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Background

The duration of immune response to COVID-19 vaccination is of major interest. Our aim was to analyze the determinants of anti-SARS-CoV-2 IgG titer at 6 months after 2-dose vaccination in an international cohort of vaccinated healthcare workers (HCWs).



Methods

We analyzed data on levels of anti-SARS-CoV-2 Spike antibodies and sociodemographic and clinical characteristics of 6,327 vaccinated HCWs from 8 centers from Germany, Italy, Romania and Slovakia. Time between 1st dose and serology ranged 150-210 days. Serological levels were log-transformed to account for the skewness of the distribution and normalized by dividing them by center-specific standard errors, obtaining standardized values. We fitted center-specific multivariate regression models to estimate the cohort-specific relative risks (RR) of an increase of 1 standard deviation of log antibody level and corresponding 95% confidence interval (CI), and finally combined them in random-effects meta-analyses.



Results

A 6-month serological response was detected in 99.6% of HCWs. Female sex (RR 1.10, 95%CI 1.00-1.21), past infection (RR 2.26, 95%CI 1.73-2.95) and two vaccine doses (RR 1.50, 95%CI 1.22-1.84) predicted higher IgG titer, contrary to interval since last dose (RR for 10-day increase 0.94, 95%CI 0.91-0.97) and age (RR for 10-year increase 0.87, 95%CI 0.83-0.92). M-RNA-based vaccines (p<0.001) and heterologous vaccination (RR 2.46, 95%CI 1.87-3.24, one cohort) were associated with increased antibody levels.



Conclusions

Female gender, young age, past infection, two vaccine doses, and m-RNA and heterologous vaccination predicted higher antibody level at 6 months. These results corroborate previous findings and offer valuable data for comparison with trends observed with longer follow-ups.
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Introduction

COVID-19 represents one of the major acute infectious threats of the XXI century. The pandemic nature of COVID-19 infection rose several challenges, leading to deep daily life changes in most populations of the world (1). The pandemic implied an urgent need for vaccines development, which first entered in use in December 2020 (2). The mRNA mechanism of newly developed vaccines, namely Comirnaty (BioNTech/Pfizer) and Spikevax (Moderna), has been largely debated. mRNA vaccines were known to be versatile and rapid to design even before COVID pandemic (3), with the benefit of a short manufacturing time matched with high efficacy, and to be overall safe (4). In many countries, health care workers (HCWs) were among the first population groups to be recommended the vaccination, given their high exposure to COVID-19 infection (5).

Once vaccines were recommended at mass level against infection spreading (6), one of the main issues became to determine their effectiveness against COVID-19 infection. Preliminary data showed that vaccines were effective against the development of symptoms and reduced the risk of infection (2, 4, 7). Indeed, immune responsiveness is necessary for a vaccine to be effective towards its target (8). The quantity of antibodies against the targeted microorganism depends on the type of vaccine and can be interpreted as an index of effectiveness of a vaccine, and the type of induced antibodies (9). In addition, subject-related factors can influence the serological response: health conditions such as immunosuppression, diabetes, autoimmune diseases and cardiovascular diseases have been described as inversely related to immune response after COVID-vaccine, while young age and female sex have been directly related to it. Baseline seropositivity was also reported as predictor of higher serological response after vaccination (10, 11). Despite several studies were conducted in occupational settings, little information is available for different job categories, where exposure to infection and subsequent development of natural antibodies may mediate the different serological level after vaccination, in particular among HCWs (12).

To date, few studies have evaluated the longitudinal immune response to COVID-19 vaccines (13–16). A recent publication reviewed the available data on duration of vaccine effectiveness, which was assessed to decrease by about 20-30% within 6 months (17).

ORCHESTRA is a multicenter prospective cohort including HCWs from multiple countries (18). This analysis within ORCHESTRA is focused on the characteristics of anti-Sars-CoV-2 Spike immune response to COVID-19 vaccines at 6 months since the 1rst dose. Previous publications based on ORCHESTA dataset reported the kinetics of antibody response to COVID-19 vaccination (19), the predictors of immunological response to vaccination (20), as well as the predictors of COVID-19 infection in HCWs by occupational factors such as use of personal protective equipment (PPE) and job title (12).

ORCHESTRA provides unique data on different job titles, COVID-19 history of the HCWs, and type of vaccine administered.

We aimed at identifying the predictors of immune response up to 6 months from vaccination, by exploring HCW-related and vaccination-related characteristics.



