: PBMCs 

(250 0 0 0 cells/well) were stimulated for 48 h with S1, S2_N, and SNMO of the 

Mabtech SARS-CoV-2 peptide pools or αCD3 as positive control. The MTC were an- 

alyzed on the Mabtech IRIS reader using an IFN- γ or IL2 FluoroSpot assay. (B) MBC 

test: PBMCs were stimulated with R848 and IL2 for 96 h (S). After pre-stimulation, 

250 0 0 0 cells/well were incubated on an anti-IgG FluoroSpot plate for 18 h. RBD- 

specific MBC were detected using RBD–streptactin-550 conjugate. The analysis was 

performed on the Mabtech IRIS reader. 

U, unstimulated cells; S, stimulated cells; MTC, memory T cells; MBC, memory B 

cells. 
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erformed for all of the convalescents, while the MTC analysis was 

erformed for 35 convalescents (mean age 42.0 ± 12.8 years; 11 

emale, 24 male). From this cohort, 24 individuals (mean age 34.6 

18.3 years; eight female, 16 male) were tested twice: at first visit 

TFO median 4.1 months, IQR 2.1-5.5 months) and 3 months later 

t the second visit (TFO median 7.1 months, IQR 6.7–8.3 months). 

he study design is presented in Figure 1 and representative im- 

ges of MTC and MBC detection are presented in Figure 2 . 

.1. Longitudinal dynamics of humoral and adaptive immune 

esponses in SARS-CoV-2 convalescents 

At the first visit, all convalescents were positive for anti-spike 

gG, with an average titer of 4.33 ± 2.89 (OD ratio); 72% were pos- 

tive for both MBC and MTC, 18% were positive for MBC and nega- 

ive for MTC, and 10% were positive for MTC and negative for MBC. 

The level of SARS-CoV-2-specific anti-spike IgG in HS was neg- 

igible (median 0), while in convalescents the level of IgG was 

ignificantly higher at 1 month TFO (median 2.3; P < 0.05) and 

emained persistent and significantly higher than in HS for the 

ext 6 months ( Supplementary Material Figure S1). Similarly, 

nti-RBD-specific MBC gradually increased and reached a signif- 

cantly higher level as compared with HS at 3 months (median 

4.8 and 6.8, respectively; P < 0.02), and remained significantly 

igher than in HS at 5 and 7 months, while no difference was 

bserved between the different time points ( Figure 3 A). While 

he MBC were significantly elevated at 3 months TFO, MTC were 

haracterized by an earlier response. The IFN- γ -, IL2-, and poly- 

unctional IFN- γ + IL2-secreting MTC were significantly increased 
210 
lready at 1 month TFO and persisted for up to 7 months ( P <

.005; Figure 3 B–D). Notably, while anti-spike IgG levels, MBC, and 

TC were significantly higher than in the HS, no statistical differ- 

nces were observed in convalescents at the different time points. 

Significant correlations were observed between the number of 

nti-RBD MBC and the anti-spike IgG level ( r = 0.39, P = 0.0 0 09)

nd IL2-secreting MTC ( r = 0.45, P = 0.004), but less with IFN- γ -

ecreting MTC ( r = 0.3, P = 0.05) ( Figure 4 A–C), while IFN- γ - and

L2-secreting MTC were correlated as well ( r = 0.48, P = 0.001; 

igure 4 D). No significant correlations were observed between IgG 

nd MTC and between MBC and MTC with TFO. 

.2. SARS-CoV-2-specific T cell memory repertoire 

To determine whether MTC were generated and sustained in 

OVID-19 convalescents, the number of IFN- γ -, IL2-, and IFN- 

+ IL2-secreting MTC in response to stimulation with SARS-CoV- 

 S1, S2_N, and SNMO peptide pools were measured simultane- 

usly. The significantly highest frequencies of individuals with pos- 

tive IFN- γ -, IL2-, and IFN- γ + IL2-secreting MTC were observed 

n response to the SNMO pool (82.9%, 57.5%, and 72.3%, re- 

pectively) as compared to S1 (56.6%, 34.1%, and 43.0%, respec- 

ively; P < 0.0 0 01) and S2_N (31.7%, 7.3%, and 17.5%, respec- 

ively; P < 0.0 0 01) ( Supplementary Material Table S1). In addi- 

ion, the SFU levels of at least IFN- γ -producing MTC in response 

o SNMO were significantly higher than in response to S1 or S2_N 

 Supplementary Material Table S2). 

