vaccines

npj

REVIEW ARTICLE

www.nature.com/npjvaccines

M) Check for updates

Systematic review and meta-analysis of the factors affecting
waning of post-vaccination neutralizing antibody responses

against SARS-CoV-2

Henning Jacobsen

Melissa M. Higdon P

5 and Maria Deloria Knoll

'™ loannis Sitaras (3%, Maeva Katzmarzyk (°, Viviana Cobos Jiménez @, Robert Naughton @7,

5

Mass COVID-19 vaccination and continued introduction of new SARS-CoV-2 variants increased prevalence of hybrid immunity at
various stages of waning protection. We systematically reviewed waning of post-vaccination neutralizing antibody titers in different
immunological settings to investigate differences. We searched published and pre-print studies providing post-vaccination
neutralizing antibody responses against the Index strain or Omicron BA.1. We used random effects meta-regression to estimate
fold-reduction from months 1 to 6 post last dose by primary vs booster regimen and infection-naive vs hybrid-immune cohorts.
Among 26 eligible studies, 65 cohorts (range 3-21 per stratum) were identified. Month-1 titers varied widely across studies within
each cohort and by vaccine platform, number of doses and number of prior infections. In infection-naive cohorts, the Index strain
waned 5.1-fold (95%Cl: 3.4-7.8; n = 19 cohorts) post-primary regimen and 3.8-fold (95%Cl: 2.4-5.9; n = 21) post-booster from
months 1 to 6, and against Omicron BA.1 waned 5.9-fold (95%Cl: 3.8-9.0; n = 16) post-booster; Omicron BA.1 titers post-primary
were too low to assess. In hybrid-immune, post-primary cohorts, titers waned 3.7-fold (95%Cl: 1.7-7.9; n = 8) against the Index
strain and 5.0-fold (95%Cl: 1.1-21.8; n = 6) against Omicron BA.1; post-booster studies of hybrid-immune cohorts were too few
(n = 3 cohorts each strain) to assess. Waning was similar across vaccination regimen and prior-infection status strata but was faster
for Omicron BA.1 than Index strains, therefore, more recent sub-variants should be monitored. Wide differences in peak titers by
vaccine platform and prior infection status mean titers drop to non-protective levels sooner in some instances, which may affect

policy.
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INTRODUCTION

COVID-19 vaccines continue to effectively protect against severe
disease and death caused by SARS-CoV-2 despite continuous viral
evolution and waning immunity'=3, However, vaccine effective-
ness against SARS-CoV-2 transmission, infection, and symptomatic
disease has declined, and immunity against the Wuhan Index
strain, either elicited by vaccination or previous infection, shows
little protection against infection with Omicron-related viral
variants®>™. Thus hybrid immunity (immunity developed through
a combination of SARS-CoV-2 infection and vaccination) involving
infections with more recent viral variants is increasingly relevant.
Clinical studies are imperative for assessing the impact of novel
viral variants on vaccine performance and understanding the
waning of protection after vaccination and/or infection, but these
studies demand significant time. While laboratory data, such as
neutralizing antibody titers, can be generated and shared much
more quickly thereby potentially informing vaccine policy when
clinical data are lacking, single studies often lack the power to
provide sound and robust conclusions regarding complex
biological functions such as antibody waning®. Meta-analysis of
data across studies can increase power and can evaluate impact of
different immunological factors, including number of doses and
effects of hybrid immunity.

We systematically reviewed the evidence of post-vaccination
neutralization antibody titers against the Index strain and Omicron
BA.1 over time and compared the degree of waning after the last
dose between primary and booster vaccination and between
infection-naive and hybrid-immune participants.

RESULTS

We screened titles and abstracts from 8418 articles, of which 347
underwent full-text review and 26 were eligible for analyses
(Fig. 1). Abstracted neutralization titers and relevant cohort
characteristics including study population, number of doses,
vaccine product, and infecting strain are provided in Supplemen-
tary appendix 1.