Methods

ORCHESTRA comprises a prospective multicenter cohort of HCWs employed in hospitals in multiple countries (18) including over 60,000 HCWs. This analysis includes HCWs from one center in Germany (Munich), 5 centers in Italy (Bari, Bologna, Brescia, Trieste and Verona), as well as in several centers in Romania and Slovakia (the two latter treated as individual cohorts), with serological results at 6 months after first vaccination dose. Data on sociodemographic characteristics, results of PCR testing, and vaccination status, including date of vaccination doses and type, were either abstracted from medical surveillance records or collected using questionnaires or ongoing loco-regional databases. Results on level of anti-S antibodies were either collected from medical records or generated through ad-hoc testing. All cohorts included in the ORCHESTRA project have undergone extensive data harmonization.

The proportion of HCWs who did not develop a serological response after vaccination varied across the cohorts from 0% to 1.1%; these subjects were excluded from all analysis on serological results. The present analysis comprises 6,327 HCWs with available and positive serology results during a 6-month timeframe from 1rst dose administration, defined as the interval 150-210 days (Table 1).


Table 1 | Selected characteristics of the cohorts of HCW included in the analysis.



The primary outcome of this analysis was level of serum antibodies at six months. Methods of measurement of antibody level varied across centers and time periods; details are reported in Supplementary Table 1.

We conducted a two-stage analysis. In the first stage, we executed descriptive analysis of the outcome and explanatory variables. For quantitative analyses antibody levels were log-transformed to account for the skewness of the distribution. To take into account the heterogeneity in analytical methods, log-transformed results were normalized by dividing them by the center-specific standard errors. In this way, standardized serological measurements were obtained, allowing comparison across cohorts within the study population. We fitted multivariate linear regression models to estimate cohort-specific relative risks (RR) and corresponding 95% confidence intervals (CI) of an increase of one standard deviation (SD) of normalized log-transformed antibody level. Multivariate regression models, both logistic and linear, comprised sex, age, and potential determinants of levels of antibodies, including job title (technician, nurse, physician, other HCWs vs administrative personnel), time since last dose of COVID vaccine, COVID infection prior to serology (either before or after vaccination), previous positive anti-N serology (both in qualitative and quantitative terms), number of vaccine doses, type of vaccine, and BMI.

In a second phase, cohort-specific results were combined using random-effects meta-analyses (21); heterogeneity between cohort-specific results was tested using the I2 method (22).

Secondary analyses on vaccine type were restricted to the cohorts from Bologna and Munich.

Stata® software 16 (StataCorp LP, College Station, Texas, USA) was used in the statistical analysis.

The study was approved by the Italian Medicine Agency (AIFA) and the Ethics Committee of Italian National Institute of Infectious Diseases (INMI) Lazzaro Spallanzani. Each cohort was approved by the local ethical board.



Results

A total of 6,327 vaccinated HCWs from 8 European cohorts were included in the analysis. Selected characteristics of these HCWs are described in Table 2. Subjects were mostly women, with proportion ranging from 58.1% (Bari) to 81.4% (Slovakia and Romania), and older than 50 years old (from 36.8% in Bologna to 57.1% in Romania). The most frequent job titles were nurse and physician in all the cohorts, except for Slovakia where the largest category was that of other HCWs. The proportion of HCWs with a confirmed COVID-19 infection (positive by either PCR or anti-N antibodies) prior to the blood sampling was quite heterogeneous, ranging between 1.35 (Bari) to 24.1% (Brescia). Qualitative data on pre-vaccination serology were available for 5 out of 8 cohorts and showed differences among the study centers, with proportions of negative serology ranging from 51.8% (Brescia) to 90.5% (Bari). When considering type of vaccine, Comirnaty was the most commonly administered vaccine everywhere, representing 100% of the vaccinations in Bari, Verona and Trieste. Munich was the only center where a sizable proportion of subjects received other vaccines, including combinations.


Table 2 | Selected characteristics of HCWs included in the analysis.




Overall, 199 HCWs (3.2%) received only one dose of vaccine. This proportion was largest in Brescia (17.4%). Instead, 100% of the subjects from Bari, Slovakia and Romania cohorts completed the two-dose vaccination course. Pre-vaccination anti-N antibody level was provided by 4 cohorts and the intervals varied by cohort (Table 2). The mean timeframe between first vaccine dose and blood sample varied between 161.0 (Slovakia) to 203.3 days (Bari), and the overall mean was 185.1, within the predefined range of 150-210 days.

