{: SCISPACE

formerly Typeset

@ Open access - Posted Content « DOI:10.1101/2021.10.25.21265500
Third doses of COVID-19 vaccines reduce infection and transmission of SARS-CoV-2
and could prevent future surges in some populations — Source link [

Billy J. Gardner, A. Marm Kilpatrick

Institutions: University of California, Berkeley

Published on: 26 Oct 2021 - medRxiv (Cold Spring Harbor Laboratory Press)

Topics: Vaccination

Related papers:

« Hybrid immunity versus vaccine-induced immunity against SARS CoV2 in Patients with Autoimmune Rheumatic
Diseases

« Willingness to Receive the Booster COVID-19 Vaccine Dose in Poland
« SARS-Cov-2 Infection versus Vaccine-Induced Immunity among Veterans
« Comparing SARS-CoV-2 natural immunity to vaccine-induced immunity: reinfections versus breakthrough infections

» Previous COVID-19 infection and antibody levels after vaccination

Share thispaper: @ ¥ M &

View more about this paper here: https:/typeset.io/papers/third-doses-of-covid-19-vaccines-reduce-infection-and-
6chggeycpi


https://typeset.io/
https://www.doi.org/10.1101/2021.10.25.21265500
https://typeset.io/papers/third-doses-of-covid-19-vaccines-reduce-infection-and-6chggeycpi
https://typeset.io/authors/billy-j-gardner-3h434qogki
https://typeset.io/authors/a-marm-kilpatrick-19qia3djkl
https://typeset.io/institutions/university-of-california-berkeley-24veh4gb
https://typeset.io/journals/medrxiv-3o5ewbzz
https://typeset.io/topics/vaccination-j0bq1nfo
https://typeset.io/papers/hybrid-immunity-versus-vaccine-induced-immunity-against-sars-1ytelhxgk9
https://typeset.io/papers/willingness-to-receive-the-booster-covid-19-vaccine-dose-in-3rnewkdnus
https://typeset.io/papers/sars-cov-2-infection-versus-vaccine-induced-immunity-among-r33qzawj3o
https://typeset.io/papers/comparing-sars-cov-2-natural-immunity-to-vaccine-induced-oxbukmqupy
https://typeset.io/papers/previous-covid-19-infection-and-antibody-levels-after-kgfsx5pskg
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/third-doses-of-covid-19-vaccines-reduce-infection-and-6chggeycpi
https://twitter.com/intent/tweet?text=Third%20doses%20of%20COVID-19%20vaccines%20reduce%20infection%20and%20transmission%20of%20SARS-CoV-2%20and%20could%20prevent%20future%20surges%20in%20some%20populations&url=https://typeset.io/papers/third-doses-of-covid-19-vaccines-reduce-infection-and-6chggeycpi
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/third-doses-of-covid-19-vaccines-reduce-infection-and-6chggeycpi
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/third-doses-of-covid-19-vaccines-reduce-infection-and-6chggeycpi
https://typeset.io/papers/third-doses-of-covid-19-vaccines-reduce-infection-and-6chggeycpi

medRxiv preprint doi: https://doi.org/10.1101/2021.10.25.21265500; this version posted October 26, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Third doses of COVID-19 vaccines reduce infection and transmission of SARS-CoV-2 and
could prevent future surges in some populations

Billy J. Gardner, A. Marm Kilpatrick*

Department of Ecology and Evolutionary Biology, University of California, Santa Cruz,
California, USA

*akilpatr@ucsc.edu

NOTE: This preprint reports new research that has not been certified by peer review and should not be used to guide clinical practice.


https://doi.org/10.1101/2021.10.25.21265500
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2021.10.25.21265500; this version posted October 26, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Summary

Background Vaccines have greatly reduced the impact of COVID-19 globally. Unfortunately,
evidence indicates that immunity wanes following vaccination, especially with the Delta variant
(B.1.617.2). Protection against severe disease and death remain high, but protection against
milder disease and infection have dropped significantly. A third “booster” dose of two-dose
vaccines has been approved in several countries to individuals at higher risk of severe disease to
protect those individuals, but the benefit to boosting immunity in younger healthy individuals
and the effects on transmission are less clear.

Methods Here we use relationships between neutralizing antibody titers and vaccine protection
against infection and transmission, combined with data on waning and boosting of neutralizing
antibody titers to examine the impact of a third dose of the Pfizer vaccine on infection and
transmission and its impact on the pathogen effective reproductive number R:.

Findings Eight months of waning reduced protection of the Pfizer vaccine against all infections
from 80.0% (95% CI: 77% to 83%) to 60.4% (95% CI: 53% to 67%); a third dose (which
increased neutralizing antibody titers 25.9- fold relative to levels after 8 months of waning)
increased protection to 87.2% (95% CI: 83% to 91%). Increased protection against infection and
transmission from third doses reduced Rt by 21% to 66% depending on vaccine coverage and
previous infection and reduced R« below 1 when vaccination coverage was high or contact rates
were well below pre-pandemic levels.

