Long-term effects of homologous and heterologous SARS-CoV-2 vaccination on humoral and cellular immune responses
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Abstract
Background: Humoral and cellular immune responses to SARS-CoV-2 vaccines wane with time. In the COV‑ADAPT cohort, we recently studied both immunological components and their interdependencies following different vaccine combinations before (T1) and up to three months after second immunization (T2). This follow-up investigated the stability of long-term immune responses and aimed to identify predictive markers.
Methods: We assessed humoral (anti-spike-RBD-IgG, neutralization capacity, avidity) and cellular (spike-induced T-cell interferon‑γ release) immune responses three-seven months after secondary vaccination (T3) in blood samples of 318 healthcare workers with previous homologous ChAdOx1 nCoV-19 (ChAdOx1), homologous BNT162b2 or heterologous ChAdOx1/BNT162b2 vaccinations.
Results: At T3, homologous ChAdOx1 vaccination resulted in significantly lower anti-spike-RBD-IgG (152±151 BAU/ml) as compared to heterologous ChAdOx1/BNT162b2 (388±300 BAU/ml) and homologous BNT162b2 (435±327 BAU/ml). In all groups, anti-spike-RBD-IgG (T3) exceeded antibody levels before second vaccination (T1). T-cell interferon-γ release following heterologous ChAdOx1/BNT162b2 vaccination was significantly higher at T3 (1062±2083 mIU/ml) vs. T1 (680±1691 mIU/ml), yet did not differ significantly between the three groups at T3. Associations between humoral and cellular responses were found at T3 (all groups combined). Additionally, the early cellular response (at T1) was significantly associated with late (T3) humoral (ChAdOx1/BNT162b2, BNT162b2/BNT162b2) and cellular responses (all groups). In contrast to T2, neutralization capacity at T3 was significantly higher for ChAdOx1/BNT162b2 and BNT162b2/BNT162b2 vs. ChAdOx1/ChAdOx1.
Conclusions: We identified (i) long-term interdependencies between the humoral and the cellular immune system, (ii) observed distinct waning dynamics following different vaccination regimes, and (iii) uncovered early T-cell responses as a useful predictor of long-term immune responses. 
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Introduction
More than two years since first reported in the media, severe acute respiratory syndrome COVID-19 caused by the coronavirus 2 (SARS-CoV-2) still has the world in an iron grip.1–4 With more than 450 million confirmed cases and more than 6 million casualties worldwide, global health policy is continuously directed towards minimizing the incidence of SARS-CoV-2 infections and reducing disease severity.5 Several COVID‑19 vaccines, developed in record time within the last two years, have been highly effective in reducing SARS-CoV-2-induced mortality and morbidity.6–8 
COVID-19 vaccine efficacy has been shown to correlate with levels of neutralizing antibodies and/or anti-spike-RBD-IgG.9–12 However, a significant drop in antibody titers as early as four months after second vaccine administration has been observed.13–15 Correspondingly, epidemiological data show a reduction in protection against (symptomatic) COVID‑19 with increasing time following vaccination.13,14,16,17 So far, long-term studies have not established associations between vaccine efficacy and the cellular component of the immune response. Differences between common vaccine regimes with regard to the stability of immune responses and their interdependencies over time remain poorly understood. Early predictors of successful medium- to long-term protection against infection and severe disease, and a scientific rationale for optimal vaccine combinations, are direly needed. 
In the COV-ADAPT study, we recently demonstrated that humoral and cellular immune responses after homologous or heterologous vaccination regimes are interdependent; thus, a poor humoral immune response is unlikely to be compensated by a strong cellular response, and vice versa.18 Furthermore, we provided evidence for the superiority of the mRNA-based BNT162b2 as a secondary vaccine either in a homologous (BNT162b2/BNT162b2) or a heterologous (ChAdOx1 nCoV-19/BNT162b2) regime, as compared to homologous ChAdOx1 nCoV‑19/ChAdOx1 nCoV-19 vaccination. This applies to both the cellular and humoral immunological responses. The initial study was based on data from two time points: up to two weeks before (T1) and two weeks to three months after secondary immunization (T2). 
The aim of this three to seven months long-term follow-up (T3) was to determine the stability of antibody and T-cell responses in a head-to-head comparison of widely used vaccination regimes. Furthermore, we attempted to find predictors of strong long-term immune responses after vaccination. 


Materials and Methods
Cohort
As previously described, the COV-ADAPT study is a prospective, observational cohort study conducted at the University Medical Center Göttingen (UMG), Germany.18 The study was approved by the UMG ethics committee (21/5/21) and registered with the German Clinical Trials Register (DRKS00026029). Study design and study implementation were performed in accordance with the guidelines of Good Clinical Practice (ICH 1996) and the Declaration of Helsinki. Written informed consent was obtained from all study participants.

