LETTERS

https://doi.org/10.1038/541590-021-01126-6

nature
immunology

‘ '.) Check for updates

Delayed-interval BNT162b2 mRNA COVID-19
vaccination enhances humoral immunity and
induces robust T cell responses

Victoria G. Hall

Kathy Manguiat?, Alyssia Robinson?, Vathany Kulasingam?, Atul Humar'® and Deepali Kumar

Delayed dosing intervals are a strategy to immunize a greater
proportion of the population. In an observational study, we
compared humoral and cellular responses in health care work-
ers receiving two doses of BNT162b2 (Pfizer-BioNTech) vac-
cine at standard (3- to 6-week) and delayed (8- to 16-week)
intervals. In the delayed-interval group, anti-receptor-binding
domain antibody titers were significantly enhanced compared
to the standard-interval group. The 50% plaque reduction
neutralization test (PRNT50) and PRNT90 titers against
wild-type (ancestral) severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and Alpha, Beta and Delta vari-
ants were higher in the delayed-interval group. Spike-specific
polyfunctional CD4+ and CD8"* T cells expressing interferon-y
and interleukin-2 were comparable between the two groups.
Here, we show that the strategy of delaying second doses of
mRNA vaccination may lead to enhanced humoral immune
responses, including improved virus neutralization against
wild-type and variant SARS-CoV-2 viruses. This finding has
potentially important implications as vaccine implementation
continues across a greater proportion of the global population.

Currently, a substantial portion of the world’s population remains
unvaccinated against coronavirus disease 2019 (COVID-19).
Multiple vaccine types have been investigated and implemented
worldwide to impede the spread of COVID-19, proving extremely
successful in the prevention of infection and symptomatic dis-
ease!. The BNT162b2 mRNA vaccine (Pfizer-BioNTech) has been
authorized for administration with a 3-week interval between the
two doses'. In Canada, a 4-month delay between vaccine doses
was announced in March 2021 as part of a strategy to accelerate
the proportion of the population that receives one dose and achieve
higher overall protection in the context of limited vaccine supply.
Shortages of COVID-19 vaccines continue in many jurisdictions,
even as oversupply exists in others. Delayed-interval vaccine dosing
is an unproven and controversial public health strategy whose effect
on vaccine immunogenicity is not well studied, especially in rela-
tion to predominant circulating variants of concern (VOCs). VOCs
have generally supplanted wild-type virus as the major strains caus-
ing infection in the population. A meta-analysis of two doses of
the ChAdOx1 nCoV-19 vaccine has supported a delayed interval
of 3 months between vaccine doses for improved vaccine efficacy
and binding-antibody response’. More recently, it was found that
delaying the administration of a second dose of BNT162b2 vaccine
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up to 6-14 weeks continues to provide strong cellular and humoral
responses when compared to standard-interval vaccination’.

In our current study, a total of 93 health care workers (HCWs)
were enrolled and received vaccination with two doses of the
BNT162b2 vaccine from January to June of 2021 (Fig. 1a). Of these,
39 of 93 (41.9%) received both doses of the vaccine at the standard
interval and 54 of 93 (58.1%) received both doses of the vaccine at
the delayed interval (Fig. 1a). Median time to the second dose was
35 days in the standard-interval group (interquartile range (IQR),
21-35; full range, 21-38 days) and 88 days (IQR, 83-90; full range,
53-123 days) in the delayed-interval group. The median age of the
cohort was 40.9 years (IQR, 34.5-52.5), and participants were pre-
dominantly female (74/93 (79.6%)). Median age was similar between
the two groups (40.3 years in the standard-interval group and 41.4
years in the delayed-interval group); female sex was also similarly
distributed (31/39 (79.5%) versus 43/54 (79.6%) participants in the
two groups, respectively). Blood work after the second dose of vac-
cine was taken at a median of 35 days (IQR, 29-40) and 32 days
(IQR, 28-39) in the standard- and delayed-vaccination groups,
respectively. Two participants had detectable anti-receptor-binding
domain (anti-RBD) antibody prior to vaccination, although they
did not have a history of documented COVID-19. No participant
developed symptomatic COVID-19 infection after vaccination over
the study period.

Therewererobusthumoralimmuneresponsesaftertwodosesofthe
BNT162b2 vaccine in all participants. However, anti-RBD antibody
titer was significantly greater (Fig. 1b) in the delayed-interval group
compared to the standard-interval group (median: 10,816 U ml™
(IQR 6,642-16,695) versus 3,420 U ml™ (IQR, 1,792-7,765),
respectively, P<0.0001). This increase in titer had a moderately
positive correlation to time interval (Fig. 1c) between the two doses
(Spearman r=0.501, P<0.0001).

