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A B S T R A C T   

Background: Increasing the interval between the first and second SARS-CoV-2 vaccine doses en-
hances vaccine immunogenicity, however the optimal timing of the third vaccine is unknown. In 
this study, we investigated how the time interval between the first and second (V1–V2), or second 
and third (V2–V3) doses affects immunogenicity after three doses of the BNT162b2 (Comirnaty, 
Pfizer-BioNTech) vaccine. 
Methods: This is an observational cohort consisting of 360 participants enrolled in the COVID-19 
Occupational Risks, Seroprevalence, and Immunity among Paramedics in Canada (CORSIP) study. 
Immune responses to BA.1 and other variants were measured from serum using an ACE2 
competitive binding assay for surrogate SARS-CoV-2 neutralization. We fit a multiple linear 
regression model to estimate the independent association between both the V1–V2 and V2–V3 
intervals and serum SARS-CoV-2 neutralization, while adjusting for age, sex, and the V3-to-blood 
collection interval. We examined vaccine dosing intervals as continuous variables and categorized 
them into quartiles. 
Results: The mean age was 40 years, 45% were female sex (at birth), and the median BA.1 sur-
rogate neutralization was 61% (IQR 38–77%). The multivariate analysis indicated that longer 
V1–V2 (β = 0.1292, 95% CI: 0.04807–0.2104) and V2–V3 (β = 0.2653, 95% CI: 0.2291–0.3015) 
intervals were associated with increased surrogate neutralization of BA.1. These results were 
consistent when examining responses against Spike from other SARS-CoV-2 strains. When cate-
gorized into V2–V3 quartiles, the first (56–231 days), and second (231–266 days) quartiles 
demonstrated decreased BA.1 surrogate neutralization compared to the longest V2–V3 quartile 
(282–329 days). There was no significant difference in surrogate neutralization between the long 
(266–282 days) and longest (282–329 days) V2–V3 intervals. 
Conclusion: Longer intervals between first, second and third doses are independently associated 
with increased immunogenicity for all tested SARS-CoV-2 strains. Increasing the intervals be-
tween the second and third vaccine doses up to 8.9 months provided additive benefits increasing 
the immunogenicity of BNT162b2 vaccine schedules.  
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1. Introduction 

The persistent worldwide circulation of SARS-CoV-2 has led to the continued emergence of variants with increased transmissibility, 
especially the Omicron variant [1]. This suggests that a regular vaccination regime, like that for influenza, may become standard 
practice. However, the optimal vaccine schedules are still an open question, with possible biannual or annual vaccine administration 
[2]. Widespread public vaccination programs provide an ideal opportunity for observational studies investigating the timing interval 
between the first three SARS-CoV-2 vaccines, which allows for inferences regarding ideal dosing intervals between future vaccines. 
Previous data have shown that a longer interval between the first and second dose (V1–V2 interval) of mRNA vaccines leads to greater 
SARS-CoV-2 immunogenicity, compared to a shorter interval [3–5]. However, the optimal dosing schedule for vaccine doses subse-
quent to the initial 2-dose series is unclear. Further, it is unclear if there is interaction between the V1–V2 and V2–V3 intervals. We 
sought to determine impact of both the V1–V2 and V2–V3 intervals on SARS-CoV-2 neutralization in individuals treated with three 
doses of the Comirnaty (BNT162b2) vaccine. 

2. Materials and methods 

2.1. Study cohort 

Serum samples were identified from individuals enrolled in the COVID-19 Occupational Risks, Seroprevalence, and Immunity among 
Paramedics in Canada (CORSIP) cohort study [5,6] who had received three doses of BNT162b2 and who provided a blood sample 1 year 
± 2 weeks after the first vaccine dose. We excluded: (1) samples from participants who had COVID-19; and (2) samples collected from 
participants vaccinated within 30 days prior to the sample blood draw. COVID-19 was defined as: individuals who had a positive 
polymerase chain reaction test or rapid antigen test prior to blood collection, or if the sample was reactive on an Elecsys 
Anti-SARS-CoV-2 nucleocapsid assay (Roche Diagnostics Corp., IND, USA); this assay has demonstrated high sensitivity and specificity 
for classifying preceding SARS-CoV-2 infections [7]. All samples were tested using the Elecsys Anti-SARS-CoV-2 nucleocapsid assay. 