For this follow-up investigation, blood samples of COV-ADAPT study participants were obtained three to seven months following secondary vaccination (T3) (Figure S1). In the initial study, blood samples of 384 study participants were available for two time points, T1 (up to two weeks before secondary immunization) and T2 (two weeks to three months following secondary immunization). For this analysis at T3, application of eligibility criteria resulted in the exclusion of 4 patients (missing data on anti-nucleocapsid (NCP)-IgG). We additionally excluded 60 patients who did not respond to our invitation for the third blood sampling. This resulted in a total of 320 healthcare workers included in this analysis (Figure S1). All results, including those of previous time points presented in this manuscript, are derived from these 320 study participants.

Measurement of humoral and cellular immune responses
As in the initial COV-ADAPT study, the following analyses were performed:18
1) Anti‑spike-RBD-IgG (IgG antibodies directed against the receptor binding domain of the spike protein)
· SARS-CoV-2-IgG-II-Quant assay on the Architect i2000SR (Abbott Laboratories, Abbott Park, USA).
2) Neutralizing antibodies (nABs) against SARS-CoV-2 
·  DIA‑SARS‑CoV‑2‑nAb assay (DiaProph, Kiev, Ukraine; distributed by AlphaScience GmbH, Riedstadt, Germany) on the DSX Automated ELISA System (Thermo Labsystems, Chantilly, USA).
3) Antibody avidity 
· DIA-SARS-CoV-2-S-IgG-av avidity assay (DiaProph) on the DSX Automated ELISA System (Thermo Labsystems).
4) Cellular immune response 
· SARS-CoV-2-spike-specific interferon (IFN)-γ-release assay (Euroimmun, Lübeck, Germany) on the DSX Automated ELISA System (Thermo Labsystems).
5) Anti-nucleocapsid (NCP)-IgG (IgG antibodies directed against the nucleocapsid protein to specifically detect previous SARS-CoV-2 infection)
· anti-SARS-CoV-2-NCP-ELISA (IgG) (Euroimmun) on the DSX Automated ELISA System (Thermo Labsystems).

Statistics
Statistical analyses were performed by the Scientific Core Facility for Medical Biometry and Statistical Bioinformatics (MBSB) of the UMG using the statistics software R (version 4.1.2). The significance level was set to alpha=5% for all statistical tests. All contrast tests were corrected for age, sex, and follow-up time.

For more detailed information, please see the Supplementary Material.

Results
COV-ADAPT Study Design 
We recruited 320 healthcare workers of the COV-ADAPT study for a follow-up analysis three to seven months following second vaccination (T3) (Figure S1). We did not register any breakthrough infections and consequently did not detect any NCP-IgG seroconversions between T2 (two weeks to three months following secondary immunization) and T3 (Figure S2). 26 participants had previously been vaccinated with homologous ChAdOx1 nCoV‑19, 243 with heterologous ChAdOx1 nCoV‑19/BNT162b2, and 49 had received homologous BNT162b2. Two subjects had received the ChAdOx1 nCoV‑19/mRNA-1273 (Moderna) combination (Figure S1). Both were included in our analyses for overall immune responses, but not assessed separately due to the low number.
The majority of study subjects were female (76.6%) (Table 1). Average age of study participants was 36±14 years. The oldest subjects were in the homologous ChAdOx1 nCoV‑19 group (58±8 years). Mean follow-up (after T2) was 134±16 days without major differences among the different groups (Table 1).

Humoral follow-up responses
Despite the decrease from T2 to T3, anti-spike-RBD-IgG levels were significantly higher at T3 as compared to T1 in all groups (Figure 1A, Table S1). Regimes with BNT162b2 as a second vaccination induced significantly higher anti-spike-RBD-IgG responses at T3 when compared to homologous ChAdOx1 nCoV‑19 (152±151 BAU/ml for homologous ChAdOx1 nCoV‑19 vs. 388±300 BAU/ml for heterologous ChAdOx1 nCoV‑19/BNT162b2 and 435±327 BAU/ml for homologous BNT162b2) (Figure 1A, Table 1, Figure S3). Among the groups with BNT162b2 as a second vaccination, no significant differences were detected in anti-spike-RBD-IgG responses at T3.