Supplementary Table 2 illustrates the serology level distribution categorized by sex, age and cohort. The results of the meta-analysis for the determinants of serology response at 6 months are reported in Table 3, and the corresponding cohort-specific results are reported in Supplementary Figures 1–7. Overall, women were more likely to develop a higher antibody level than men (RR of an increase of one SD of normalized log-transformed antibody level 1.10, 95% CI 1.00-1.21, p-heterogeneity 0.1). Cohort-specific results are shown in Supplementary Figure 1, the RRs ranged from 0.91 to 1.51. Ageing was inversely related to serologic response in all the cohorts, with RR=0.87 for a 10-year increase in age (95% CI 0.83-0.92, p-heterogeneity 0.003). Cohort-specific results are shown in Supplementary Figure 2; RRs were all below 1 and ranged from 0.76 to 0.98. Job title (seven cohorts) was not associated to the serology level, either in the meta-analysis (Table 3) or in cohort-specific analyses (details not shown).


Table 3 | Determinants of standardized antibody level at 6-month.



We found a RR of 2.26 (95% CI 1.73-2.95, p-heterogeneity < 0.001, all eight cohorts) for previous COVID-19 infection; cohort-specific RRs ranged from 1.01 to 4.95, with one outlying result from Bari, which however was based on a single HCW with previous COVID-19 infection (Supplementary Figure 3). A RR of 1.50 (95% CI 1.22-1.84, five cohorts) was detected for two vs one dose of vaccine. A 10-day increase since last dose (seven cohorts) showed significant probability of lower level of antibodies (RR 0.94, 95% CI=0.91-0.97).

Viral-vector vaccines (four cohorts) resulted in a non-significant lower probability of increased serological response (RR 0.58; 95% CI=0.27-1.23). HCWs who had a positive or higher serology level before vaccination had significantly a higher probability on an increased level respectively (RR=1.85, 95% CI=1.35-2.52) and (RR=1.19, 95% CI=1.05-1.35). (Supplementary Figures 6, 7). No difference was found based on 30 days increase in the interval since pre-vaccination serology (four cohorts): results were quite inconsistent between the cohorts. When the analysis was stratified by both infection and vaccination status, HCWs reporting history of COVID infection and administered with two doses had higher antibodies than those with no infection and one only dose (RR=23.41, 95% CI=0.46-1194.51, based on 5 cohorts). No relation was found with increasing BMI based on Slovakia and Romania cohorts.

We performed separate analyses within single centers with available data on different vaccine types, namely Italy-Bologna and Germany-Munich (Table 4). When comparing the different vaccines in the Italy-Bologna cohort, a higher immunogenicity was found for Spikevax against Comirnaty, up to a RR of 2.05 (p<0.001). Vaxzevria (n=74) resulted to be associated to higher level of antibodies too, but without significance (RR=1.62, p=0.31); this latter result is hampered by the very small number of HCWs receiving this vaccine (n=3). The analysis of the Germany-Munich cohort provided slightly different results from that of Bologna: Spikevax was not significantly associate to a quantitative immune response (RR=1.23, p=0.13); Vaxzevria was less able to induce serological response (RR=0.50, p=0.019). Compared to homologous Comirnaty vaccination, heterologous vaccination with Vaxzevria & Comirnaty and that with Vaxzevria & Spikevax were significantly more likely to produce higher immune response, with RR of 2.35 (p<0.001) and 2.05 (p=0.017) respectively, with an overall RR for heterologous vs. homologous vaccination equal to 2.46 (95% CI 1.87-3.24).


Table 4 | Relative risk for type of vaccine.





Discussion

The assessment of effectiveness of vaccines against covid-19 infection has represented an important research objective since their development. This paper describes the determinants of qualitative and quantitative immune response to COVID-19 vaccines at 6 months from the 1st dose.

We analyzed consecutive serologies of more than 6300 HCWs from 8 cohorts being vaccinated with at least 1 dose and with available information on immunization status at 6 months.

The analyses showed that women had higher serological responses at 6 months, while ageing was inversely related to it. These data agree with several other studies (23–29) and are in line with the sex-related dimorphism of immune response (30).

As expected, we observed a reduction in the serological response at 6 months, as well as negative trend when analyzing HCWs who were tested for antibodies at increasing time intervals since the last dose of vaccine, suggesting the progressive waning of serology level. This is consistent with previous findings (23). According to Li et al. (23), the intensities of CD4+ T cell responses to inactivated vaccine antigens were lower after 30 days from the 1st dose compared to subjects inoculated less than 30 days before blood sampling.