Five strata had six or more cohorts for meta-analyses: 1)
infection-naive, post-primary vaccination titers against the Index
strain (n =18 cohorts); 2) infection-naive, post-boost vaccination
titers against the Index strain (n=18); 3) infection-naive, post-
boost vaccination titers against Omicron BA.1 (n = 15); 4) hybrid-
immune, post-primary vaccination against the Index strain (n = 8);
and 5) hybrid-immune, post-primary vaccination against Omicron
BA.1 (n=6; Fig. 1). Too few (<3 cohorts) assessed hybrid-
immune, post-booster vaccination titers, vaccination with four or
more doses, or vaccination with variant-adapted vaccines, and
were therefore not meta-analyzed. Among hybrid-immune
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Fig. 1 Study identification and Selection.

cohorts, all studies evaluated infections occurring prior to the last
dose except one, which provided data after breakthrough
infection but was excluded from meta-analysis because sampling
time-points were unclear®. All hybrid-immunity cohorts were from
pre-Omicron infections so we could not assess impact of variant-
specific effects on hybrid-immunity.

There was wide heterogeneity in peak GMTs across studies
within strata, for example ranging between 101 and 4096 among
infection-naive participants boosted with mRNA vaccines (Fig. 2b,
supplementary appendix 1), resulting in wide confidence intervals
of meta-analyses. Average peak GMTs differed between strata,
with highest average GMTs observed against the Index strain in
hybrid-immune post-primary participants and lowest against
Omicron BA.1 in infection-naive post-boost participants (Table 1,
Fig. 2). As expected, average peak titers post-vaccination were
higher in subjects with an infection history compared to naive
subjects and titers against Omicron BA.1 were generally lower
than those against the Index strain. Mean peak titers were
significantly higher for mRNA vaccines compared to other vaccine
platforms; however, few studies evaluated inactivated (n=3
cohorts from 3 studies’™®) or viral vector vaccines (n =8 cohorts
from 6 studies'®'%), and only two of these studies provide direct
comparisons to other platforms'®'",

Average neutralization titers declined from month 1 to 6 in all
five strata, ranging from 3.7-fold (95%Cl 1.7-7.9) against the Index
strain in hybrid-immune participants post-primary to 5.9 (95% Cl
3.8-9.0) against Omicron BA.1 in infection-naive boosted partici-
pants (Table 1, Fig. 2), but the declines were not statistically
significantly different between strata (p=0.67). The rate of
waning in the first 6 months appeared linear in all five strata (all
p>0.15 for quadratic term), but most cohorts (39 of 48; 81.2%)
provided data for only two time-points and no eligible studies had
more than three time-points. Although declines in neutralizing
antibodies cross-reactive to Omicron BA.1 appeared to be greater
than declines of Index-specific responses in both infection-naive
and hybrid-immune cohorts (5.0- to 5.9-fold reductions vs. 3.7- to
3.8-fold, respectively), they were not statistically significant
(p =0.22), nor were rates of decline statistically different for any
covariate evaluated (all p>0.17).
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Neutralization titers declined in all cohorts except two (Fig. 2B),
that were from a single study'® that assessed titers at shorter
follow-up times (months 1 and 3), among participants vaccinated
with a vector vaccine (of five comparable cohorts that evaluated
vector vaccines). Statistically significant increases in neutralizing
antibody (GMTs from 1090.5 to 1444.3) against the Index strain
were observed in one cohort that received a heterologous booster
with Ad26.CoV2.S as a third dose after two doses of mRNA vaccine
in infection-naive participants. There was no change in a second
cohort that received two doses of Ad26.CoV2.S (GMTs 122.8 and
138.2); however, titers against Omicron BA.1 declined in both
(358.9 to 123.0 and 26.9 to 11.2, respectively; both p < .05) and
significant declines were observed for two other cohorts in the
same study that received either mRNA vaccines or heterologous
vaccination with Ad26.CoV2.S as a first dose.