Cellular follow-up responses 
Measurements at T3 showed significantly decreased levels of spike-induced T-cell interferon‑γ release in all groups as compared to T2 (Table S2). We found the cellular responses for the heterologous ChAdOx1 nCoV‑19/BNT162b2 group to be significantly higher at T3 vs. T1 (Figure 1B). This did not apply for the homologous vaccination regimes.
At T3, cellular responses did not statistically differ between the groups (homologous ChAdOx1 nCoV‑19: 809±1002 mIU/ml vs. heterologous ChAdOx1 nCoV‑19/BNT162b2: 1062±2083 mIU/ml and homologous BNT162b2: 743±1145 mIU/ml) (Figure 1B, Table 1, Figure S3). A small proportion of study participants showed spike-induced T-cell interferon‑γ release responses at T3 that would be classified as negative responses (14.0% for all groups) according to the manufacturer’s definition (Table 1). The percentage of these subjects was lowest in the heterologous ChAdOx1 nCoV‑19/BNT162b2 group (ChAdOx1 nCoV‑19/BNT162b: 11.8% vs. homologous ChAdOx1 nCoV‑19: 19.2% and homologous BNT162b2: 20.8%, p=0.03).
We further analyzed the impact of the time between second vaccination and the day of the follow-up blood sampling (T3) for each individual and correlated this time difference with humoral and cellular immune responses. For the groups with BNT162b2 as a second vaccination, humoral immune responses showed significant negative associations with the days elapsed since the second vaccination (Figure 1C, left panel). With respect to the cellular immune response, such associations could not be observed (Figure 1C, right panel).

Influence of age and sex on immune responses
Using a mixed-linear effects model based on data from all three time points, we found a negative influence of age on anti-spike-RBD-IgG for all groups combined (Table S3). With respect to the spike-induced T-cell interferon‑γ release, age was not found to have a significant impact (Table S4). No significant influence of sex on spike-directed IgG and spike-induced T-cell interferon‑γ release responses was observed (Figure S4).

Interdependencies and predictors of long-term immune responses
Similar to our previous findings at T1 and T2, humoral and cellular immune responses were significantly and positively associated at T3 for the study population as a whole (b=0.62, p<0.001) as well as the heterologous ChAdOx1 nCoV‑19/BNTb162b2 group (b=0.73, p<0.001). No significant associations were observed for either homologous regime (homologous ChAdOx1 nCoV‑19: b=0.43, p=0.418 and homologous BNTb162b2: b=0.25, p=0.383) (Figure 2).
We found weak associations for the humoral responses between T1 and T3 in the heterologous ChAdOx1 nCoV‑19/BNTb162b2 group (b=0.36, p<0.001), but none in the homologous groups (homologous ChAdOx1 nCoV‑19: b=0.26, p=0.232 and homologous BNTb162b2: b=0.13, p=0.103) (Figure 3A). Strong and significant associations were found between spike-induced T-cell interferon‑γ release at T1 and T3 for all groups (homologous ChAdOx1 nCoV‑19: b=1.23; p=0.002, heterologous ChAdOx1 nCoV‑19/BNTb162b2: b=0.83; p<0.001, homologous BNTb162b2: b=0.41, p=0.004) (Figure 3B). We could further demonstrate significant associations between the early cellular (i.e. spike-induced T-cell interferon‑γ release at T1) and long-term humoral responses (i.e. anti-spike-RBD-IgG at T3) for both groups with a second BNTb162b2 vaccination (heterologous ChAdOx1 nCoV‑19/BNTb162b2: b=0.15; p<0.001; homologous BNTb162b2: b=0.22, p=0.002) (Figure 3C). 
Between T2 and T3, strong associations with high predictive power were found for cellular and humoral immune responses for all groups (Figure 4A,B). A weak association between the cellular T2 and humoral T3 response could only be demonstrated for the heterologous ChAdOx1 nCoV‑19/BNTb162b2 vaccination regime (b=0.08, p=0.013) (Figure 4C). 

Quality of humoral immune responses
Besides quantitative anti-spike-RBD-IgG measurements, we also assessed the quality of humoral long-term immune responses. We found antibody neutralization and avidity indices to be significantly higher at T3 vs. T1 for all groups (Figure 5A,B). The neutralization index significantly increased from T2 to T3 for both groups that received BNT162b2 as a second vaccine. In contrast, it showed a tendency to decrease in subjects following homologous ChAdOx1 nCoV‑19 vaccination (Figure 5A, Table S5). At T3, neutralization capacity in the groups with a BNT162b2 second vaccination was higher compared to the homologous ChAdOx1 nCoV‑19 group, but it did not differ between them (Figure 5A). Unexpectedly, despite a negative neutralization index (as per the manufacturer’s instructions), these subjects did not show significantly lower anti-spike-RBD-IgG titers (Table S6).
Similar to the neutralization index, antibody avidity showed a tendency to increase from T2 to T3 in both groups with BNT162b2 as a second vaccination, and to decrease in subjects with a homologous ChAdOx1 nCoV‑19 vaccination regime (Figure 5B, Table S7). At T3, antibody avidity did not differ significantly between any of the groups (Figure 5B).