2.2. Serum testing 

Serum samples were tested with the V-PLEX SARS-CoV-2 Panel 22 ACE2 Kit (Meso Scale Discovery, MD, USA). This assay measures 
the antibody-mediated inhibition of SULFO-TAG conjugated human ACE2 protein binding (determined by the electro-
chemiluminescence [ECL] signal) to the RBD region of the SARS-CoV-2 spike protein from the BA.1, B.1.351, P.1, B.1.1.7, B.1.617.2 
variants and the wild type (WT) strain. First, the optimal serum dilution factor for the BA.1 spot was determined by diluting a pilot 
selection of serum samples at 1/20, 1/40 and 1/80 concentrations. Pilot serum samples diluted at 1/40 were the most normally 
distributed suggesting that the measured BA.1% surrogate inhibition values would be the least clustered at high or low values in a 
larger sample set at this dilution. Then, the ECL readout was used to calculate % surrogate neutralization as in the manufacturer’s 
protocol and as previously published [8]. Briefly, % ACE2 binding inhibition = % surrogate neutralization = [1 – (average sample 
ECL/ECL baseline calibrator signal)] x 100. 

2.3. Statistical analysis 

We used Prism 9 (GraphPad Software, LLC, San Diego, CA), RStudio (RStudio, PBC, Boston, MA) and Excel (Microsoft, Redmond, 
WA) for data analysis. The sample size of 360 adult paramedics consisted of the entirety of individuals in our cohort who satisfied the 
study criteria in section 2.1. Participants were stratified by quartile interval between the first and second vaccine dose (V1–V2), and 
also by the interval between the second and third dose (V2–V3). Quartiles were used to ensure that all groups were the same reasonable 
sample size while comparing several different vaccine dosing intervals. We compared demographic data across groups categorized by 
V1–V2 quartiles and V2–V3 quartiles using the one-way Kruskal-Wallis test for the continuous variable of age, and the Chi-squared test 
for categorical variables, which were sex, ethnicity/race, educational level, smoking history, and medical history. 

First, we compared surrogate neutralization between the following SARS-CoV-2 strains: BA.1, B.1.351, P.1, B.1.1.7, B.1.617.2 and 
WT. Then, we assessed surrogate neutralization within groups of a single strain, after categorization of the samples into four groups 
based on V1–V2 dosing interval quartiles. Since there existed the possibility that surrogate neutralization would be not normally 
distributed due to possible clustering around higher percentages of neutralization in certain variants, data normality was assessed 
using the Shapiro-Wilk test. As the data were not normally distributed, differences between groups were assessed with a non- 
parametric Kruskal-Wallis test followed by a post hoc non-parametric Dunn’s test with p-values corrected using the Benjamini- 
Hochberg procedure for FDR (false discovery rate). The FDR value was used to compare differences between the longest BA.1 vac-
cine dosing interval quartile and shorter quartile groups. We repeated this analysis for the other SARS-CoV-2 variants. Any value below 
the FDR cut-off value of q = 0.1 was considered significant. We then repeated these analyses for groups divided into quartiles based on 
the V2–V3 vaccine dosing intervals. 

We then performed a multiple linear regression to assess the independent association of SARS-CoV-2 surrogate neutralization 
with the V1–V2 interval and the V2–V3 interval, while adjusting for the V3-to-blood collection interval, age, and sex, followed by a 
high-powered Holm-Šídák p-value correction (α = 0.05). We fit models that did, and did not, include an intercept value in the model 
(as V1–V2 and V2–V3 dosing intervals of 0 days was not a possible option), and evaluated model fit with the coefficient of 
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determination (R2). We first performed this model with vaccine dosing intervals as continuous variables, but also repeated the 
model with vaccine dosing intervals represented as 4-level categorical quartile-based variables (with reference to the longest 
vaccine dosing interval). 