Neutralization titer was determined against wild-type and Alpha,
Beta and Delta variants using PRNT assays. PRN'T50 and PRNT90
represented the maximum dilution titers at which 50% and 90%
viral inhibition occurred, respectively. Prior to vaccination, all
HCWs were negative for neutralization except for one HCW in the
delayed-interval group who had a low positive neutralization titer
of 1:20. After two doses of vaccine, all HCWs had positive neutral-
ization with PRNT50 for wild-type, Alpha and Delta and 97.8% for
Beta. Geometric mean PRNT50 titers were significantly higher in
the delayed-interval group against wild-type, Alpha, Beta and Delta
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Fig. 1] Study flow chart and anti-RBD titers between a standard (3-6 weeks) and delayed (8-16 weeks) second-dose interval in HCWs receiving two
doses of BNT162b2 vaccine. a, Experimental design detailing time intervals of participant recruitment and dose intervals over the study period.

b, Anti-RBD titer in standard (n=39) and delayed (n=54) groups (U ml™"). Each dot represents an individual participant. Horizontal lines represent
median, and vertical lines indicate the IQR. Between-group comparisons were performed using a two-sided Mann-Whitney U test. ¢, Correlation of
anti-RBD titer with dose interval (in days) between doses 1and 2 of the BNT162b2 vaccine. Spearman's correlation test was performed; Spearman r and

corresponding two-tailed P values are shown in the top right corner.

variants of SARS-CoV-2 (Fig. 2a-e). PRNT90 titers were gener-
ally lower than PRNT50 titers (Fig. 3a—e), although the majority of
HCWs had positive neutralization by both measures. For PRN'T90,
98.9% of HCWs had positive neutralization against wild-type, 94.6%
for Alpha, 76.3% for Beta and 91.4% for Delta. Neutralization titers
were significantly reduced against the Beta variant for both groups.
Reverse cumulative distribution curves for each variant are shown
and represent the proportion of participants reaching a threshold
titer for PRNT50 and PRNT90 (Fig. 2b—e and Fig. 3b—e). These visu-
ally demonstrate improved responses in the delayed-interval group.
Within the delayed-interval group, a comparison of post-first dose
and post-second dose PRNT50 and PRNT90 is shown in Extended
Data Fig. 1.

Cell-mediated immune responses were determined following
stimulation with overlapping spike protein peptides. Spike-specific
polyfunctional CD4* T cells, defined by double positivity for
interferon-y (IFN-y) and interleukin-2 (IL-2) (Fig. 4a), were not
significantly different in the delayed-interval group compared with
the standard-interval group (median polyfunctional CD4* T cell
frequency: 208 (IQR, 128-407) versus 429 (IQR, 191-792) cells
per 10° CD4* T cells, respectively, Holm-Sidék adjusted P=0.17).

The proportion of patients above the predefined cutoff of 0.01% (or
100 cells per million) was similar between the two groups (97.4%
standard interval versus 84.6% delayed interval, P=0.156), suggest-
ing the majority of participants mounted spike-specific CD4* T cell
responses, regardless of vaccine interval. Polyfunctional CD8" T cell
responses tended to be lower than CD4* responses in both cohorts
(Fig. 4b), and overall, only 6 of 51 participants (11.8%) elicited a
vaccine-specific polyfunctional CD8* T cell response if a thresh-
old value of >0.01% was applied. When compared to PRNT50 and
PRNTOO0 titers, polyfunctional CD4* T cell responses were similar
regardless of neutralizing antibody titer (Fig. 4c,d). Monofunctional
CD4" T cells expressing IL-2 in response to spike were lower in the
delayed-vaccine group (Fig. 4a) (Holm-Sidék adjusted P=0.0052).
Monofunctional CD8* T cells were readily detected in both groups
(Fig. 4c) at similar levels.

Adverse events (AEs) for dose 2 were comparable between the
standard- and delayed-interval groups (Fig. 5a,b). Specifically,
systemic inflammatory events such as fever and chills occurred
with comparable frequency in both groups. However, myal-
gia was reported more commonly in the delayed-interval group
(32.0% versus 15.8%, respectively). Among those who provided
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Fig. 2 | PRNT5O0 titers in participants receiving standard versus delayed vaccination. a, Comparative analysis of PRNT50 titers in standard (n=39) and
delayed (n=54) groups for wild-type and predominant circulating VOCs of SARS-CoV-2 (Alpha, Beta and Delta). Horizontal lines represent the geometric
mean. Between-group comparisons were performed using a Mann-Whitney U test; two-sided P values are reported above each comparison. Participants

with undetectable neutralizing antibodies were arbitrarily set to 10 (half of the

commencing at titers >20, for the standard versus delayed group against wild-

lowest positive titer). b-e, PRNT50 reverse cumulative distribution curves,
type (b), Alpha (c), Beta (d) and Delta (e) variants of SARS-CoV-2. Reverse

cumulative distribution curves denote the percentage of participants that reach each titer threshold.

