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Objectives: First, to describe SARS-CoV-2 T cell and antibody responses in a prospective cohort of health- 

care workers that suffered from mild to moderate COVID-19 approximately one year ago. Second, to as- 

sess COVID-19 vaccine-induced immune responses in these prior-infected individuals. 

Methods: SARS-CoV-2-specific T cell and anti-SARS-CoV-2-Spike-RBD immunoglobulin G (IgG) responses 

in blood were determined before COVID-19 vaccination with mRNA-1273, BNT162b2, Ad26.CoV2-S or 

ChAdOx1-S, two weeks after first vaccination, and after second vaccination. 

Results: 55 prior SARS-CoV-2 infected and seroconverted individuals were included. S1-specific T cell re- 

sponses and anti-RBD IgG were detectable one year post SARS-CoV-2 infection: 24 spot-forming cells per 

10 6 peripheral blood mononuclear cells (SFCs/10 6 PBMCs) after S1 stimulation and anti-RBD IgG concen- 

tration of 74 (IQR 36–158) IU/mL. Responses after the first and second vaccination were comparable with 

S1-specfic T cell responses of 198 (IQR 137–359) and 180 (IQR 103–347) SFCs/10 6 PBMCs, and IgG con- 

centrations of 6792 (IQR 3386–15,180) and 6326 (IQR 2336–13,440) IU/mL, respectively. These responses 

retained up to four months after vaccination. 

Conclusions: Both T cell and IgG responses against SARS-CoV-2 persist for up to one year after COVID-19. 

A second COVID-19 vaccination in prior-infected individuals did not further increase immune responses 

in comparison to one vaccination. 

© 2021 The British Infection Association. Published by Elsevier Ltd. All rights reserved. 
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Immune protection against severe acute respiratory 

oronavirus-2 (SARS-CoV-2) infection is commonly associated 

ith the presence of neutralising antibodies that bind to the 

eceptor-binding domain (RBD) of the virus’ Spike glycoprotein. 1 , 2 

hese RBD-bound antibodies prevent interactions between RBD 

nd host’s angiotensin-converting enzyme-2 (ACE2), which is a 

ritical process for SARS-CoV-2 cell invasion. 3 , 4 

In contrast, most coronavirus disease 2019 (COVID-19) immu- 

ity studies paid less attention to the role of the cellular compo- 

ent of the adaptive immune system. 5 There is increasing evidence 

hat an effective T cell response is crucial for protection against 

ARS-CoV-2 infection and severity of disease. For example, the 

resence of robust SARS-CoV-2-specific T cell responses is associ- 
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ted with successful recovery from COVID-19, 6 whereas lymphope- 

ia, especially of the CD8 + T cell subset, is commonly observed 

n severe COVID-19 cases. 7–11 In the absence of an effective anti- 

iral T cell response, severe COVID-19 patients present a severe and 

ersistent lung inflammation mediated by highly activated myeloid 

ells. 12 , 13 Furthermore, the SARS-CoV-2 Alpha (B.1.1.7 lineage) and 

eta (B.1.351 lineage) variants of concern (VOC) partially escaped 

umoral but not T cell responses in COVID-19 convalescent donors 

nd vaccinees. 14 , 15 Moreover, the Delta (B.1.617 lineage) variant 

emonstrated three- to fivefold lower neutralising antibody titres 

fter two BNT162b2 or ChAdOx-1 vaccinations, 16 whereas T cell re- 

ponses were robust and cross-reactive against the VOC after nat- 

ral infection or two BNT162b2 vaccinations. 17 Therefore, the as- 

essment of T cell responses might be equally important as the 

ssessment of SARS-CoV-2 specific antibody responses to evaluate 

ne’s immune status after natural infection or COVID-19 vaccina- 

ion. 