Assessment of study reliability

Assessment of reliability of the 26 eligible studies classified only
four studies (15.4%) as having high reliability; four (15.4%) had
medium reliability, six (23.1%) had low reliability, and 14 (53.9%)
had unclear reliability because critical information was not
provided (Supplementary Fig. 1). Unclear or low-reliability scores
were primarily attributable to poor reporting quality (e.g., input
titer used, spike complement, etc.) regarding pseudo-virus
constructs (seven studies, 26.9%) or assay standardization
(12 studies, 46.2%; Supplementary Fig. 1). Analyses stratified by
reliability score showed that neither peak titers nor waning rates
differed markedly between studies with medium to high reliability
scores compared to low reliability (Supplementary Fig. 2).
Individual scoring results are provided as Supplementary Appen-
dix 2.

DISCUSSION

Through a systematic literature review and meta-analysis, we
found neutralizing antibodies declined after COVID-19 vaccination
from months one to six ranging from 3.7-fold to 5.9-fold when
evaluating post-primary or first booster against either the Index
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Fig.2 Neutralizing antibody titers over time since last vaccination against the Index strain or Omicron BA.1 in infection-naive or hybrid-
immune participants after primary or booster vaccination. Rates of waning against the Index strain (a—c) and against Omicron BA.1 (d, e) are
shown stratified by prior infection status and dose. Lines connecting data points represent individual cohorts, color coded by vaccine
platform. Bold red lines represent average declines from meta-regression for each stratum; shaded area represents 95% confidence intervals
of GMT over time. GMT Geometric mean titer, ClI Confidence interval; Index, SARS-CoV-2 Wuhan-like including D614G-strains; +mRNA,
heterologous vaccine regimen involving at least one mRNA-vaccine dose; -mRNA, heterologous vaccine regimen involving no mRNA-

vaccine dose.

strain or Omicron BA.1. Waning rates were generally similar after
primary or first booster regimens, and between infection-naive
and previously infected cohorts. Declines of neutralizing anti-
bodies cross-reactive to Omicron BA.1 were greater than declines
of Index-specific responses, both in infection-naive and hybrid-
immune cohorts, though this difference was not statistically
significant. Only three studies evaluated a second booster; two
reported no significant differences in waning kinetics between
first and second booster'®'” and one reported slightly enhanced
antibody durability after the second booster, but the second
booster cohort was small (n=7)'®. Because waning was similar
after primary and first booster doses, degree of waning with
subsequent doses is also expected to be similar. However, data to
assess long-term waning, such as 12 months after the last vaccine
dose, were unavailable, complicated both by needing to wait that
long and by study subjects getting revaccinated before that time.
As duration between vaccinations increases, this may be
addressed in future studies. These waning rates could be used
to predict waning for future relevant scenarios and adapt
vaccination strategies accordingly.

Declines in neutralization titers were observed in all but three
infection-naive cohorts evaluated. One cohort that received a
heterologous boost regimen (inactivated prime followed by a
vector boost) was followed for 3 months and no change in titers
was observed’. However, overall titers were low throughout. Two
additional cohorts, one vaccinated with two doses of vector
vaccine (out of five available vector-immunized cohorts) and one
with a heterologous regimen (mRNA prime followed by a vector
boost) had titers that increased against the Index strain through
month 3 (longer follow-up was not conducted)'®. Titers against
Omicron BA.1 declined in these cohorts indicating that no