Discussion
Different studies have demonstrated the effectiveness of ChAdOx1 nCoV-19 and BNTb162b2 vaccines against symptomatic COVID-19.19–23 Vaccine efficacy was shown to correlate with the level of neutralizing antibodies and/or anti-spike-RBD IgG.9–12,24 However, a marked decline both in antibody titers as well as vaccine efficiency occurs as early as four to six months after vaccination, with individual variations.16,25–27 It is therefore crucial to assess and understand the characteristics and determinants of long-term immune responses.
We were able to confirm a strong quantitative decline of humoral and cellular immune responses in this follow-up analysis of the COV-ADAPT study in all vaccination regimes from two weeks to three months (T2) to three to seven months following second vaccination (T3). For the heterologous ChAdOx1 nCoV-19/BNT162b2 regime, however, anti-spike-RBD-IgG (i.e. the humoral response) and spike-induced interferon-γ release (i.e. the cellular response) remained higher at follow-up (T3) as compared to initial assessment at T1 (i.e. up to two weeks before second vaccination). Both regimes with BNT162b2 as a second vaccine showed greater anti-spike-RBD-IgG responses as compared to homologous ChAdOx1 nCoV-19 at all three time points. For homologous ChAdOx1 nCoV-19, only humoral but not cellular responses were significantly higher at T3 as compared to T1. This suggests that vaccination regimes with a second BNT162b2 vaccine, and especially the heterologous combination of ChAdOx1 nCoV‑19 and BNT162b2, elicit a stronger initial (as shown by our previous study)18 and also a more pronounced long‑term immune response than homologous ChAdOx1 nCoV-19. 
The low immunological effects of second vector-based vaccine shots may be due to host immune defenses against carrier (adeno-)virus components.28 In contrast, mRNA-based vaccinations benefit from prime-boost regimes in terms of an increased immune response after repeated exposure to the vaccine, possibly because priming specifically enhances the uptake of S protein-containing membrane vesicles into dendritic cells.29 Importantly, this priming occurs with vector-based as well as mRNA-based vaccines.
Within the time frame of probe collection for T3, we found a significant time-dependent antibody level decline for homologous BNT162b2 vaccinated subjects and, to a certain degree, also for heterologous ChAdOx1 nCoV‑19/BNT162b2 vaccinees. This suggests higher antibody dynamics for vaccination regimes with BNT162b2. It remains to be determined whether these rapid changes in antibody levels are caused by pharmacokinetic and/or pharmacodynamic specifics of the vaccines. We also found a moderate decline in cellular immune responses over time. In line with literature on the durability of T-cell responses,26,30 interferon- release appeared to be less dynamic when compared to the humoral responses in all groups. 
While vaccine-mRNA persists in the organism (as demonstrated in mice31) only for a short period of time with a maximum of ten days, ChAdOx1 nCoV-19 carrier virus DNA remains in the organism in a transcriptionally active form for months, maintaining activated CD8-T-cells.32 During this time, background transcription of remaining adenoviral genes as well as of spike-protein occurs.33 It is conceivable that this prolonged spike-protein exposure enables the organism to build up a more robust immune response over time. Following this logic, combining mRNA- and vector-based vaccinations may enhance the strong immune response to mRNA-based vaccines with an increased durability. Among the vaccination regimes including BNT162b2, we did not find significant qualitative differences in their humoral responses. Interestingly, in contrast to earlier time points18, vaccination regimes including BNT162b2 yielded qualitatively superior humoral responses (i.e. neutralization capacity and antibody avidity) compared to homologous ChAdOx1 nCoV-19. As observed at T1 and T2, associations between the humoral and cellular response remained significant at T3, suggesting long-term interdependencies; thus, cellular responses are still unlikely to compensate for poor humoral responses even after longer time periods following vaccination.
To summarize, vaccination regimes that include BNT162b2 elicit strong immune responses with a more rapid decline, whereas vector-based vaccinations yield low and comparably stable immunological effects. The immunological drawbacks of either homologous vaccination regime appear to be somewhat mitigated by the combination of both vaccination principles in the form of a heterologous vaccination. 
Our group and others have previously demonstrated that heterologous vaccination regimes provide excellent humoral and T-cell-mediated immunity.18,34–38 They seem to particularly excel at the induction of T-cell activation6, which is of great importance for anti-viral activity.39–42 While high antibody titers appear to protect quite efficiently against symptomatic COVID‑19,9–12 they decrease shortly after vaccination.13–15 Compared to the humoral response, long-lasting T‑cell responses could confer a more durable protection.26 Of note, T‑cell responses may furthermore provide protection against novel variants of concern, since vaccine-induced T-cells recognize epitopes well-conserved among SARS-CoV-2 strains.43 Importantly, we found T-cell interferon-γ release at early time points (i.e. T1) to be linked to both long-term humoral and cellular immune responses in the groups receiving BNT162b2 as second vaccine, substantiating indicative results from a small investigative study.26 Measuring early T-cell responses may therefore enable us to predict long-term immune responses. Our data further highlight the relevance of T‑cells in vaccine-induced protection from COVID-19 and are in line with previous findings showing correlations between T-cell responses and anti-SARS-CoV-2 IgG and IgA titers following natural infection.44 Additionally, we found an association between the T2 and T3 humoral immune responses. Measurement of anti-spike-RBD-IgG after second vaccination, which is a commonly available and feasible parameter in routine diagnostics, could thus be useful for timely identification of non-responding individuals or poor responders. In such cases, early third vaccinations (booster) may be recommended. It remains to be investigated how these subjects’ immune responses react to booster vaccinations.
In conclusion, we identified important long-term interactions and interdependencies between the humoral and the cellular immune systems and observed distinct long-term dynamics following different SARS-CoV-2 vaccination regimes. Our findings indicate that assessment of the early T-cell response and of humoral responses shortly after second vaccination can serve as useful predictors of long-term immune responses. The present data emphasize the importance of the cellular immune response, particularly in mRNA-based vaccination protocols, and may help identify subjects in need of a timely booster immunization. Our long-term follow-up data support the general notion of a superiority of heterologous over homologous vaccination regimes and provide evidence that these advantages may increase with time. It will be of utmost importance to determine how the observed interdependencies and long-term dynamics of immune response react to third (booster) vaccinations and breakthrough infections.
[bookmark: _GoBack]