Most previous SARS-CoV-2 immunity studies assessed SARS- 

oV-2-specific immune responses in COVID-19 convalescents up to 

ine months post-symptom onset (PSO), 18–27 or in healthy individ- 
eserved. 

https://doi.org/10.1016/j.jinf.2021.12.003
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jinf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jinf.2021.12.003&domain=pdf
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als after administrating COVID-19 vaccinations. 28–31 However, lit- 

le is known about the persistence of SARS-CoV-2-specific T cell 

nd antibody responses one year after SARS-CoV-2 infection and 

ow COVID-19 vaccinations affect these responses in prior-infected 

ndividuals. 

This study aimed to describe and compare SARS-CoV-2-specific 

 cell and antibody responses in a cohort of healthcare workers 

HCWs) that suffered from mild to moderate COVID-19 one year 

go. Second, we aimed to describe COVID-19 vaccine-induced T cell 

nd antibody responses in our cohort of COVID-19 convalescents. 

ethods 

tudy design 

HCWs that suffered from mild to moderate COVID-19 and tested 

ARS-CoV-2 reverse transcription-quantitative polymerase chain 

eaction (RT-qPCR) positive approximately one year ago (i.e., be- 

ween March and July 2020) and in which seroconversion occurred 

n the following months post diagnosis as described previously 

ere eligible for this study. 32 Ideally, SARS-CoV-2-specific T cell 

nd antibody responses in blood were determined at three time 

oints: before COVID-19 vaccination, two weeks after the first vac- 

ination, and if applicable after the second COVID-19 vaccination. 

The study was conducted following the principles of the Dec- 

aration of Helsinki, and ethical approval was obtained from the 

edical Research Ethical Committee United (protocol number 

20.030). All participants provided written informed consent for 

articipation. 

BMC and serum isolation 

Whole blood was obtained by venipuncture and was collected 

n lithium-heparin tubes. Within eight hours after blood collection, 

erum was isolated from the whole blood sample and peripheral 

lood mononuclear cells (PBMCs) were isolated using the Ficoll®

aque density gradient separation. Cells were washed twice adding 

re-heated (37 °C) RPMI 1640 cell culture medium (Gibco) and 

entrifugation. The pellet was resuspended in pre-heated (37 °C) 

IM-V medium (AIM-V® + AlbuMAX® (BSA); Gibco). The PBMC 

oncentration was determined in an automated cell counter (WBC 

ystem; HemoCue®), whereafter the PBMCs were diluted in pre- 

eated (37 °C) AIM-V medium. 

ARS-CoV-2 ELISpot 

T cell responses against SARS-CoV-2 antigens were assessed by 

he T-SPOT® Discovery SARS-CoV-2 (Oxford Immunotec). The assay 

as performed exclusively with materials from the kit, according 

o the manufacturer’s instructions. On day 1, the following stimu- 

ators were added in a volume of 50 μL per well: AIM-V as a neg-

tive control, phytohemagglutinin as a positive control, and SARS- 

oV-2 spike subunit 1 (S1), nucleocapsid protein (N), and mem- 

rane protein (M) peptide pools that exclude peptide sequences 

omologous to endemic coronaviruses. 2.5 × 10 5 PBMCs in 100 μL 

IM-V medium were added to each well. The microtiter plate was 

ncubated for 16–20 h at 37 °C with 5% CO 2 in a humidified atmo-

phere. 

On day 2, cells were washed off the plate with PBS, and the 

lkaline phosphatase conjugated antibody was added to the wells 

nd was incubated for one hour at 7 °C. The plate was washed 

ith PBS and the substrate was added to the wells and was incu- 

ated at room temperature for seven minutes, whereafter the re- 

ction was stopped with demineralised water. 
172 
LISpot spot quantification 

Spots were visualised with a digital microscope (Veho® DX1) 

n a standardised illuminated environment. Images were analysed 

sing FIJI v2.1.0 software 33 and were converted in black-and-white 

mages, whereafter an intensity threshold of 75 and particle size 

hreshold of 5 pixel 2 were set to automatically detect all distinct 

ark-colored spots using the Particle Analysis tool. The sample was 

xcluded if < 100 spots were present in the positive control well. 

o quantify antigen-specific responses, the number of spots of the 

egative control well was subtracted from the antigen stimulation 

ells. The results were expressed as spot-forming cells per 10 6 

BMCs (SFCs /10 6 PBMCs) and were categorised as none (0 SFCs 

10 6 PBMCs), weak (1–23 SFCs /10 6 PBMCs), strong (24–99 SFCs 

10 6 PBMCs), or very strong ( ≥100 SFCs /10 6 PBMCs). 