Published in partnership with the Sealy Institute for Vaccine Sciences

undetected breakthrough infection occurred driving these titer
increases. Interestingly, these three exceptional cohorts all
received a vector vaccine as the last dose and hence it can be
speculated that vector-mediated immunization might cause more
durable antibody responses early after immunization/booster. On
the other hand, studies with longer-term follow-up support overall
comparable rates of waning across vaccine platforms beyond
three months after the last dose, which might be explained by full
clearance of the vector and any benefit it might add. More studies
are needed to address this important observation and explore the
potential role vector vaccines could play in enhancing durable
immune responses. While we and others have shown that vector
vaccines are generally less immunogenic compared to mRNA
vaccines, heterologous regimens combining mRNA and vector
vaccines have been shown to elicit immune responses compar-
able to mRNA vaccinations alone'"'®, Hence, boosters with vector
vaccines in mRNA-primed (or already mRNA-boosted) participants
could elicit the highest and most durable immune responses. This
has been shown by Lyke et al. who observed that titers were more
stable in subjects who received an mRNA prime followed by a
vector boost than subjects who received three doses of mRNA
vaccine'®. We identified four additional cohorts (from three
studies) evaluating hybrid-immune subjects that did not show a
significant decline of titers in the observed period, and two of
these cohorts were followed for more than six months post-last
vaccine dose®'*2°, However, two of the studies did not investigate
breakthrough infections after the last vaccine dose®?°. Break-
through infections in even a small proportion of the subjects can
have a large impact on the overall GMT because the impact of
these few infections on the overall GMT of a group can be large.
Therefore, these studies should be considered with caution. Still,
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Table 1.
and Omicron BA.1.

Average peak and 5-month waning of neutralizing antibody titers in infection-naive and hybrid-immune cohorts against the Index strain

Infection Dose Strain Group* Group size (studies/cohorts/  Average Peak GMT mRNA Average fold decline in GMT,1-6
status Participants) (95% Cl) cohorts [%]  months (95% Cl)
Infection  Prime Index a 16/19/438 718.0 (384.0-1341.0) 61.1 5.1 (3.4-7.8)
haive Boost Index b 13/21/620 954.0 (466.0-1951.0) 50.0 3.8 (2.4-5.9)
Omicron d 10/16/584 169.0 (76.0-377.0) 53.3 5.9 (3.8-9.0)
BA.1
Hybrid- Prime Index c 7/8 /143 2803.0 (1651.0-4760.0) 62.5 3.7 (1.7-7.9)
Immune Omicron e 6/6/93 339.0 (193.0-595.0)  50.0 5.0 (1.1-21.8)
BA.1

* Refers to the corresponding panel in Fig. 2.

one study on hybrid-immune subjects that ruled out break-
through infections after the last vaccine dose showed stable titers
over a three-month period'* which supports other observations
that hybrid-immunity might have the potential to stabilize
antibody titers at least temporarily'®,

Neutralizing antibody titers can support and complement
clinical vaccine effectiveness data as they correlate well with
protection against infection and mild disease. Even if neutralizing
antibodies fail to hinder initial infection and symptomatic disease,
they will limit initial viral load and thus mitigate disease
progression, so they correlate also with protection against severe
disease. This can be seen by the see-saw pattern of COVID-19
vaccine effectiveness against severe disease which was similar to
titers peaking in the first weeks after each dose and falling
thereafter until the next dose®. However, the observed larger
declines in titers against Omicron relative to the Index strain may
correlate less well to clinical vaccine effectiveness against severe
disease, which shows less waning than VE against symptomatic
disease and infection. This supports that protection is aided by
additional factors such as cellular immunity, which has gained
increasing recognition for its importance for protection against
severe disease?!. While no precise correlates of protection are
defined for neutralizing antibodies, an understanding of overall
titers and waning rates will allow us to predict how fast protection
against infection and mild disease will decline and whether this
might differ by vaccine type, regimen, infection history or
characteristics such as sex, age, or comorbidities to inform vaccine
policy, including the time interval when additional vaccine doses
should be given.