3. Results 

3.1. Sample demographics 

The study cohort consisted of a total of 360 adult paramedics (Table 1), 163 (45%) of whom reported female sex (at birth). The 
median V1–V2 interval was 36 days (IQR 30–44 days) while the median V2–V3 interval was 266 days (IQR 231–282 days). Table 1 
shows participant demographic characteristics, grouped by both the V1–V2 and V2–V3 dosing interval quartiles. All demographic 
characteristics were similar between groups (p > 0.05) (Table 1). 

3.2. Surrogate neutralization of Omicron and other SARS-CoV-2 variants after three doses of BNT162b2 

Overall, the median surrogate neutralization after three doses of BNT162b2 was 99% (IQR 93–100%) for the wild type strain, 97% 
(IQR 86–99%) for B.1.617.2, 96% (IQR 86–99%) for B.1.1.7, 91% (IQR 76–98%) for B.1.351, 91% (IQR 78–98%) for P.1 and 61% (IQR 
38–77%) for BA.1 (Table 2). The surrogate neutralization of each variant was significantly different from one another (p < 0.0001), 
except for B.1.351 when compared to P.1 (p = 0.4774) and B.1.1.7 when compared to B.1.617.2 (p = 0.5930) (Fig. 1). 

3.3. Neutralization across SARS-CoV-2 variants with changes in V1–V2 interval 

When grouped by V1–V2 quartiles (Table 1), the median V1–V2 vaccine dosing intervals (ordered by lowest to highest quartile) 
were 21 days, 35 days, 39 days, and 98 days. The median V2–V3 vaccine dosing intervals for these groups were 285 days, 273 days, 
263 days, and 204 days. The median V3-to-blood collection intervals were 62 days, 59 days, 65 days, and 69 days and were not 
significantly different (p > 0.05). 

With reference to the longest quartile (44–140 days), BA.1 surrogate neutralization for the first quartile (12–30 days) was 
significantly higher for the Omicron strain BA.1 with a median value of 62% (IQR 41–80%) versus 51% (IQR 30–72%) (p = 0.0281, 
q = 0.0842) (Fig. 2A; Table 2). We did not detect a difference between the longest quartile and shortest quartile for the other 
variants. 

3.4. Neutralization across SARS-CoV-2 variants with changes in V2–V3 interval 

When grouped by V2–V3 quartiles, the median V2–V3 vaccine dosing intervals (ordered by lowest to highest quartile) was 203 
days, 256 days, 273 days, and 291 days. The median V1–V2 vaccine dosing intervals for these groups were 95.5 days, 38 days, 35 days 
and 22 days. The median V3-to-blood collection interval were 78 days, 73 days, 60 days, and 49 days. 

With reference to the longest quartile (282–329 days), surrogate neutralization for the first (56–231 days) and second (231–266 
days) quartiles were significantly lower for all strains (Fig. 2B; Table 2). There was no significant difference between the third 
(266–282 days) and longest V2–V3 dosing interval quartiles for any of the strains. However, there were significant differences between 
the V3-to-blood collection intervals. 

3.5. Associations between surrogate neutralization, V1–V2 and V2–V3 intervals 

The BA.1 linear regression model examining vaccine dosing intervals as continuous variables demonstrated that the goodness of fit 
was higher when the intercept was not included (R2 = 0.8631), and thus the fitted regression model was:  

BA.1% Surrogate Neutralization = 0.1292(V1–V2 interval) + 0.2653(V2–V3 interval) - 0.09760(V3-BC interval) - 0.2068(age) - 3.605(sex)      

The regression model was statistically significant (adjusted p-value = 0.0006). In this model, both higher V1–V2 intervals (adjusted 
p-value = 0.0076) and higher V2–V3 intervals (adjusted p-value = 0.0006) were associated with higher BA.1 surrogate neutralization. 
V3-to-blood collection interval, age and sex were not significant predictors of BA.1 surrogate neutralization (adjusted p-value >0.05). 
Models for the other SARS-CoV-2 variants (Table 3) demonstrate a consistent association between both the V1–V2 and V2–V3 interval 
and surrogate neutralization. 