As demonstrated by the SFU number, stimulation with the 

NMO pool was characterized by an earlier immediate and more 

ersistent response of IFN- γ -, IL2-, and IFN- γ + IL2-secreting MTC 

han stimulation with the S1 and S2_N peptides. After stimulation 

ith SNMO, IFN- γ -, IL2-, and IFN- γ + IL2-secreting MTC were sig- 

ificantly increased already after 1 month TFO and were still ele- 

ated for up to 7 months of follow-up ( P < 0.05) ( Figure 5 ). The

esponse to the S1 peptides was delayed and significantly different 

rom those of HS at 5 and 7 months in either cytokine-producing 

TC ( Supplementary Material Figure S2). The response to the 

2_N peptide pool was minor and observed in IFN- γ -secreting 

TC at 5 months TFO ( Supplementary Material Figure S3). No 

tatistical differences were observed in the levels of IFN- γ -, IL2- 

 and IFN- γ + IL2-secreting MTC in convalescents at the different 

ime points. 

.3. Longitudinal analysis 

As demonstrated previously, the level of SARS-CoV-2 anti-spike 

gG decreased by 50% but still prevailed over a period of 9 months 

 Achiron et al., 2021 ). To better understand the longitudinal mem- 

ry cell responses, the dynamics of IgG, MBC, and MTC from the 

ame patient at two repeated visits were analyzed. Specifically, 

ellular memory was characterized in 24 convalescents who were 

nti-spike IgG-positive at the first visit and had a declined IgG 

evel at the second visit. Six of the 24 convalescent patients with 

ositive IgG at the first time point (median 1.22, IQR 1.14–1.58) 

witched to IgG-negative at the second time point (median 0.66, 

QR 0.40–0.96; P = 0.008) ( Figure 6 A). All patients in this subgroup 

ere characterized by an increasing or no change in number of 

BC: median 23.5 (IQR 0–28.9) and median 28.1 (IQR 19.0–56.3), 

espectively ( P = 0.002) ( Figure 6 B). However, the overall IFN- 

-secreting, IL2-secreting, and IFN- γ + IL2-secreting MTC remained 

ersistent at both time points: median 17.7 (IQR 3.22–45.2) and 

.85 (IQR 0–41.9), median 9.5 (IQR 0–24.4) and 7.7 (IQR 0–34.0), 

nd median 20.9 (IQR 1.65–34.6) and 8.95 (IQR 4.75–18.5), respec- 

ively ( P > 0.05) ( Supplementary Material Figure S4A–D). 

In contrast, the 18 patients with decreased IgG yet remain- 

ng IgG-positive (median 3.91 (IQR 2.81–7.73) and 2.53 (IQR 1.89–
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Figure 3. Dynamics of the humoral and adaptive immune response in convalescent patients. (A) Dynamics of anti-SARS-CoV-2 MBC. The number of subjects per group was 

as follows: HS, n = 16; 1 month, n = 13; 3 months, n = 21; 5 months, n = 19; 7 months, n = 15. The dashed line denotes the cutoff level in HS (6.8 SFU), calculated as 90% 

of confidence interval. (B) Dynamics of IFN- γ MTC. (C) Dynamics of IL2 MTC. (D) Dynamics of IFN- γ + IL2 MTC. For graphs B, C, and D, the number of subjects per group 

was as follows: HS, n = 12; 1 month, n = 9; 3 months, n = 9; 5 months, n = 13; 7 months, n = 10. The dashed line denotes the cutoff level in HS (0.0 SFU) calculated as 

90% of confidence interval. 