AE data (n=77), the severity of AEs correlated with the degree of
anti-RBD response. In those participants who experienced grade 2
events (14/77 (18.2%)) with the second dose of vaccine (Fig. 5¢),
median anti-RBD antibody titer after the second dose was 14,617
U ml™? (IQR, 7,692-21,702) compared with 7,679 U/ml (IQR,
3,211-11,363) in those who experienced only grade 1 or no AEs
(P=0.0025).

Delayed dosing of mRNA COVID-19 vaccines has been a con-
troversial issue, based primarily on pragmatic reasoning aimed at
mitigation of vaccine shortages rather than scientific justification.
The main findings of this comparative assessment of humoral
and cellular immune response in HCWs receiving two doses of
the BNT162b2 vaccine were as follows: (1) all HCWs, regardless
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of regular or delayed dosing intervals, produced robust immune
responses after two doses of the vaccine; (2) anti-RBD titers were
significantly higher in the delayed-interval group; (3) neutraliz-
ing antibody titers based on PRNT50 and PRNT90 were signifi-
cantly higher in the delayed-interval group (this was observed for
wild-type as well as Alpha, Beta and Delta SARS-CoV-2 variants);
and (4) cellular immune responses represented by spike-specific
monofunctional and polyfunctional CD4" T cells, and CD8" T cells
were detectable in both groups and generally not significantly dif-
ferent, with the exception of monofunctional IL-2-producing CD4*
T cells. The data presented provide scientific rationale to support
delayed-dosing policies for mRNA vaccines, especially because
there are limited peer-reviewed published data reporting on this.

NATURE IMMUNOLOGY | VOL 23 | MARCH 2022 | 380-385 | www.nature.com/natureimmunology


http://www.nature.com/natureimmunology

NATURE IMMUNOLOGY LETTERS

a P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001
P A | |
>640 [esscesee] 0000 ) ee
320 1 ©eeeee  (ENMINID ee0 [e.0icor:0:0) [CRCNCNC] [sesiceice]
160 |  ememmed ODDD 0000000 OO e 000000  CEESEEd XD
5 —_—
8 80 [s2os:nse ) [ce)one) [ceorodice) QIO 000000 QI [eeceeee] [e®)e 00y
0 40  eoosesssd eoe @EEIEEED 000000 IO CIOID QeQQee UKD
20 eeoeeo @ [eeeceve] ) © 000 COooo00 NN [CRCNC)
°® o000 ) OXaE® 0000 00000 ®
T T T T T T T T
Standard Delayed Standard Delayed Standard Delayed  Standard Delayed
L 1 L 1 | L 1
Wild-type Alpha Beta Delta
100 - Wild-type 100 - Alpha -@- Standard
- Delayed
80 1 80 1
< <
60| < 60
2 2
[%) o
2 2
9 40 2 40
9] (%]
20 4 20 +
00— T T T T ® 0 T T T T ®
>20 >40 >80 >160 >320 >640 >20 >40 >80 >160 >320 >640
PRNTO9O titer PRNTQO titer
Beta Delta
d 100 4 € 400 -
80 1 80 —
< <
< 60 Z 60
2 2
|53 |5
2 2,
9 40 9 40
(%) (%2}
20 20 -
0 T T T L4 0 —— T T T ®
>20 >40 >80 >160 >320 >640 >20 >40 >80 >160 >320 >640
PRNTOO titer PRNTOO titer

Fig. 3| PRNTO9O titers in participants receiving standard versus delayed vaccination. a, Comparative analysis of PRNT9O titers in the standard (n=39)
and delayed (n=54) groups for wild-type and predominant circulating VOCs of SARS-CoV-2 (Alpha, Beta and Delta). Horizontal lines represent the
geometric mean. Between-group comparisons were performed using the Mann-Whitney U test; two-sided P values are reported above each comparison.
Participants with undetectable neutralizing antibodies were arbitrarily set to 10 (half of the lowest positive titer). b-e, PRNT90 reverse cumulative
distribution curves, commencing at titers >20, for the standard versus delayed group against wild-type (b), Alpha (c), Beta (d), and Delta (e) variants of
SARS-CoV-2. Reverse cumulative distribution curves denote the percentage of participants that reach each titer threshold.