Word count: 2737
References
1. 	Zhu N, Zhang D, Wang W, et al. A Novel Coronavirus from Patients with Pneumonia in China, 2019. N Engl J Med. 2020;382(8):727-733. doi:10.1056/NEJMoa2001017
2. 	Zhou P, Yang XL, Wang XG, et al. A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature. 2020;579(7798):270-273. doi:10.1038/s41586-020-2012-7
3. 	Cucinotta D, Vanelli M. WHO Declares COVID-19 a Pandemic. Acta Bio Medica Atenei Parm. 2020;91(1):157-160. doi:10.23750/abm.v91i1.9397
4. 	Zhang J jin, Dong X, Cao Y yuan, et al. Clinical characteristics of 140 patients infected with SARS‐CoV‐2 in Wuhan, China. Allergy. 2020;75(7):1730-1741. doi:10.1111/all.14238
5. 	The Johns Hopkins Coronavirus Resource Center (CRC). COVID-19 Map. Accessed March 25, 2022. https://coronavirus.jhu.edu/map.html
6. 	Chiu NC, Chi H, Tu YK, et al. To mix or not to mix? A rapid systematic review of heterologous prime–boost covid-19 vaccination. Expert Rev Vaccines. 2021;20(10):1211-1220. doi:10.1080/14760584.2021.1971522
7. 	Heinz FX, Stiasny K. Distinguishing features of current COVID-19 vaccines: knowns and unknowns of antigen presentation and modes of action. Npj Vaccines. 2021;6(1):104. doi:10.1038/s41541-021-00369-6
8. 	Zheng C, Shao W, Chen X, Zhang B, Wang G, Zhang W. Real-world effectiveness of COVID-19 vaccines: a literature review and meta-analysis. Int J Infect Dis. 2022;114:252-260. doi:10.1016/j.ijid.2021.11.009
9. 	Khoury DS, Cromer D, Reynaldi A, et al. Neutralizing antibody levels are highly predictive of immune protection from symptomatic SARS-CoV-2 infection. Nat Med. Published online May 17, 2021. doi:10.1038/s41591-021-01377-8
10. 	Feng S, Phillips DJ, White T, et al. Correlates of protection against symptomatic and asymptomatic SARS-CoV-2 infection. Nat Med. 2021;27(11):2032-2040. doi:10.1038/s41591-021-01540-1
11. 	Gilbert PB, Montefiori DC, McDermott AB, et al. Immune correlates analysis of the mRNA-1273 COVID-19 vaccine efficacy clinical trial. Science. Published online 2021. doi:10.1126/science.abm3425
12. 	Blain H, Tuaillon E, Gamon L, et al. Receptor binding domain‐IgG levels correlate with protection in residents facing SARS‐CoV‐2 B.1.1.7 outbreaks. Allergy. Published online October 29, 2021:all.15142. doi:10.1111/all.15142
13. 	Shrotri M, Navaratnam AMD, Nguyen V, et al. Spike-antibody waning after second dose of BNT162b2 or ChAdOx1. The Lancet. 2021;398(10298):385-387. doi:10.1016/S0140-6736(21)01642-1
14. 	Widge AT, Rouphael NG, Jackson LA, et al. Durability of Responses after SARS-CoV-2 mRNA-1273 Vaccination. N Engl J Med. 2021;384(1):80-82. doi:10.1056/NEJMc2032195
15. 	Khoury J, Najjar-Debbiny R, Hanna A, et al. COVID-19 vaccine – Long term immune decline and breakthrough infections. Vaccine. 2021;39(48):6984-6989. doi:10.1016/j.vaccine.2021.10.038
16. 	Thomas SJ, Moreira ED, Kitchin N, et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine through 6 Months. N Engl J Med. 2021;385(19):1761-1773. doi:10.1056/NEJMoa2110345
17. 	Tartof SY, Slezak JM, Fischer H, et al. Effectiveness of mRNA BNT162b2 COVID-19 vaccine up to 6 months in a large integrated health system in the USA: a retrospective cohort study. The Lancet. 2021;398(10309):1407-1416. doi:10.1016/S0140-6736(21)02183-8
18. 	Hollstein MM, Münsterkötter L, Schön MP, et al. Interdependencies of cellular and humoral immune responses in heterologous and homologous SARS‐CoV‐2 vaccination. Allergy. Published online February 16, 2022:all.15247. doi:10.1111/all.15247
19. 	Walsh EE, Frenck RW, Falsey AR, et al. Safety and Immunogenicity of Two RNA-Based Covid-19 Vaccine Candidates. N Engl J Med. 2020;383(25):2439-2450. doi:10.1056/NEJMoa2027906
20. 	Folegatti PM, Ewer KJ, Aley PK, et al. Safety and immunogenicity of the ChAdOx1 nCoV-19 vaccine against SARS-CoV-2: a preliminary report of a phase 1/2, single-blind, randomised controlled trial. The Lancet. 2020;396(10249):467-478. doi:10.1016/S0140-6736(20)31604-4
21. 	Jackson LA, Anderson EJ, Rouphael NG, et al. An mRNA Vaccine against SARS-CoV-2 — Preliminary Report. N Engl J Med. 2020;383(20):1920-1931. doi:10.1056/NEJMoa2022483
22. 	Sadoff J, Le Gars M, Shukarev G, et al. Interim Results of a Phase 1–2a Trial of Ad26.COV2.S Covid-19 Vaccine. N Engl J Med. 2021;384(19):1824-1835. doi:10.1056/NEJMoa2034201
23. 	Voysey M, Clemens SAC, Madhi SA, et al. Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: an interim analysis of four randomised controlled trials in Brazil, South Africa, and the UK. The Lancet. 2021;397(10269):99-111. doi:10.1016/S0140-6736(20)32661-1