HS, healthy subject controls; MBC, memory B cells; IFN- γ MTC, overall IFN- γ -producing memory T cells calculated as the sum of the positive SFU of IFN- γ -secreting cells 

in response to S1, S2_N, and SNMO; IL2 MTC, overall IL2-producing memory T cells calculated as the sum of the positive SFU of IL2-secreting cells in response to S1, S2_N, 

and SNMO; IFN- γ + IL2 MTC, overall IFN- γ + IL2-producing memory T cells calculated as the sum of the positive SFU of IFN- γ + IL2-secreting cells in response to S1, S2_N, and 

SNMO. 
∗P < 0.03 by Mann–Whitney U -test as compared to HS. NS is non-significant as compared to HS. In graphs A, B, C, and D, no significant difference in SFU levels between 

the different time points was observed. 

Figure 4. Correlation between adaptive immune memory components. (A) Correlation (by Spearman rank test) between anti-S1 spike IgG and MBC levels. (B) Correlation 

between overall IL2-secreting MTC and MBC levels. (C) Correlation between overall IFN- γ -secreting MTC and MBC. (D) Correlation between overall IFN- γ and IL2-secreting 

MTC. 

SFU, spot-forming units; MBC, memory B cells; IFN- γ MTC, overall IFN- γ -producing memory T cells calculated as the sum of the positive SFU of IFN- γ -secreting cells in 

response to S1, S2_N, and SNMO; IL2 MTC, overall IL2-producing memory T cells calculated as the sum of the positive SFU of IL2-secreting cells in response to S1, S2_N, and 

SNMO. 

211 
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Figure 5. Dynamics of SARS-CoV-2 IFN- γ -, IL2-, and IFN- γ + IL2-secreting MTC cells in response to SNMO peptides. (A) Dynamics of IFN- γ -secreting MTC in response to the 

SNMO peptide pool. (B) Dynamics of IL2-secreting MTC in response to the SNMO peptide pool. (C) Dynamics of IFN- γ + IL2-secreting MTC in response to the SNMO peptide 

pool. The number of subjects per group was as follows: HS, n = 12; 1 month, n = 9; 3 months, n = 9; 5 months, n = 13; 7 months, n = 10. The dashed line denotes the 

cutoff level in the HS (0.0 SFU) calculated as 90% of confidence interval. 

HS, healthy subjects; SFU, spot-forming units; TFO, time from COVID-19 onset; SNMO IFN- γ MTC, IFN- γ -secreting memory T cells in response to SNMO; SNMO IL2 MTC, 

IL2-secreting memory T cells in response to SNMO; SNMO IFN- γ + IL2 MTC, IFN- γ + IL2-secreting memory T cells in response to SNMO. 
∗P < 0.05 by Mann–Whitney U -test as compared to HS. NS is non-significant as compared to HS. In graphs A, B, and C, no significant difference in SFU levels between the 

different time points were observed. 
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.88); P = 0.01) ( Figure 6 C) displayed no significant changes in 

BC (median 30.5 (IQR 1.73–56.3) and 12.1 (IQR 0–60.8); P = 0.2) 

 Figure 6 D) and in the overall IFN- γ -secreting, IL2-secreting, and 

FN- γ + IL2-secreting MTC (median 15.0 (IQR 0.68–38.6) and 25.7 

IQR 0.9–38.5), median 4.8 (IQR 0–22.4) and 8.45 (IQR 0–30.5), and 

edian 5.4 (IQR 0–23.9) and 19.9 (IQR 0–42.5), respectively) ( P > 

.05) ( Supplementary Material Figure S4E–H). 

. Discussion 

The prevention of re-infection involves cellular memory compo- 

ents programmed to rapidly respond to antigen encounter gener- 

ting memory B and T cells ( Cromer et al., 2021 ; Forthal, 2021 ;

azzoni et al., 2021 ; Turner et al., 2021 ; Ueffing et al., 2020 ). This

tudy demonstrated the simultaneous presence of robust SARS- 

oV-2 anti-spike antibodies and durable memory B and T cell 

esponses specific for SARS-CoV-2 peptides in patients recovered 

rom COVID-19 up to 7 months post-infection. It was demonstrated 

hat the levels of MBC and MTC increased shortly after onset. No- 

ably, the MTC response preceded RBD-specific MBC, as has been 

eported previously ( Dan et al., 2021 ). The MTC response was 

haracterized by IFN- γ -, IL2-, and IFN- γ + IL2-secreting MTC in re- 

ponse to S1, S2_N, and SNMO peptide pools. 