ARS-CoV-2 serology 

Humoral immune responses were determined with a quantita- 

ive ELISA that detected anti-SARS-CoV-2-Spike-RBD IgG antibod- 

es (Beijing Wantai Biological Pharmacy Enterprise). The ELISA was 

erformed according to the manufacturer’s instructions in a fully 

utomated microplate processor (EVOLIS; Bio-Rad). The 32 Wantai- 

nits per mL (U/mL) standard, part of the ELISA kit, was serially 

iluted to prepare six standard concentrations ranging from 32 to 

 U/mL. The standard concentrations were used to create a cal- 

bration line, whereafter antibody concentrations in serum sam- 

les were assessed. Serum IgG concentrations were converted from 

/mL to international units per mL (IU/mL) using the conversion 

actor of 5.4 as specified by the manufacturer. Serum samples were 

ndiluted, or if necessary, up to 1:10 0 0 diluted to fit in the concen-

ration range of the calibration line. HRP-conjugate was incubated 

t 37 °C for 30 min and TMB substrate was incubated at 37 °C for

5 min. The reaction was stopped with sulfuric acid and the ab- 

orbence was measured at 450 nm. 

tatistical analysis 

Data were expressed as median with interquartile range (IQR). 

he Mann-Whitney U test was performed to compare two in- 

ependent groups. The Kruskal-Wallis test with Dunn’s post-hoc 

nalysis was performed to compare two groups within three or 

ore groups. The Wilcoxon signed-rank test was used to com- 

are paired samples. Spearman’s rank correlation coefficients (r) 

ere calculated to assess associations between groups and correla- 

ion strength was interpreted as negligible ( r < 0.1), weak ( r = 0.11–

.39), moderate ( r = 0.40–0.69), strong ( r = 0.70–0.89), or very 

trong ( r = 0.90–1.00). 34 All statistic tests were performed at a 

wo-tailed α- level of 0.05 using GraphPad Prism v9 or IBM®

PSS® Statistics v26 for MacOS. 

esults 

ohort of prior SARS-CoV-2-infected HCWs 

Of 79 HCWs that suffered from mild to moderate COVID-19 one 

ear ago, 20 HCWs did not respond or refused to participate and 

 HCWs had no seroconversion in the first months post-COVID-19 

 Fig. 1 ). The remaining 55 SARS-CoV-2 seroconverted HCWs were 

ncluded in the study. This cohort had a median age of 43 (IQR 

1–55) years at the time of inclusion and consisted of 46 (84%) 

emales. 

Some HCWs refused vaccination ( n = 9) or already received one 

 n = 7) or two ( n = 16) vaccinations before the study, precluding

he assessment of immune responses at all three time points in 



W.A. Mak, J.G.M. Koeleman, M. van der Vliet et al. Journal of Infection 84 (2022) 171–178 

Fig. 1. Study design. (A) Timeline of the study. Blood was collected and immune responses were determined at three time points: before vaccination (t0) and two weeks 

after the first (t1) and second (t2) vaccination. (B) Flow diagram showing the population and sample size of the study. 
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hese HCWs. Importantly, during the study period national vacci- 

ation policy in the Netherlands changed the need for two vacci- 

ations to one vaccination only in prior-infected individuals. 35 

ARS-CoV-2-specific T cell and antibody responses 1 year post 

OVID-19 

We stimulated PBMCs isolated from 32 COVID-19 convalescent 

accination-naïve HCWs. This sub-cohort was tested SARS-CoV-2 

T-qPCR positive 370 (IQR 353–390) days before blood collection. 