A 15-times decline of the serological level at 5-months after Comirnaty vaccine was observed among 100 HCWs (31), while the duration of Spikevax was stated to be at least 209 days based on analyses of 33 healthy adults’ serum (32). Another study on 151 HCWs measured antibodies level after 1rst dose, and 1 and 3 months after 2nd dose of mRNA vaccines; the results were a lower response among older subjects and the decline in the serological levels at 3 months in all the participants. Similar results were reported in studies from Portugal (33) and Italy (34).

With regard to past COVID-19 infection, our study showed that HCWs with COVID-19 infection prior to vaccination were more likely to maintain positive responses at 6-months, also corresponding to higher immunogenicity levels. Antibodies development in absence of vaccination indicates a past contact with the correspondent pathogen. Indeed, several studies (35–37) described a higher immune response to COVID-19 vaccines in subjects with history of infection, also with a faster serological rise (36). In specific, previously infected HCWs may develop higher neutralizing antibody titers than those with a negative history of infection (38).

The quantity of neutralizing antibodies is highly correlated with the protective effect of vaccination and its durability (39). Antibody titers do not correspond to neutralizing titers, which may be relatively high and effective despite low absolute level of antibodies. The qualitative analyses partially overcome this limit, but further studies measuring the level of neutralizing antibodies and calculating their proportion among the total antibodies, as well as their relation with possible outcomes (e.g., infection, symptoms, hospitalization, reinfection) are needed.

Different immune responses were described in not infected (naïve) compared to pre-immune subjects by Forgacs et al. (35), who assessed the post-vaccination neutralization titers for immunologically naïve subjects to range from 1:5–1:400, against 1:400–1:3200 in pre-immune individuals. The serological protection conferred by vaccination was significantly more robust compared to antibodies induced by natural viral infection, as confirmed by a more recent publication (40). Moreover, vaccination elicited higher antibody titers in participants who were pre-immune to SARS-CoV-2 compared to naïve ones. The robust and immediate recall of high affinity antibodies may be attributed to memory B cell mediated processes. This highlights the importance of vaccination and booster administration, given the short-term protection and the frequent reinfections.

Zhong et al. (16) established a cohort of 3500 HCWs to compare antibody durability induced by mRNA vaccines in individuals with or without history of infection. A negative trend was found for the serological levels among participants who had never been infected, with the adjusted median antibody measurements scaling from 8.7 at one month, to 7.3 at three months, and down to 4.6 at six months after vaccination (16). Conversely, those with prior infection maintained higher postvaccination adjusted median antibody measurements by an absolute difference of 1.25 at one month, 1.42 at 3 months, and 2.56 at six months (16). Moreover, individuals who tested positive for infection more than 90 days before vaccination had higher postvaccination adjusted antibody measurements compared with those infected up to 90 days before vaccination, demonstrating also that a longer interval between infection and first vaccine dose may enhance the antibody response (16). Tanunliong and coauthors (37) have found that serological levels had still not significantly decreased after seven months from infection, while Edridge et al. (41) described a short-lasting natural immunogenicity, based on the common occurrence of coronaviruses reinfection within 12 months observed in a prospective study following up 10 healthy individuals over 35 years through blood collection every 3 months before 1989 and every 6 months afterwards. The effectiveness of Comirnaty was studied on about 3,4000,000 subjects, with a declining in the immune coverage varying from 88% after 1 months to 43% after 5 months from the second dose. Also, the authors hypothesize the decline of effectiveness is due to waning immunity rather than delta variant, as the protection against this latter considering hospital admission resulted to last around 6 months (15). Besides qualitative studies, few quantitative studies have been published, such as the one by Suthar et al. (14), which described the substantial waning of antibodies after six months from the double dose of Comirnaty. These results overall agree with our findings. Also, they corroborate the hypothesis of the third dose as useful to maintain antibody levels above the effectiveness threshold (13).

With regard to job title, no difference was found in our analysis. This is not unexpected, as far as we accounted for major confounders including previous COVID-19 infection. In fact, physician and nurses were more prone to get the infection because of higher exposure to patients compared to administrative workers or technicians. While to our knowledge this is the first study to report different levels of antibodies at 6 months from COVID-19 vaccine by job title, a previous analysis from ORCHESTRA’s Italian cohorts showed no difference in the risk of infection by occupational category, nor among HCWs working in a COVID-19 designated department (12).