24. 	Cromer D, Steain M, Reynaldi A, et al. Neutralising antibody titres as predictors of protection against SARS-CoV-2 variants and the impact of boosting: a meta-analysis. Lancet Microbe. 2022;3(1):e52-e61. doi:10.1016/S2666-5247(21)00267-6
25. 	Tartof SY, Slezak JM, Fischer H, et al. Effectiveness of mRNA BNT162b2 COVID-19 vaccine up to 6 months in a large integrated health system in the USA: a retrospective cohort study. The Lancet. 2021;398(10309):1407-1416. doi:10.1016/S0140-6736(21)02183-8
26. 	Goel RR, Painter MM, Apostolidis SA, et al. mRNA vaccines induce durable immune memory to SARS-CoV-2 and variants of concern. Science. 2021;374(6572):abm0829. doi:10.1126/science.abm0829
27. 	Doria-Rose N, Suthar MS, Makowski M, et al. Antibody Persistence through 6 Months after the Second Dose of mRNA-1273 Vaccine for Covid-19. N Engl J Med. 2021;384(23):2259-2261. doi:10.1056/NEJMc2103916
28. 	Stephenson KE, Le Gars M, Sadoff J, et al. Immunogenicity of the Ad26.COV2.S Vaccine for COVID-19. JAMA. 2021;325(15):1535. doi:10.1001/jama.2021.3645
29. 	Park H, Park MS, Seok JH, et al. Insights into the immune responses of SARS-CoV-2 in relation to COVID-19 vaccines. J Microbiol. 2022;60(3):308-320. doi:10.1007/s12275-022-1598-x
30. 	Dan JM, Mateus J, Kato Y, et al. Immunological memory to SARS-CoV-2 assessed for up to 8 months after infection. Science. 2021;371(6529):eabf4063. doi:10.1126/science.abf4063
31. 	Pardi N, Tuyishime S, Muramatsu H, et al. Expression kinetics of nucleoside-modified mRNA delivered in lipid nanoparticles to mice by various routes. J Controlled Release. 2015;217:345-351. doi:10.1016/j.jconrel.2015.08.007
32. 	Tatsis N, Fitzgerald JC, Reyes-Sandoval A, et al. Adenoviral vectors persist in vivo and maintain activated CD8+ T cells: implications for their use as vaccines. Blood. 2007;110(6):1916-1923. doi:10.1182/blood-2007-02-062117
33. 	Almuqrin A, Davidson AD, Williamson MK, et al. SARS-CoV-2 vaccine ChAdOx1 nCoV-19 infection of human cell lines reveals low levels of viral backbone gene transcription alongside very high levels of SARS-CoV-2 S glycoprotein gene transcription. Genome Med. 2021;13(1):43. doi:10.1186/s13073-021-00859-1
34. 	Liu X, Shaw RH, Stuart AS, et al. Safety and Immunogenicity Report from the Com-COV Study – a Single-Blind Randomised Non-Inferiority Trial Comparing Heterologous And Homologous Prime-Boost Schedules with An Adenoviral Vectored and mRNA COVID-19 Vaccine. SSRN Electron J. Published online 2021. doi:10.2139/ssrn.3874014
35. 	Barros-Martins J, Hammerschmidt SI, Cossmann A, et al. Humoral and Cellular Immune Response against SARS-CoV-2 Variants Following Heterologous and Homologous ChAdOx1 NCoV-19/BNT162b2 Vaccination. Infectious Diseases (except HIV/AIDS); 2021. doi:10.1101/2021.06.01.21258172
36. 	Ho TC, Chen YMA, Chan HP, et al. The Effects of Heterologous Immunization with Prime-Boost COVID-19 Vaccination against SARS-CoV-2. Vaccines. 2021;9(10):1163. doi:10.3390/vaccines9101163
37. 	Hillus D, Schwarz T, Tober-Lau P, et al. Safety, reactogenicity, and immunogenicity of homologous and heterologous prime-boost immunisation with ChAdOx1 nCoV-19 and BNT162b2: a prospective cohort study. Lancet Respir Med. 2021;9(11):1255-1265. doi:10.1016/S2213-2600(21)00357-X
38. 	Atmar RL, Lyke KE, Deming ME, et al. Homologous and Heterologous Covid-19 Booster Vaccinations. N Engl J Med. Published online January 26, 2022:NEJMoa2116414. doi:10.1056/NEJMoa2116414
39. 	Kalimuddin S, Tham CYL, Qui M, et al. Early T cell and binding antibody responses are associated with COVID-19 RNA vaccine efficacy onset. Med. 2021;2(6):682-688.e4. doi:10.1016/j.medj.2021.04.003
40. 	Oberhardt V, Luxenburger H, Kemming J, et al. Rapid and stable mobilization of CD8+ T cells by SARS-CoV-2 mRNA vaccine. Nature. Published online July 28, 2021. doi:10.1038/s41586-021-03841-4
41. 	Rydyznski Moderbacher C, Ramirez SI, Dan JM, et al. Antigen-Specific Adaptive Immunity to SARS-CoV-2 in Acute COVID-19 and Associations with Age and Disease Severity. Cell. 2020;183(4):996-1012.e19. doi:10.1016/j.cell.2020.09.038
42. 	Azkur AK, Akdis M, Azkur D, et al. Immune response to SARS‐CoV‐2 and mechanisms of immunopathological changes in COVID‐19. Allergy. 2020;75(7):1564-1581. doi:10.1111/all.14364
43. 	Sahin U, Muik A, Vogler I, et al. BNT162b2 vaccine induces neutralizing antibodies and poly-specific T cells in humans. Nature. 2021;595(7868):572-577. doi:10.1038/s41586-021-03653-6
44. 	Grifoni A, Weiskopf D, Ramirez SI, et al. Targets of T Cell Responses to SARS-CoV-2 Coronavirus in Humans with COVID-19 Disease and Unexposed Individuals. Cell. 2020;181(7):1489-1501.e15. doi:10.1016/j.cell.2020.05.015
 