edian SFCs per 10 6 PBMCs were 24 after S1 stimulation and 12 

fter N or M stimulation ( Fig. 2 A). All HCWs were at least weak (1–

3 SFCs) responsive to S1, of which 53% of HCWs exhibited strong 
173 
24–100 SFCs) or very strong ( ≥100 SFCs) S1-specific responses. 

n contrast, 30 (93.8%) and 29 (90.6%) HCWs were at least weak 

esponsive to N and M, respectively. In only 9 (28%) and 8 (25%) 

CWs strong to very strong responses against N and M were ob- 

erved, respectively. SARS-CoV-2 T cell responses were present in 

ll HCWs, of which 27 (84%) presented at least weak T cell re- 

ponses against all three tested antigens ( Fig. 2 B). 

All HCWs presented detectable anti-RBD IgG antibodies one 

ear post SARS-CoV-2 infection ( Fig. 2 C). The median concentra- 

ion of anti-RBD IgG in serum was 74 (IQR 36–158) IU/mL. No 

ssociation between RBD-targeted humoral and S1-targeted cel- 

ular responses one year post SARS-CoV-2 infection was detected 

 r = 0.0513, p = 0.7837) ( Fig. 2 D). 
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Fig. 2. SARS-CoV-2-specific T cell and antibody responses one year after mild to moderate COVID-19. (A) T cell response magnitude of 32 COVID-19 recovered HCWs to tested 

SARS-CoV-2 antigens after stimulation for 16–20 h in the ELISpot assay. Each dot represents a COVID-19 convalescent HCW, and doughnut charts represent the proportion of 

HCWs having none, weak, strong, or very strong responses to tested antigen. Black lines indicate the median with IQR, and data statistical significance was determined using 

Kruskal-Wallis test with Dunn’s post-hoc analysis. (B) Bar chart representing the proportion of HCWs that showed at least weak T cell responses. (C) Associations between 

antigen-specific responses assessed by Spearman’s rank correlation coefficient ( r ). (D) The magnitude of anti-RBD IgG serum concentrations. One serum sample failed in the 

ELISA, leaving 31 HCWs in the antibody assessment. Black lines indicate median with IQR. (E) Associations between S1-specific T cell and anti-RBD IgG responses assessed 

by Spearman’s rank correlation. 

174 
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Fig. 3. Vaccine-induced SARS-CoV-2-specific T cell and antibody responses in COVID-19 convalescent HCWs. (A) T cell responses and anti-RBD IgG concentrations (B) median 

5 (IQR 2–26) days before (t0) and median 15 (IQR 14–17) days after (t1) one dose of Ad26.COV2-S ( n = 11), mRNA-1273 ( n = 8), ChAdOx1-S ( n = 3), or BNT162b2 ( n = 1) 

vaccine. (C) T cell responses and (D) anti-S1 IgG concentrations against SARS-CoV-2 antigens median 15 (IQR 14–17) days after first vaccination (t1) and median 14 (IQR 

14–17) days after second administration (t2) of mRNA-1273 ( n = 8) or ChAdOx1-S ( n = 4) vaccines. Median number of days between first and second vaccination is 30 (IQR 

27–34). Association between S1-specific T cell responses and anti-RBD IgG concentrations at (E) t1 and (F) t2 assessed by Spearman’s rank correlation. Statistical significance 

is determined using Wilcoxon signed-rank test (A-D). 
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OVID-19 vaccine-induced immune responses in prior 

ARS-CoV-2-infected and seroconverted individuals 

Compared to before vaccination, T cell responses against 

1 were significantly higher after the first vaccination with 

RNA-1273, BNT162b2, Ad26.CoV2-S or ChAdOx1-S vaccine dose 

 p < 0.0 0 01) ( Fig. 3 A). Median S1 responses increased from 24 (IQR

0–48) to 204 (IQR 94–420) SFCs /10 6 PBMCs. In contrast, N and 

 specific T cell responses remained comparable after vaccination. 