But even studying neutralization titers takes time; very few
longitudinal studies with data against Omicron subvariants other
than for BA.1 were available at the time of this review, and
increasing immune escape from post-vaccination neutralizing
antibody responses resulting in large proportions of participants
with undetectable titers makes them difficult to evaluate,
especially in infection-naive cohorts post-primary vaccination.
Indeed, available studies for newer sub-variants provide contra-
dictory results with some observing increased rates of waning
against Omicron sub-variants compared to the Index variant?>%3,
some finding similar rates of waning'®2%2%, and others reporting
lower rates?%?’, More evidence is needed to determine if waning
of post-vaccination neutralizing antibody titers cross-reactive to
newer Omicron subvariants differs from those reactive to the
Index variant or to Omicron BA.1. Such results may depend on
whether the vaccine targets the emerging subvariants. We found
only one study assessing waning of neutralizing antibodies after
bivalent mRNA vaccination (Index plus BA.4/5 antigen), which
found greater waning during the first three months against
Omicron subvariants than against the Index variant?, similar to
our observations for monovalent Index-directed vaccines. We
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were also unable to assess variant-specific effects on hybrid-
immunity since all hybrid-immune cohorts investigated involved
pre-Omicron infections.

Our results confirm observations of superior immunogenicity of
some vaccination strategies over others. We observed significant
differences in overall titers by vaccine platform, with mRNA
vaccines resulting in higher titers and inactivated vaccines the
lowest. Importantly, waning rates were not significantly different
between the platforms. These results support previous findings
that both booster doses and hybrid-immunity significantly
increase overall titers and titers against Omicron BA.1 are
generally lower than against the Index strain®2%2°-31, Importantly,
these results provide evidence of a relatively constant rate of
waning for the different groups included in the analysis; thus,
individuals immunized with a less immunogenic primary regimen
are likely to reach non-protective antibody titers faster. This effect
becomes more significant when comparing primary regimen to
hybrid-immune or boosted cohorts. These results may prove
informative for booster strategies, especially when vaccine supply
is low or if over-immunization should be avoided because of
possible imprinting and a lack of variant-adapted vaccines.

A systematic assessment of study reliability revealed that 88%
of included studies had medium, low, or unclear reliability scores
reflecting primarily poor reporting quality of study methods and
details. While this does not necessarily translate to biased or
unreliable data, the overall low-reliability scores and small
percentage of studies with a high-reliability score reflects that
data on neutralizing antibodies are difficult to compare across
studies*®. This finding is further reflected by the wide confidence
intervals observed in our meta-regression results. However, we
included all studies meeting inclusion criteria irrespective of their
reliability score for sample size reasons. A sensitivity analysis did
not find an association between study results and reliability score,
i.e., poorer scores were not more likely to be outliers.

In summary, neutralizing antibody titers are an important
correlate of protection against infection and will continue to be
important in providing alert signals and to help guide future
vaccination regimens. While absolute values of neutralization
titers varied widely between studies, this evaluation across many
cohorts provides confidence that large differences in waning rates
after booster doses are unlikely between vaccines used widely to
date. However, we could not evaluate the most recent conditions,
and waning against Omicron sub-variants that emerged after BA.1
may be faster. Considering the observed substantial rate of
waning of neutralizing antibodies as well as the continuous
emergence of new viral variants with altered antigenic features,
additional booster vaccinations will continue to be an important
tool to protect against COVID-19 in the future. Because peak titers
differed widely by vaccine platform, number of doses received
and number of prior infections, titers will drop to non-functional
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levels sooner for some conditions than others. Therefore, decisions
around the timing of booster doses should consider both infection
and vaccination history of the individual as well as other important
factors such as risk for severe outcomes and population-level
immunity. Other vaccine performance evidence should be
considered as well, including clinical effectiveness of vaccines,
particularly waning against clinically relevant Omicron sub-
variants in combination with variant-adapted vaccination, and
cellular immunity, which is important for long-term protection and
protection against severe outcomes.

METHODS

Search strategy and selection criteria

The systematic review and meta-regression were conducted
according to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines.

We searched PubMed, medRxiv, and bioRxiv from December 15,
2021, to January 31, 2023, using the keywords “COVID-19”,
“Omicron”, and “neutralization”. Two reviewers (HJ, IS) screened
titles and abstracts and conducted full-text review; inclusion was
limited to studies providing neutralization data against both the
Index (Wuhan-line) strain and Omicron BA.1.