Tables 

Table 1: Patient characteristics and immune responses following different SARS-CoV-2 vaccination regimes.
	Parameter
	Total
	ChAdOx1 ChAdOx1
	ChAdOx1 BNT162b2
	BNT162b2
BNT162b2

	n
	320
	26
	243
	49

	Age [years]
	
	
	
	

	mean ± SD
	36 ± 14
	58 ± 8
	35 ± 13
	31 ± 9

	Sex
	
	
	
	

	male
	74 (23.1%)
	4 (15.4%)
	53 (21.8%)
	15 (30.6%)

	female
	245 (76.6%)
	22 (84.6%)
	190 (78.2%)
	33 (67.3%)

	unknown
	1 (0.3%)
	0 (0.0%)
	0 (0.0%)
	1 (2.0%)

	Difference T2-T3 [days]
	
	
	
	

	
	134 ± 16
	126 ± 9
	134 ± 17
	136 ± 14

	IgG T3 [BAU/ml]
	
	
	
	

	mean ± SD
	376 ± 302
	152 ± 151
	388 ± 300
	435 ± 327

	TC T3 [mIU/ml]
	
	
	
	

	mean ± SD
	986 ± 1893
	809 ± 1002
	1062 ± 2083
	743 ± 1145

	missing
	6
	0
	5
	1

	TC T3 interpretation
	
	
	