ikewise, anti-RBD IgG concentrations increased significantly after 

rst vaccination ( p < 0.0 0 01) ( Fig 3 B). Median anti-RBD IgG concen-

rations increased from 97 (IQR 44–182) to 5930 (IQR 2442–11,634) 

U/mL. 
175 
12 HCWs received two mRNA-1273 ( n = 8) or ChAdOx1-S 

 n = 4) vaccine doses during the study. S1-specific T cell responses 

nd anti-RBD IgG concentrations were not significantly different 

wo weeks after the second vaccination, compared to two weeks 

fter the first vaccination ( Fig. 3 C and D). Median S1-specfic T 

ell responses changed from 198 (IQR 137–359) to 180 (IQR 103–

47) SFCs per 10 6 PBMCs and anti-RBD IgG concentrations changed 

rom 6792 (IQR 3386–15,180) to 6326 (IQR 2336–13,440) IU/mL. 

Furthermore, we observed a non-significant weak association 

etween S1-specific T cell and anti-RBD IgG responses after the 

rst vaccination ( r = 0.3435, p = 0.0927) and a statistically signif- 

cant strong association after the second vaccination ( r = 0.7426, 

 = 0.0074) ( Fig. 3 E and F). 
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Fig. 4. Persistence of vaccine-induced SARS-CoV-2-specific T cell responses in COVID-19 convalescent HCWs. (A) S1-specific T cell and anti-RBD IgG responses of COVID-19 

convalescent HCWs ( n = 16) who received two BNT162b2 vaccinations 68–127 days before blood collection. (B) Comparison of SARS-CoV-2 antigen-specific IFN γ responses. 

Black lines indicate median with IQR, and statistical significance was determined using Mann-Whitney U test. (C) Association between T cell and anti-RBD IgG responses 

was assessed by Spearman’s rank correlation. 

t

s

s

1

a

r

D

C

3

f

b

P

t

t

(

i

f  

b

t

D

c

s

a

w

m

i

T

t

S

S

i

t

i

f

a

o

o

i

c

a

c

c

w

M

s

a

i

H

p

p

n

d

v

s

w

a

e

i

b

Due to small numbers of measurements at similar timing after 

he second vaccination, we could not make an adequate compari- 

on between all various vaccine types. Nevertheless, we observed 

ignificantly higher anti-RBD IgG concentrations, 10,001 (IQR 5774–

5,525) and 1276 (IQR 1224–2498) IU/mL ( p = 0.0295), two weeks 

fter the second dose of the mRNA-1273 and ChAdOx1-S vaccine, 

espectively. 

urability of COVID-19 vaccine-induced immune responses in 

OVID-19 convalescents 

16 HCWs tested SARS-CoV-2 RT-qPCR positive at a median of 

66 (IQR 357–380) days before blood collection and were already 

ully vaccinated at a median of 75 (IQR 69–87, range 68–127) days 

efore blood collection. These HCWs received a second dose of 

fizer’s BNT162b2 vaccine at a median of 27 (IQR 25–28) days af- 

er the first dose and showed overall maintained T cell and an- 

ibody responses during the four months post second vaccination 

 Fig. 4 A). Moreover, S1 induced significantly higher T cell reactiv- 

ty compared to N and M; median SFCs of 108 for S1 versus 16 

or both N and M ( Fig. 4 B). No significant correlation was found

etween S1-specific T cell responses and anti-RBD IgG concentra- 

ions ( r = −0.1563, p = 0.5623) ( Fig. 4 C). 

iscussion 

Here, we demonstrated that all mild to moderate COVID-19 

onvalescents presented SARS-CoV-2-specific T cell and IgG re- 

ponses one year after disease, which were adequately boosted by 

 single mRNA or viral vector COVID-19 vaccination. Furthermore, 

e observed retained T cell and antibody responses up to four 

onths after the second BNT162b2 vaccination in prior-infected 

ndividuals. 