Concern has been raised that delaying the interval of the
two doses of vaccine may encourage the development of new
SARS-CoV-2 variants in the interim while individuals await the sec-
ond dose*. This concern may be mitigated, however, by improved
neutralization titers against circulating variants achieved in the
delayed-vaccination group, possibly conferring a more durable
response and longer-term protection, as well as potentially increas-
ing the likelihood of sufficient antibody levels to confer efficacy
against heterologous and partially vaccine-resistant variants. The
greater humoral response achieved by delaying mRNA vaccination
is consistent with studies of delaying the second dose of vector-based
(ChAdOx1) vaccine? and BNT162b2 (ref. °). Our study additionally
provides PRNT90 data in addition to PRNT50 data. The former
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data may have better discriminatory ability in healthy cohorts. Also,
we used flow cytometry (versus an enzyme-linked immunosorbent
spot assay), which may allow for more detailed discrimination of
cell populations and account for differences in our findings related
to IL-2 monofunctional CD4* T cells.

The mechanism resulting in enhanced antibody responses in the
delayed vaccine group are unknown. It has been described previ-
ously’ that memory B cells against SARS-CoV-2 spike increase
between 1 month and 8 months after infection, whereas memory
CD4* T cells decline. Similarly, it has been observed that by 6
months after infection, the number of RBD-specific memory B cells
remains largely unchanged but displays greater resistance to RBD
mutations and has increased potency®. This effect is likely a result of
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germinal center reactions in peripheral lymphoid tissues, where fol-
licular helper T cells help guide processes like somatic hypermuta-
tion and affinity maturation that evolve the humoral response over
time. Both mRNA vaccines have demonstrated potent SARS-CoV-
2-specific germinal center responses, even with just a single dose of
vaccination’. As such, we propose that the memory B cell repertoire
at the time of delayed vaccination may simply be of a greater caliber,
leading to a higher quantity and/or quality of antibody response.
Analogous maturation processes are not known to occur for T cells,
which are thought to contract at a faster rate than B cells®. Although
we did not measure memory B cells or follicular helper T cells in our
study, we did identify lower frequencies of IL-2-monofunctional
CD4" T cells in the delayed-immunization protocol. However, no
statistical difference was measured between groups with respect to
the polyfunctional CD4* and CD8* T cells, suggesting that delayed
second-dose immunization is still capable of inducing robust
vaccine-specific T cell responses. Importantly, no cellular correlate
of immunity has been identified.

Our study has some limitations. Our cohort was younger and
female predominant, and both factors can positively influence the
immune response’. However, given similar age and sex distribution
in the standard and delayed groups, this factor would not influence
the group comparisons. Although we did not collect blood from
the standard-interval group after the first dose of vaccine, there is
no rationale to expect this to be different between the two groups
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(after the first dose). An analysis of circulating T follicular helper
and spike-specific B cells was not performed owing to limited num-
bers of cells available for analysis. Our study was not powered to
determine real-world vaccine effectiveness; however, in keeping
with our results, recent Canadian epidemiologic data (in preprint
at the time of writing) support improved vaccine effectiveness with
the delayed second dose'. A strength was the duration of the study
and follow-up after vaccination, with all participants observed
for several months and at least 6 weeks after their second dose
of vaccine.

In summary, our study demonstrates that a delayed-vaccination
schedule does not appear to be detrimental to overall immunogenic-
ity and actually results in improved neutralizing antibody responses
to wild-type, Alpha, Beta and Delta variants. This is of public health
importance in global jurisdictions, where significant portions of
the population have yet to be vaccinated because of either vaccine
unavailability or hesitancy. Our study also provides immunogenicity
data to support recent epidemiologic observations'’. Further studies
of the significance of these findings, including the durability of the
immune response over time, correlates of protective efficacy, and
immunogenicity as it relates to heterologous variant viruses, would
be helpful to define the optimal dosing interval and the necessity or
timing of a booster dose of vaccine. Our cohort will be followed for
12 months after enrolment, with testing at 6 and 12 months after the
second dose of vaccine, to provide longer-term assessment of the
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effect of a standard versus delayed vaccination schedule on humoral

and cell-mediated vaccine immunogenicity.
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Methods