The observed dynamics of the humoral and adaptive im- 

une response corroborated previous publications reporting that 

nti-spike IgG remained stable up to 6 months after diagno- 

is ( Dan et al., 2021 ; Gaebler et al., 2021 ; Hartley et al., 2020 ;

herina et al., 2021 ). The observed humoral response detected 

gainst the spike and the recall memory B cell response against 

BD, support the long-lasting protection from SARS-CoV-2 infec- 
212 
ion. Moreover, the study results suggest that even when the 

ARS-CoV-2 antibody level switches to seronegative, the pres- 

nce of MBC and MTC potentially provides defense in the case of 

e-infection. Numerous studies have described around 1% of re- 

nfections ( Leidi et al., 2021 ; Murchu et al., 2021 ). This low fre-

uency of re-infection cases could probably be explained by the 

resence and involvement of adaptive immunity components, i.e., 

emory B and T cells. This notion is further strengthened by a 

ecent study ( McMahan et al., 2021 ), which showed that relatively 

ow antibody titers are sufficient for protection against SARS-CoV-2 

n rhesus macaques, and that cellular immune responses may con- 

ribute to protection if antibody responses are suboptimal. 

The findings of IFN- γ -secreting effector MTC suggest an im- 

ediate, but not sustained protection at pathogen sites of entry, 

hereas central MTC characterized by IL2 or IFN- γ + IL2 secretion 

uggests a sustained long-lasting response by proliferating in the 

econdary lymphoid organs and producing a supply of new effec- 

ors ( Forthal, 2021 ). 

IL2 is a growth factor for cellular expansion of specific T cells 

nd the generation of effector and memory T cells ( Abbas et al., 

018 ), as has previously been detected upon in vitro stimula- 

ion of PBMCs from both acute and convalescent COVID-19 pa- 

ients ( Braun et al., 2020 ; Grifoni et al., 2020 ; Peng et al., 2020 ;

ekine et al., 2020 ; Thieme et al., 2020 ; Weiskopf et al., 2020 ).

ntracellular staining revealed that both CD8 + T cells and CD4 + 

 cells are sources of this cytokine, but CD4 + T cells appear to 

e the main producers ( Braun et al., 2020 ; Grifoni et al., 2020 ;

eng et al., 2020 ; Sekine et al., 2020 ). Based on the production 

f IFN- γ and IL2, SARS-CoV-2-specific CD4 + T cells could be di- 

ided into three distinct populations: single IFN- γ -secreting cells, 
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Figure 6. MBC levels in patients with decreased anti-spike IgG. (A) Convalescent 

patients switching from positive to negative IgG level between visit 1 (black dots) 

and visit 2 (gray dots). (B) MBC changes in convalescent patients switching from 

positive to negative IgG level between visit 1 (black dots) and visit 2 (gray dots). 

(C) Patients with a decreased IgG level, yet remaining IgG-positive between the first 

(black dots) and second (gray dots) visits. (D) MBC changes in patients with a de- 

creased IgG level, yet remaining IgG-positive. 

MBC, memory B cells. 
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ouble IFN- γ + IL2-secreting cells, and single IL2-secreting cells 

 Yang et al., 2006 ). This classification further demonstrates the het- 

rogeneity of MTC and also indicates that distinct subpopulations 

f memory CD4 + T cells have different capacities to develop into 

hort/effector IFN- γ -secreting and long-lived/central IL2-secreting 

nd IFN- γ + IL2-secreting MTC ( Yang et al., 2006 ). 