We fit an adjusted linear regression model examining vaccine dosing intervals as quartile-based categorical variables. With 
reference to the longest V1–V2 quartile, we did not detect an association between any V1–V2 vaccine dosing interval category and 
BA.1 surrogate neutralization. With reference to the longest V2–V3 quartile (282–329 day), the first (56–231 days; adjusted p-value 
= 0.0007) and second (231–266 days; adjusted p-value = 0.01) V2–V3 interval quartiles were associated with decreased BA.1 
surrogate neutralization. We did not detect a difference between the third (266–282 days) and longest (282–329 days) V2–V3 in-
terval quartiles. 
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Table 1 
Characteristics of a CORSIP cohort consisting of study participants that have received three doses of BNT16b2 stratified by V1–V2 and V2–V3 dosing interval quartile.  

Study Variables Full Cohort V1–V2 Dosing Interval (days) V2–V3 Dosing Interval (days) 

n = 360 Short (12–30) Moderate 
(30–36) 

Long (36–44) Longest 
(44–140) 

p-value Short (56–231) Moderate 
(231–266) 

Long 
(266–282) 

Longest 
(282–329) 

p-value  

n = 90 n = 90 n = 90 n = 90  n = 90 n = 90 n = 90 n = 90  

Age (years), Mean (SD) 40 (11) 39.8 (10.0) 40.3 (9.7) 39.9 (10.6) 40.3 (12.1) 0.9881 40.3 (11.9) 40.75 (10.6) 39.5 (10.1) 39.8 (9.7) 0.8913 
Sex, n (%) 
Female 165 (45) 34 (38) 49 (54) 37 (41) 45 (50)  43 (48) 36 (40) 44 (49) 42 (47)  
Male 191 (54) 56 (62) 41 (46) 51 (57) 43 (48) 0.0898 44 (49) 53 (59) 46 (51) 48 (53) 0.6119 
Prefer not to answer, n (%) 4 (1) 0 (0) 0 (0) 2 (2) 2 (2)  3 (3) 1 (1) 0 (0) 0 (0)  
Ethnicity/Race, n (%) a 

White 323 (90) 88 (98) 78 (87) 77 (86) 80 (89)  80 (89) 80 (89) 82 (91) 81 (90)  
South Asian 4 (1) 1 (1) 2 (2) 1 (1) 0 (0)  0 (0) 1 (1) 1 (1) 2 (2)  
Chinese 16 (4) 1 (1) 7 (8) 3 (3) 5 (6)  4 (4) 5 (6) 4 (4) 3 (3)  
Black 3 (0.8) 0 (0) 2 (2) 0 (0) 1 (1)  1 (1) 0 (0) 2 (2) 0 (0)  
Filipino 4 (1) 0 (0) 1 (1) 2 (2) 1 (1)  1 (1) 1 (1) 2 (2) 0 (0)  
Latin American 3 (0.8) 2 (2) 0 (0) 1 (1) 0 (0) 0.2679 0 (0) 1 (1) 0 (0) 2 (2) 0.9823 
Arab 1 (0.3) 0 (0) 0 (0) 0 (0) 1 (1)  1 (1) 0 (0) 0 (0) 0 (0)  
Southeast Asian 3 (0.8) 1 (1) 1 (1) 0 (0) 1 (1)  1 (1) 1 (1) 0 (0) 1 (1)  
Korean 2 (0.6) 0 (0) 1 (1) 1 (1) 0 (0)  0 (0) 1 (1) 1 (1) 0 (0)  
Japanese 1 (0.3) 1 (1) 0 (0) 0 (0) 0 (0)  0 (0) 0 (0) 0 (0) 1 (1)  
Indigenous 1 (0.3) 0 (0) 1 (1) 0 (0) 0 (0)  0 (0) 0 (0) 0 (0) 1 (1)  
Prefer to self-describe 3 (0.8) 1 (1) 0 (0) 2 (2) 0 (0)  0 (0) 0 (0) 0 (0) 3 (3)  
Prefer not to answer 7 (2) 0 (0) 0 (0) 4 (4) 3 (3)  4 (1) 2 (2) 1 (1) 0 (0)  
Educational level, n (%) 
Non-university, n (%) 212 (59) 55 (61) 48 (53) 54 (60) 55 (61)  57 (64) 58 (65) 53 (59) 44 (49)  
University Bachelor’s 

degree, n (%) 
134 (37) 33 (37) 41 (46) 30 (33) 30 (33)  27 (30) 28 (31) 35 (39) 44 (49)  