Patient population and study design. This was a prospective observational cohort
study of HCWs recruited from a tertiary, university-affiliated hospital network

in Toronto, Canada, who were eligible to receive the two scheduled doses of the
BNT162b2 (Pfizer/BioNTech) mRNA vaccine (Fig. 1a). Potential participants

were recruited via mass emails to HCW's working at several hospital sites. Those
who completed the two-dose vaccine series between 4 January 2021 and 13 June

13 2021 and consented were included and followed for at least 6 weeks after the
second dose. Participants were excluded if they had known previous COVID-19
infection or had an immunosuppressive condition. Delayed dosing for HCW's
came into effect in March 2021. This allowed for two study cohorts: those who
received two doses at the standard interval (3-6 weeks) and those who received
two doses at a delayed interval of >8 weeks. All participants provided blood
samples prior to vaccination and 4-6 weeks after the second dose of vaccine. In the
delayed-interval group, an extra blood sample was obtained 4 weeks after dose 1.
The local institutional research ethics board approved the study (University Health
Network Research Ethics Board (CAPCR 20-6069)), and all participants provided
signed informed consent.

Anti-RBD antibody and neutralization responses. Antibody against the
spike RBD (anti-RBD) was measured using the commercial Roche Elecsys
anti-SARS-CoV-2 S immunoassay. Briefly, the assay is a double-antigen sandwich
electrochemiluminescence immunoassay that quantitatively detects antibodies
to the RBD of the SARS-CoV-2 spike protein. Sera were tested as per the
manufacturer’s instructions in a certified biochemistry laboratory. The assay’s
lower limit of detection was 0.4 U ml™!, and a positive test result was defined as
>0.8U ml.

Neutralizing antibodies were assessed by PRNT50 and PRNT90 assays
using ancestral (wild-type) SARS-CoV-2 (Canada/ON_ON-VIDO-01-2/2020,
EPI_ISL_42517), titrated as previously reported'"', as well as the SARS-CoV-2
variants B.1.1.7 (Alpha), B.1.351 (Beta) and B.1.167.2 (Delta). In a 96-well plate,
antibodies were serially diluted and mixed with diluted SARS-CoV-2 (100
plaque-forming units (p.f.u.) per 100 pl), yielding final antibody dilutions of 1:20
to 1:640 and a final virus concentration of 50 p.f.u. per 100 pl. No neutralization,
50% neutralization and 90% neutralization controls were prepared by diluting
SARS-CoV-2 at 50, 25, and 5 p.f.u. per 100 pl, respectively. We used 2% FBS and
1X penicillin supplemented DMEM as a no-virus control. After 1h of incubation
at 37°C and 5% CO,, 100 pl of each antibody-virus mixture was added in duplicate
to 12-well plates containing Vero E6 cells (ATCC; cell lines used were evaluated for
Mycoplasma contamination via polymerase chain reaction and tested negative) at
95-100% confluence, and 100 pl of each control was added in triplicate to two sets
of 12-well plates containing Vero E6 cells. All plates were incubated at 37°C and
5% CO, for 1h of adsorption, followed by adding liquid overlay containing equal
volumes of 3% carboxymethylcellulose and 2x modified Eagle’s medium (Temin’s
modification). After a 3-day incubation for the ancestral virus, Alpha and Beta and
a 4-day incubation for Delta, the liquid overlay was removed and cells were fixed
with 10% neutral-buffered formalin. The monolayer in each well was stained with
0.5% crystal violet (w/v), and the average number of plaques was calculated at each
dilution and compared with the average number of plaques in the 50% and 90%
neutralization controls. The reciprocal of the highest dilution resulting in 50% and
90% reduction in plaques compared with controls was defined as the PRNT50 and
PRNT90 endpoint titers, respectively. PRN'T50 titers and PRNT9O0 titers >20 were
considered positive for SARS-CoV-2 neutralizing antibodies, whereas titers <20
were considered negative.

Cell-mediated immunity assessment. In a subset of participants who provided
additional blood, spike-specific CD4* and CD8* T cell responses were assessed

as previously described". Briefly, peripheral blood mononuclear cells (PBMCs)
underwent Ficoll-based isolation and were cryopreserved in liquid nitrogen until
use. A total of 10° PBMCs were rested for 2h and subsequently incubated with
15-mer overlapping peptides encompassing the full SARS-CoV-2 spike protein
(PepTivator, Miltenyi Biotec) at a final concentration of 5ug ml™' per peptide,
along with a CD28/CD49d costimulatory antibody cocktail (BD Biosciences) and a
protein transport inhibitor to prevent cytokine release (Thermo Fisher Scientific).
Cells were fixed, permeabilized and incubated with an antibody cocktail to detect
intracellular 