	

	negative
	44 (14.0%)
	5 (19.2%)
	28 (11.8%)
	10 (20.8%)

	low
	39 (12.4%)
	5 (19.2%)
	25 (10.5%)
	9 (18.8%)

	high
	231 (73.6%)
	16 (61.5%)
	185 (77.7%)
	29 (60.4%)

	missing
	6
	0
	5
	1

	Avidity T3
	
	
	
	

	negative
	0
	0
	0
	0

	low
	3 (0.9%)
	2 (7.7%)
	1 (0.4%)
	0 (0.0%)

	high
	317 (99.1%)
	24 (92.3%)
	242 (99.6%)
	49 (100.0%)

	Neutralization T3
	
	
	
	

	negative
	2 (0.6%)
	0 (0.0%)
	1 (0.4%)
	1 (2.0%)

	positive
	318 (99.4%)
	26 (100.0%)
	242 (99.6%)
	48 (98.0%)


Patient characteristics and measurements of immune responses three to seven months following second vaccination (T3) according to vaccination regimes. “Total” refers to 320 patients including two subjects with ChAdOx1/mRNA-1273 (Moderna), who were excluded from further analyses because of the small group size. ChAdOx1=ChAdOx1 nCoV-19. IgG=anti‑spike-RBD-IgG. TC=spike-directed IFN- T-cell release.
	


Figure legends

Figure 1: Anti-spike-RBD-IgG levels up to two weeks before (T1), two weeks to three months (T2) and three to seven months following second vaccination (T3) according to vaccination regimes. (A) Anti-spike-RBD-IgG (IgG) [BAU/ml] at all three time points by vaccination regime. Significance asterisks indicate results from contrast tests within a linear mixed effect model for log2(IgG) with vaccination regime and time and their interaction as predictors, adjusted for age and sex. (B) Spike-directed IFN- T-cell responses (TC) [mIU/ml] at all time points by vaccination regime. Significance asterisks indicate results from contrast tests within a linear mixed effect model for log2(Spike-directed IFN- T-cell responses) with vaccination regime and time and their interaction as predictors, additionally adjusted for age and sex. (C) Association (log2) between anti-spike-RBD-IgG (IgG) (left panels) and spike-directed IFN-γ T-cell responses (TC) (right panels) with the duration (in days) between second vaccination and T3. Study groups (ChAdOx1/ChAdOx1, ChAdOx1/BNT162b2, BNT162b2/BNT162b2) as indicated. Linear trend effect values, P values and confidence intervals (CI) are displayed in the figures. ChAdOx1=ChAdOx1 nCoV-19. The P values are adjusted for multiple testing using Holm’s procedure. *** p<0.001; ** p<0.01; * p<0.05; rectangle: p<0.1; n.s.: not significant.

Figure 2: Regression of spike-directed IFN- T-cell responses (TC) on anti-spike-RBD-IgG (IgG) three to seven months following booster vaccination (T3). The analysis was performed for (A) all groups combined, and separately for (B) ChAdOx1/ChAdOx1, (C) ChAdOx1/BNT162b2 and (D) BNT162b2/BNT162b2, all controlling for age, sex, and time between second vaccination and T3. B values, P values and confidence intervals (CI) are displayed in the figures. ChAdOx1=ChAdOx1 nCoV-19.

Figure 3: Associations of early and late humoral and cellular immune responses in the different vaccination regimes. (A) Anti-spike-RBD-IgG (IgG) at T1 (up to two weeks before second vaccination) vs. IgG at T3 (three to seven months following second vaccination), (B) spike-directed IFN- T-cell responses (TC) at T1 vs. T3, and (C) TC at T1 vs. IgG at T3, all controlling for age, sex, and time between second vaccination and T3. B values, P values and confidence intervals (CI) are displayed in the figures. ChAdOx1=ChAdOx1 nCoV-19.

Figure 4: Associations of humoral and cellular immune responses two weeks to three months and three to seven months following second vaccination in the different vaccination regimes. (A) Anti-spike-RBD-IgG (IgG) at T2 (two weeks to three months following second vaccination) vs. T3 (three to seven months following second vaccination), (B) spike-directed IFN- T-cell responses (TC) at T2 vs. T3, and (C) TC at T2 vs. IgG at T3, all controlling for age, sex, and time between second vaccination and T3. B values, P values and confidence intervals (CI) are displayed in the figures. ChAdOx1=ChAdOx1 nCoV-19.


Figure 5: Neutralization index (NI) and relative avidity index (RAI) three to seven months following second vaccination (T3) according to vaccination regimens. (A) NI, (B) RAI. Significance asterisks indicate results from contrast tests within a linear mixed effect model with vaccination regime and time and their interaction as predictors, additionally adjusted for age and sex. The P values are adjusted for multiple testing using Holm’s procedure. *** p<0.001; ** p<0.01; * p<0.05. ChAdOx1=ChAdOx1 nCoV-19.
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