University Graduate degree 
(Masters or Doctorate), 
n (%) 

7 (2) 1 (1) 1 (1) 2 (2) 3 (3) 0.5134 3 (3) 1 (1) 2 (2) 1 (1) 0.0751 

Prefer not to answer, n (%) 7 (2) 1 (1) 0 (0) 4 (4) 2 (2)  3 (3) 3 (3) 0 (0) 1 (1)  
Smoking History, n (%) 
Cigarette use 19 (5) 5 (6) 2 (2) 8 (9) 4 (4) 0.3329 4 (4) 9 (10) 4 (4) 2 (2) 0.1173 
E-cigarette 9 (3) 3 (3) 1 (1) 0 (0) 5 (6)  6 (7) 1 (1) 1 (1) 1 (1)  
Medical history, n (%) 
Hypertension 31 (9) 10 (11) 7 (8) 9 (15) 5 (6) 0.5554 7 (8) 8 (9) 8 (9) 8 (9) 0.9911 
Diabetes 8 (2) 1 (1) 1 (1) 3 (3) 3 (3) 0.5630 4 (4) 3 (3) 0 (0) 1 (1) 0.2125 
Asthma 43 (12) 15 (17) 11 (12) 7 (8) 10 (11) 0.3260 9 (10) 11 (12) 12 (13) 11 (12) 0.9185 
Chronic Lung disease 4 (1) 2 (2) 0 (0) 1 (1) 1 (1) 0.5678 1 (1) 0 (0) 1 (1) 2 (2) 0.5678 
Chronic Heart disease 4 (1) 1 (1) 2 (2) 1 (1) 0 (0) 0.5678 0 (0) 1 (1) 2 (2) 1 (1) 0.5678 
Chronic Kidney disease 2 (0.5) 0 (0) 2 (2) 0 (0) 0 (0) 0.1100 0 (0) 0 (0) 2 (2) 0 (0) 0.1100 
Liver disease 6 (2) 1 (1) 2 (2) 0 (0) 3 (3) 0.3353 3 (3) 1 (1) 2 (2) 0 (0) 0.3353 

(continued on next page) 
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Table 1 (continued ) 

Study Variables Full Cohort V1–V2 Dosing Interval (days) V2–V3 Dosing Interval (days) 

n = 360 Short (12–30) Moderate 
(30–36) 

Long (36–44) Longest 
(44–140) 

p-value Short (56–231) Moderate 
(231–266) 

Long 
(266–282) 

Longest 
(282–329) 

p-value  

n = 90 n = 90 n = 90 n = 90  n = 90 n = 90 n = 90 n = 90  

Malignancy 10 (3) 3 (3) 1 (1) 3 (3) 3 (3) 0.7448 4 (4) 2 (2) 0 (0) 4 (4) 0.2100 
Chronic blood disorder 3 (0.8) 0 (0) 2 (2) 0 (0) 1 (1) 0.2960 1 (1) 0 (0) 1 (1) 1 (1) 0.7992 
Immune suppressed 11 (3) 2 (2) 4 (4) 2 (2) 3 (3) 0.7936 5 (6) 2 (2) 1 (1) 3 (3) 0.3501 
Chronic neurol. disorder 1 (0.3) 0 (0) 0 (0) 1 (1) 0 (0) 0.3903 0 (0) 1 (1) 0 (0) 0 (0) 0.3903 
Vaccination Interval (days), median (IQR) 
V1–V2 36 (30–44) 21 (21–22) 35 (35–35) 39 (38–42) 98 (87–105) <0.0001 95.5 

(79.75–104.3) 
38 (33.75–42) 35 (35–38) 22 (21–35) <0.0001 

V2–V3 265.5 
(231–282) 

285 
(259.8–294) 

273 
(267–282) 

262.5 
(255.8–275) 

203.5 
(186–221.3) 

<0.0001 203 
(184.8–212.5) 

256 (249–262) 273 
(270–278) 

291 
(285–300) 

<0.0001 

V1–V3 305 
(294–316) 

306.5 
(280.8–315) 

308 
(302–316) 

302 
(296.8–313.3) 

294.5 
(283.8–323.3) 

0.0278 287.5 
(273–308.5) 