Whereas previous studies mainly focused on the persistence of 

 cell and antibody responses after SARS-CoV-2 infection weeks 
176 
o months PSO, 18–27 this study is one of the first to assess both 

ARS-CoV-2-specific T cell and antibody responses one-year post- 

ARS-CoV-2 infection. In addition, this study assessed vaccination- 

nduced immune responses in prior-infected individuals. 

In line with our findings, previous studies also reported re- 

ained SARS-CoV-2-specific T cell and antibody responses in prior- 

nfected individuals up to nine months PSO. 36–38 Interestingly, we 

ound that S1-specific T cell responses were not associated with 

nti-RBD IgG responses, indicating heterogeneity in the durability 

f humoral and cellular SARS-CoV-2 immunity. Moreover, a previ- 

us study showed discordancy between S1 IgG and T cell responses 

n prior SARS-CoV-2-infected individuals, in which S1 IgG levels in- 

reased with age in females while T cell responses increased with 

ge in males. 22 Furthermore, our cohort exhibited heterogeneous T 

ell responses, which could be related to sex and age, 39 or may be 

aused by unrecognised re-exposure to SARS-CoV-2 since the virus 

as highly prevalent in the Netherlands from September 2020 to 

ay 2021. 40 

Irrespective of the COVID-19 vaccine type, anti-RBD IgG and S1- 

pecific T cell responses became considerably stronger two weeks 

fter the first vaccination, whereas these responses did not further 

ncrease after the second COVID-19 vaccination in prior-infected 

CWs. Previous studies on COVID-19 mRNA vaccines showed com- 

arable findings of prior-infected individuals already exhibiting 

eak immune responses after the first vaccination and responses 

ot further increasing after a second vaccination, indicating the re- 

undancy of a second COVID-19 vaccination in prior-infected indi- 

iduals. 41 , 42 

Even though our results demonstrated durable immune re- 

ponses after infection and vaccination, it remains questionable 

hether sufficient protection against all SARS-CoV-2 variants is 

chieved. For example, SARS-CoV-2 Delta variant infections also 

merged in partially and fully vaccinated individuals. 43–46 Neutral- 

sing antibodies of COVID-19 convalescent individuals showed to 

e fourfold less potent against the Delta variant than the Alpha 
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ariant one year PSO, and there was barely an inhibitory effect 

gainst the Delta variant after a single BNT162b2 or ChAdOx1-S 

accination. 16 , 47 

There are some limitations to consider in our study. First, we 

id not assess neutralising antibody responses in our HCWs cohort. 

owever, in our earlier work, the Wantai ELISA showed high agree- 

ent with a surrogate neutralising antibody test. 32 Second, not 

ll HCWs received the first and second vaccination in our study, 

nd only few HCWs received BNT162b2 and ChAdOx1-S vaccines. 

e were dependant on national COVID-19 vaccination policies and 

ould not split our cohort into even groups per vaccine type. Also, 

he national policy changed the need for two vaccinations to one 

accination only in prior-infected individuals during the study pe- 

iod, impeding the assessment of immune responses two weeks af- 

er second vaccination in a proportion of HCWs. Nevertheless, our 

ndings suggest the redundancy of the second vaccination in prior 

ARS-CoV-2 infected individuals and may guide COVID-19 vaccina- 

ion policies. 

In conclusion, T cell responses and anti-RBD IgG against SARS- 

oV-2 persist for up to one year after COVID-19. Also, irrespective 

f the vaccine type, a single COVID-19 vaccination induced robust 

1-specific T cell responses and anti-RBD IgG antibodies in COVID- 

9 convalescents, whereas responses did not further increase after 

he second vaccination. Future research must longitudinally assess 

ARS-CoV-2-specific immune responses in prior-infected individu- 

ls and elucidate how long a single COVID-19 vaccination could be 

onsidered equally effective as full vaccination. 
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