Overall, our analysis showed mRNA vaccines confer higher protection than viral vector vaccine. The analysis within the Bologna Munich cohort showed some variability in the vaccines’ effectiveness, with Spikevax apparently stronger than Comirnaty. Indeed, literature reports that the higher effectiveness of mRNA vaccines may be related to the capacity to induce persistent germinal center B cell response (36). Moreover, a higher ability to stimulate an immune response was found in relation to heterologous vaccination (Vaxzevria + Comirnaty/Spikevax), with an overall 2.4-fold higher likelihood of positive immunization compared to homologous vaccination, consistently with previous findings (42).

A recent review compared the different available vaccines for COVID-19 to 2021, reporting Comirnaty and Spikevax having the higher efficacy (29). Authors highlighted the importance of the sequential immunization strategy, following the example of a potential HIV vaccination scheme: the heterogeneous prime boosts confer substantial protection and can increase the intensity and breadth of the immune response, despite no single HIV vaccine provides effective protection. Indeed, the stimulation of the immune response through different types of vaccines against the same pathogen seems to enhance the likelihood of coverage for highly mutant viruses (such as HIV, influenza and coronavirus) by providing broader protection against variants (43). Antibodies able to protect against multiple strains of a mutable pathogen are called “broadly neutralizing antibodies”, whose production is a major aim of vaccination strategy.

Several studies agree around the beneficial effects of changing prime-boost immunization strategies by altering mutational distances, concentrations and other features of the immunogens.

Also, different trends in immunogenicity have been described for the different types of vaccine. For example, mRNA vaccines showed to induce a rapid and high immune response, but with a consistent decline in the following 6-8 months, while Janssen corresponded to lower but relatively stable antibodies (13).

The results we presented are based on serologies obtained through different methods of detection. This limitation was addressed by using a statistical approach allowing to standardized serological levels, making the results by specific cohorts comparable. Indeed, all the differences found in the present analysis must be interpreted as representing real phenomena rather than being attributed to differences in serological testing across the cohorts. Despite one would ideally test all study participants with the same methods under the same conditions, this is unfeasible in a large international cohort such as the one we have studied. Given the global connotation of COVID-19 infection, this approach allows to overcome potential heterogeneity in data collection methods and to make data comparable from all over the world.

We could establish several associations with 6 months immunization, despite the information were sometimes missing for some cohorts. Data on COVID-19 infection used in this analysis were based on PCR testing for all HCW, except a small proportion of subjects on the Munich cohort for whom it was based on anti-N serology. In a sensitivity analysis excluding the Munich cohort, the results for pre-vaccination COVID-19 infection did not change compared to the main analysis. The cohort from Brescia was the only one with a substantial number of HCW tested both with PCR and anti-N antibodies. The two methods obtained similar results on the level of post-vaccination anti-S serology.

Also, adjustments were made to account for the reciprocal confounding of the determinants considered in the analyses, including job title. In fact, serological pattern by job title was also described. When interpreting the results on vaccines immunogenicity, geographical and ethnical aspects should be taken into account (44): the vaccines efficacy has been reported to be impaired by locally circulating variants; also, different level of efficacy of Comirnaty have been described by ethnicity. This limits the generalizability of our results, even if analyses were adjusted by study center. Moreover, this study may not be fully comparable to those based on the general-population, since HCWs are a population at higher risk of exposure, were among the first to be vaccinated, and HCWs can be subject to behavioral and lifestyle confounders which we did not accounted for. Also, we did not consider clinical conditions of the participants, which may have played a role. Another limitation is that date of previous COVID-19 infection was not available on subjects with pre-vaccination N-Ig results, preventing us from estimating the decline in antibody levels from a possible previous infection. Lastly, the results by type of vaccine are impaired by small numbers of subjects with available results, limiting the possible comparisons, especially when considering viral vector vaccines.

This study represents an important source of information to understand the effectiveness and the duration of immune response acquired by vaccination. Our data provide important support to previous findings on the ability of different types of vaccines to elicit immunogenicity, and show on a large multicentric study the time-trends of their immunological effect over six months. This analysis adds further useful information to help in the prioritization of candidates for vaccination campaign.

Next steps from the ORCHESTRA project will be to investigate the lifestyle and sociodemographic determinants of immune response and duration, as well as proceeding the analysis on temporal trends of serological levels.
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