297.5 
(288.5–300) 

308 
(304.8–313) 

319 
(310–331) 

<0.0001 

V3-BC 63 
(49.25–76) 

62 
(53.75–85.25) 

59 
(48.75–69) 

65 (51–74) 69 
(43.75–83.25) 

0.0712 78 (54.5–94) 73 (65–80) 59.5 (51–67) 48.5 (39–58) <0.0001 

Kruskal-Wallis tests were used to test for differences in the mean ages of participants and used to test for differences in vaccine intervals as they were not normally distributed. Chi-Squared tests were used 
to test for significant differences between categorical variables. 

a Some individuals identify with more than one category. SD: Standard Deviation; n: number; E, electronic; V1, first vaccine date; V2, second vaccine date; V3, third vaccine date; BC: blood collection 
date. 
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Table 2 
Surrogate neutralization of SARS-CoV-2 variants BA.1, B.1.351, P.1, B.1.1.7, B.1.617.2, and WT as stratified by V1–V2 and V2–V3 dosing intervals.  

SARS-CoV-2 Variant 
(% surrogate 
neutralization), 
median (IQR) 

Full Cohort V1–V2 Dosing Interval (days) V2–V3 Dosing Interval (days) 

n = 360 Short (12–30) Moderate 
(30–36) 

Long (36–44) Longest 
(44–140) 

p- 
value 

Short (56–231) Moderate 
(231–266) 

Long 
(266–282) 

Longest 
(282–329) 

p-value  

n = 90 n = 90 n = 90 n = 90  n = 90 n = 90 n = 90 n = 90  

BA.1 61.14 
(38.38–76.92) 

62.41 
(40.66–80.06) 

64.31 
(41.72–82.83) 

59.99 
(40.98–75.33) 

51.35 
(30.10–71.90) 

0.0312 47.01 
(27.94–67.35) 

59.86 
(36.33–73.11) 

63.12 
(41.63–81.67) 

72.48 
(49.85–85.38) 

<0.0001 

B.1.351 90.66 
(75.53–97.75) 

90.66 
(75.99–98.00) 

94.16 
(80.87–98.58) 

89.93 
(73.46–97.69) 

87.46 
(73.17–95.90) 

0.0495 84.14 
(69.34–95.03) 

89.31 
(74.03–96.57) 

92.26 
(77.86–98.04) 

94.58 
(83.93–99.19) 

<0.0001 

P.1 91.49 
(77.83–97.99) 

91.15 
(78.35–98.07) 

94.83 
(82.59–98.71) 

91.03 
(76.76–97.82) 

88.67 
(74.28–96.32) 

0.0460 85.20 
(72.15–95.73) 

91.00 
(76.72–96.33) 

93.89 
(79.52–98.36) 

95.25 
(85.39–99.27) 

<0.0001 

B.1.1.7 96.08 
(85.68–99.05) 

96.07 
(85.58–99.05) 

98.00 
(89.54–99.48) 

95.90 
(84.67–99.00) 

94.24 
(83.89–98.63) 

0.0134 91.19 
(79.70–97.77) 

95.19 
(85.60–98.59) 

97.04 
(87.73–99.17) 

98.32 
(92.95–99.66) 

<0.0001 

B.1.617.2 96.51 
(86.04–99.40) 

96.48 
(86.91–99.29) 

98.12 
(89.19–99.71) 

96.04 
(85.95–99.34) 

94.10 
(80.17–98.87) 

0.0116 91.37 
(77.36–98.55) 

96.14 
(86.64–98.87) 

97.73 
(86.93–99.50) 

98.67 
(92.68–99.83) 

<0.0001 

WT 98.52 
(92.67–99.99) 

98.48 
(92.62–99.73) 

99.31 
(95.24–99.84) 

98.20 
(92.15–99.68) 

97.35 
(90.63–99.49) 

0.0039 96.08 
(86.94–99.32) 

98.17 
(92.84–99.45) 

99.22 
(93.82–99.76) 

99.48 
(96.78–99.90) 

<0.0001 

Kruskal-Wallis test was used to test for differences in % surrogate neutralization as they were not normally distributed. 