To investigate systematically if booster doses (compared to
primary series) or hybrid immunity (compared to infection naive)
affect the rate of neutralizing antibody waning, we performed
meta-regressions assessing change in neutralization titers over
time for strata with six or more cohorts. We included studies
reporting post-vaccination neutralizing antibody titers (using
authentic virus or pseudo-virus neutralization assays) for at least
two time-points following last vaccine dose. In the case of pseudo-
virus neutralization assays, we included only studies where the
pseudo-viruses used carried the complete complement of spike
mutations characteristic of the variant they represented. Data
resulting from surrogate neutralization titers were not assessed.
Per study, all cohorts were assessed that matched the inclusion
criteria and, therefore, one study could contribute multiple
observations from different cohorts. We collected outcomes from
studies investigating infection-naive cohorts post-primary or post
first booster vaccination, and from hybrid-immune cohorts, post-
primary vaccination. Studies were excluded if they did not provide
neutralization titers against the Index strain and Omicron BA.1, did
not provide neutralization data for at least two time points, if
neutralization titers were not abstractable from the manuscript, if
cohort characteristics did not match the scope of the analysis
(assessment of non-licensed vaccines, immunocompromised
participants) or if information regarding previous infection history
of the study cohort was insufficient. We excluded studies
evaluating infection-naive, post-primary vaccination titers against
Omicron BA.1 because of overall low or undetectable titers>33,
Geometric mean titers (GMT) against the Index strain and Omicron
BA.1 as measured by authentic virus neutralization assays or
pseudo-virus-based neutralization assays were abstracted.

Assessment of study reliability

We systematically assessed the reliability of included studies using
a tool we previously developed tailored for studies reporting post-
vaccination neutralizing antibody responses. The tool assesses
reporting quality (e.g., methodological detail, description of
relevant clinical data, etc.), overall strength of the data, and
standardization measures using a standardized set of criteria and
metrics. Each aspect is rated with an output (no, low, medium,
high, or unclear risk of unreliability), resulting in an overall score
for each study.
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Average declines in GMTs were estimated stratified by dose
(primary, first booster), prior infection status (naive vs hybrid-
immune), and strain (Index vs. Omicron BA.1). Primary vaccination
was defined as one dose of Ad26.CoV2.S vaccine or two doses of
any other included vaccine. Booster vaccination was defined as
one dose of any COVID-19 vaccine after any primary series
vaccination. Hybrid-immune cohorts included convalescent parti-
cipants who had an infection prior to the last dose.

The natural log of neutralization antibody response GMT
(logGMT) was calculated for all available time points post final
dose. If not provided, GMT was calculated using raw data when
available or abstracted from high-resolution figures. If the
standard deviation (SD) corresponding to each logGMT was not
provided, it was derived from confidence intervals (Cls); if no Cls
were provided, within each of the five comparison groups, SD was
imputed by calculating the median SD among other observations
with SDs reported.

The average change in logGMT was estimated using a linear
mixed effects model for the repeated measures within each
comparison group (PROC MIXED; SAS 9.4). The standard errors
calculated from SDs, and sample sizes abstracted from the studies
were squared to produce estimates of residual variances for
inverse weighting in the linear mixed effects model. The logGMT
was regressed on months since vaccination; we evaluated non-
linearity by including a quadratic term for time, which was not
statistically significant in any model (all p>0.15). Models were
adjusted for vaccine platform. Difference in degree of waning by
dose, prior infection status, strain, or vaccine platform was
assessed using an interaction term with time in models, adjusting
for other covariates. Confidence interval bands for average
logGMT over time in plots were estimated by re-defining the
intercept in the model by centering the time variable monthly
from 1 to 6 months. Results are presented as GMTs by
exponentiating model outputs. Statistical significance was defined
as p < 0.05; adjustments for multiple comparisons were not made.

Reporting summary

Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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