As expected, the study results demonstrated a T cell response 

or all SARS-CoV-2 peptide pools. Particularly in convalescents, the 

NMO peptide pool elicited the strongest memory T cell responses, 

hat likely reflect the exposure to whole viral particle components 

ncluding spike (S), nucleoprotein (N), membrane protein (M), and 

RF (ORF)-3a and ORF-7a ( Peng et al., 2020 ). Although it seems ev-

dent that the SNMO pool will create higher responses when com- 

ared to S1 or S2, previous studies have shown that the S1 pool 

as significantly higher reactivity in COVID-19 recovered individu- 

ls than in healthy controls and that SFU fold changes for the S1 

ool are higher than those for SNMO ( Long et al., 2021 ). Further-

ore, significantly more poly-functional T cells respond to the S1 

eptide pool as compared to the N peptide pool in convalescents 

 Sandberg et al., 2021 ). Therefore the finding of a higher SNMO SFU

esponse over those of the S1 pool is not easily straightforward. 

Nevertheless, we expect that the response of vaccinated sub- 

ects (with the mRNA-based vaccine; Pfizer BNT162b2) will be 

licited dominantly to the spike protein peptide pool. 

In view of recently developed anti-SARS-CoV-2 vaccines and 

he reported decline in antibody titers in vaccinated individu- 

ls ( Bates et al., 2021 ; Sariol et al., 2021 ) and convalescent pa-

ients ( Gaebler et al., 2021 ), it was interesting to follow MBC and

TC levels in patients switching to seronegative status. The crit- 

cal question in patients with a decline in circulating antibodies 

s whether the other elements of immunological resistance against 

ARS-CoV-2 infection still exist. 
213 
The study results showed that robust T and B cell responses 

n such patients not only persisted but even increased, simi- 

ar to the results of a previous study in which disappearing 

ARS-CoV-2-specific IgG was associated with a durable mem- 

ry T cell response as compared to convalescents who remained 

gG-positive ( Schwarzkopf et al., 2021 ). The present study re- 

ults are in line with previous publications related to Middle East 

espiratory syndrome coronavirus (MERS-CoV) and severe acute 

espiratory syndrome coronavirus 1 (SARS-CoV-1) infections in 

hich a memory T cell response was observed when the anti- 

ody response waned ( Abayasingam et al., 2021 ; Alshukairi et al., 

016 ; Channappanavar et al., 2014 ; Zhao et al., 2017 ). Similarly, 

andberg et al. (2021) and Sherina et al. (2020) ( Sandberg et al., 

021 ; Sherina et al., 2021 ) showed robust MBC and MTC responses 

n patients with gradually decreased antibody levels at 8–9 months 

fter SARS-CoV-2 onset ( Dan et al., 2021 ). This suggests that al- 

hough titers of antibody wane, an effective immune response to 

uture infections could be developed by cellular memory compo- 

ents. Considering the high mutation rate of SARS-CoV-2 and po- 

ential immune escape, and that different spike mutations impair 

ARS-CoV-2 antigenicity (Harvey et al., 2021), it remains an open 

uestion whether the original memory cells will cross-react with 

ARS-CoV-2 variants. Although the existing evidence that the spike 

mino acid changes affect antibody neutralization (Harvey et al., 

021) and some variants can partially escape humoral immunity 

nduced by SARS-CoV-2 infection or BNT162b2 vaccination, yet S- 

pecific CD4 + T cell activation is not affected by the mutations at 

east in the B.1.1.7 and B.1.351 variants ( Geers et al., 2021 ). SARS- 

oV-2 variants analyzed by Tarke et al. in 2021 did not signifi- 

antly disrupt the total SARS-CoV-2 T cell reactivity; however, the 

ecreases observed in responses highlight the importance of active 

onitoring of T cell reactivity in the context of SARS-CoV-2 evolu- 

ion ( Tarke et al., 2021 ). 

In conclusion, (1) durable immune humoral and adaptive re- 

ponses were observed in SARS-CoV-2 convalescent patients with 

ild symptoms for up to 7 months, suggesting the longevity of 

umoral and adaptive immunity in convalescent individuals. (2) In 

onvalescent patients, the T cell responses to S1, S2_N, and SNMO 

eptide pools were characterized by presenting IFN- γ - and IL2- 

ecreting T cells and poly-functional IFN- γ + IL2-secreting T cells. 

3) In convalescent patients, a waning anti-spike IgG titer could be 

ccompanied by robust MBC and IFN- γ -producing MTC, suggest- 

ng a potential long-lasting recall memory response and defense 

gainst re-infection. 
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