M
.A

. Prusinkiew
icz et al.                                                                                                                                                                                             



Heliyon 9 (2023) e17259

7

4. Discussion 

We examined how differences in V1–V2 and V2–V3 intervals affected antibody-mediated viral surrogate neutralization one-year 
after the start of a 3-dose BNT162b2 vaccination schedule. We found that an increased interval between both V1 and V2, and V2 
and V3 improved 1-year immunogenicity. From our quartile-based analysis, we found that increasing V2–V3 intervals up to 266 days 
(just under 9 months), were associated with improved immunogenicity, which may represent practical intervals to use for booster 
doses. 

When we stratified our cohort by V2–V3, we consistently observed increased surrogate neutralization with longer V2–V3 intervals. 
However, these relationships were confounded by the shorter V3-to-blood collection intervals with increasing V2-V3 intervals—given 

Fig. 1. Surrogate neutralization of SARS-CoV-2 variants in participants with three doses of BNT16b2. All variants were significantly different 
from one another (p < 0.0001), except for the comparisons of % surrogate neutralization for B.1.351 when compared to P.1 and B.1.1.7 when 
compared to B.1.617.2, which were not significantly different (ns). The median and interquartile ranges are presented for each variant. 

Fig. 2. Surrogate neutralization of different SARS-CoV-2 variants with dosing interval. (A) Surrogate neutralization of SARS-CoV-2 variants in 
individuals with three doses of BNT16b2 stratified by the interval between their first and second doses, V1–V2. BA.1 showed a statistically sig-
nificant decrease in % surrogate neutralization in the V1–V2 longest quartile which represents the longest V1–V2 interval, when compared to the 
shortest V1–V2 interval in the first quartile. (B) Surrogate neutralization of SARS-CoV-2 variants in individuals with three doses of BNT16b2 
stratified by the interval between their second and third doses, V2–V3. The two shortest V2–V3 intervals, represented by the first and second 
quartiles had significantly lower surrogate neutralization for all variants when compared to the longest interval for that variant. The median and 
interquartile ranges are presented for each variant in each group. * Denotes significant difference when compared to Q4 according to a Dunn’s Test 
followed by a Benjamini Hochberg procedure where the FDR cut off is 0.1. 
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the expected surge in antibody levels post vaccination, we expect that a short interval from vaccination to blood collection can yield a 
higher acute immune response to the vaccine [5]. However, the multivariate regression analysis allowed to adjust for these variables 
independently. Our results support that longer V1–V2 and V2–V3 intervals were independently associated with increased Omicron 
surrogate neutralization. This was consistent when modeling results from other variants. In addition, our multivariate regression 
models suggested increasing benefit to wider V2–V3 vaccine dosing intervals up to 266 days. In sum, these data extend previous 
observations that a longer dosing interval between the first two vaccine doses increase vaccine immunogenicity, by demonstrating that 
increased V2–V3 dosing intervals after three BNT162b2 doses also plays a role [4,5]. These data are important may represent a clinical 
benefit from allowing sufficient time between booster doses. 

The idea that a longer interval between exposures to an antigen, through either vaccination or infection, could lead to a more 
pronounced immune response is consistent with our knowledge of antibody avidity maturation processes following antigen exposure 
[9]. However, the exact interval and consistency of this interval across cohorts warranted investigation for SARS-CoV-2 vaccination. 

Similar to previous reports, we found that neutralization of Omicron was significantly lower in our cohort, when compared to other 
SARS-CoV-2 variants and the wild type [10]. In addition, our findings that a longer interval between the second and third BNT162b2 
doses led to higher surrogate neutralization were consistent with other studies examining the V2–V3 interval in mRNA-treated vac-
cinees [11]. Our results were also similar to reports for the ZF2001 protein subunit vaccine, also known as Zifivax, which is authorized 
for use in China, Uzbekistan, Indonesia, and Colombia [12]. Serum collected from individuals with an interval of 3 months (~90 days) 
to 6 months (~180 days) between second and third doses of ZF2001 had higher BA.1 neutralization when compared to serum collected 
from individuals with an interval of 1 month (~30 days) between second and third doses [13–15]. 

The limitations to this study include its observational nature, limiting direct casual inference about the effect of extended vaccine 
intervals. Another limitation is a possible saturation effect at higher percentages of surrogate neutralization, especially for the WT 
strain and strains more closely related to the WT. This could result in loss of finer resolution between surrogate neutralization values 
once they approach 100%. However, despite this limitation, it was still possible to resolve differences in vaccine dosing intervals due to 
the differing proportion of these higher surrogate neutralization values between groups and variants. 

Given its resilience [16], it is probable that a regular vaccine regimen against SARS-CoV-2 may be implemented to combat its 
ongoing persistence and mutation. Our data demonstrates that longer intervals between the first, second and third vaccine doses 
results in overall improved vaccine immunogenicity 1 year after initiation of the vaccine series. Moreover, increasing the V2–V3 dosing 
interval up to 266 days may represent a reasonable booster dose schedule. However, the immediate risk of infection to an individual 
should also be regarded when considering an extended dosing interval to potentially increase immunogenicity. 

Table 3 
Multiple linear regression models for each SARS-CoV-2 variant.  

SARS-CoV-2 
% Surrogate Neutralization (Dependent Variable) 

Independent Variables R2 β (95% CI) Adjusted p-value (Holm-Šídák) 

BA.1 V1–V2 Interval 0.8631 0.1292 (0.04807 to 0.2104) 0.0076 
V2–V3 Interval  0.2653 (0.2291 to 0.3015) 0.0006 
V3-BC Interval  − 0.09670 (− 0.1938 to − 0.001385) 0.1339 
Age  − 0.2068 (− 0.4396 to 0.02592) 0.1562 
Sex (Female)  − 3.605 (− 8.636 to 1.427) 0.1597 

B.1.351 V1–V2 Interval 0.9693 0.2430 (0.1903 to 0.2957) 0.0006 
V2–V3 Interval  0.2898 (0.2663 to 0.3134) 0.0006 
V3-BC Interval  0.09856 (0.03607 to 0.1610) 0.0063 
Age  − 0.1348 (− 0.2859 to 0.01637) 0.0803 
Sex (Female)  − 3.985 (− 7.252 to − 0.7171) 0.0337 

P.1 V1–V2 Interval 0.9746 0.2424 (0.1939 to 0.2910) 0.0006 
V2–V3 Interval  0.2862 (0.2645 to 0.3079) 0.0006 
V3-BC Interval  0.1128 (0.05525 to 0.1704) 0.0006 
Age  − 0.1028 (− 0.2420 to 0.03649) 0.1476 
Sex (Female)  − 3.780 (− 6.790 to − 0.7700) 0.0278 

B.1.1.7 V1–V2 Interval 0.9851 0.2487 (0.2097 to 0.2878) 0.0006 
V2–V3 Interval  0.2892 (0.2718 to 0.3066) 0.0006 
V3-BC Interval  0.1397 (0.09337 to 0.1860) 0.0006 
Age  − 0.06297 (− 0.1750 to 0.04905) 0.2697 
Sex (Female)  − 2.653 (− 5.075 to − 0.2319) 0.0626 

B.1.617.2 V1–V2 Interval 0.9837 0.2411 (0.2003 to 0.2818) 0.0006 
V2–V3 Interval  0.2889 (0.2707 to 0.3071) 0.0006 
V3-BC Interval  0.1389 (0.09055 to 0.1872) 0.0006 
Age  − 0.05231 (− 0.1701 to 0.06373) 0.3714 
Sex (Female)  − 2.863 (− 5.391 to − 0.3352) 0.0523 

WT V1–V2 Interval 0.9917 0.2514 (0.2211 to 0.2817) 0.0006 
V2–V3 Interval  0.2844 (0.2709 to 0.2980) 0.0006 
V3-BC Interval  0.1846 (0.1487 to 0.2205) 0.0006 
Age  − 0.02443 (− 0.1113 to 0.06240) 0.5803 
Sex (Female)  − 2.217 (− 4.094 to − 0.3402) 0.0410  
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5. Conclusions 

Among triple BNT162b2 vaccines, longer intervals between both the first and second dose, and second and third, doses, are 
independently associated with increased immunogenicity. Increased intervals between the second and third vaccines up to 266 days 
demonstrated increased immunogenicity, which may represent an appropriate interval for booster vaccination. 
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