Interpretation A third dose of the Pfizer vaccine could reduce transmission of SARS-CoV-2,
which would reduce infection in unvaccinated individuals and breakthrough infections in
vaccinated individuals. While vaccination of unvaccinated individuals, especially in developing
countries, would be more effective for reducing disease than providing a third dose to vaccinated
individuals, the benefit of a third dose in reducing transmission is sizeable and increases with
vaccine coverage and contact rates among individuals.

Funding California Department of Health, National Science Foundation


https://doi.org/10.1101/2021.10.25.21265500
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2021.10.25.21265500; this version posted October 26, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Introduction

The emergence of the Delta variant (B.1.617.2) of SARS-CoV-2 has caused a surge of infections
globally, even in populations with high vaccination coverage [1]. This is due, in part, to the much
higher infectiousness of this virus variant [2], moderate immune evasion [3-5], and, increasingly,
waning vaccine immunity, based on both levels of neutralizing antibodies [6-9] and studies of
vaccine effectiveness [10-12]. Several countries have recently offered third doses to individuals
at higher risk of severe disease [13] because protection for these individuals, even against severe
disease, has waned the most [10]. However, protection against severe disease for heathy
individuals has waned far less and the need and benefit of providing third doses for young
healthy individuals has been questioned [14]. Many populations, especially those in Africa, have
received very few vaccine doses and many have argued that vaccinating these populations would
provide a larger public health benefit than providing third doses to already vaccinated individuals
[14] and for reducing the evolutionary potential of the virus [15].

While the direct benefit of providing third doses to elderly and other at-risk individuals is now
clear [16], the indirect benefit for reducing transmission of SARS-CoV-2 is poorly understood.
Most studies examining waning of vaccine effectiveness over time have focused on protection
against symptomatic disease [10-12]. The impact of waning immunity and boosting on vaccine
protection against all infections (symptomatic and asymptomatic) and against virus transmission
has been mentioned [14], but not quantified, despite its potential importance for reducing
infection in unvaccinated individuals and breakthrough infections in vaccinated individuals.

Here we extend a previous approach that showed strong correlations between a measure of
immunity, neutralizing antibody titers and vaccine protection [17]. This study examined
protection against symptomatic disease against non-Delta variants using data from randomized
control trials [17]. We extend this approach by mapping neutralizing antibody titers to protection
against both symptomatic disease and all infections for both Delta and non-Delta variants. We
then use measurements of waning neutralizing antibody titers and boosting with a third dose to
estimate the impact on protection against all infections, and the reproductive number of the virus,
Rt which quantifies the average number of cases that each case goes on to infect.

Methods

Protection against infection, disease, and transmission

We collected data from the literature (including ongoing systematic reviews: [18, 19]) on
protective efficacy and effectiveness of vaccines and convalescent sera for SARS-CoV-2 and
categorized each study by variant type (Delta and non-Delta; estimates of protection against the
Beta variant were excluded) and endpoint (symptomatic infections and all infections) (Table
S1). We excluded studies of protection where the endpoint was “any infection” because these
studies do not capture all infections; they include an unknown fraction of the asymptomatic
infections. We also obtained a lower bound of the estimate of vaccine effectiveness against
transmission (given infection) for Astrazeneca (ChAdOx1) and Pfizer-BioNTech (BNT162b2)
for the Delta variant [20]. This study quantified secondary attack rates using qPCR tests of
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contacts that were symptomatic or tested positive using lateral flow tests [20], but likely missed
some asymptomatic or mildly symptomatic infected contacts, and thus provides a lower estimate
of protection. We gathered neutralizing antibody titer data for each vaccine and ratios of titers to
convalescent sera from [17]. Finally, we estimated the ratio of neutralizing antibody titers to the
Delta variant relative to earlier variants (Table S2), and used these to adjust neutralizing antibody
titer ratio estimates in analyses with vaccine effectiveness or protection from previous infection
against the Delta variant (Table S1).

Estimating neutralizing antibody titers after waning and third doses

We obtained data on neutralizing antibody titers following vaccination for the Pfizer-BioNTech
vaccine at several time points between 1 month after the second dose and 8 months post second
dose, as well as 1 month after a third dose [9, 21]. One of these studies [21] reported data for two
age groups separately (18-55 and 65+), so we weighted these estimates by the fraction of
individuals in the age groups 18-60 and 60+ in the United States (71.0% and 29.0%), which is
similar to the age distribution in the European Union [22]. We fit these data to a 3-parameter
exponentially decaying function (y = coe®! "'+c2) to estimate the neutralizing antibody titer on any
day, t, post vaccination (Figure S1). We also fit similar relationships to data on neutralizing
antibody titers over time for the Moderna vaccine [8] (Figure S2), and following infection with
SARS-CoV-2 [6] (starting when titers peak at 25 days post symptom onset [23]) (Figure S3).
Rates of waning for hybrid immunity following infection and vaccination with Pfizer-BioNtech
and Moderna vaccines combined were statistically similar to rates of waning following
vaccination with Pfizer-BioNtech [7], so we used the same relative rates of waning as for Pfizer-
BioNtech (Figure S1) but adjusted titers for the much higher initial level in those with hybrid
immunity [7]. We assumed that boosting individuals that had been infected and then vaccinated
resulted in similar neutralizing antibody titers as people that had been vaccinated but not
previously infected, because after 6 months of waning post-vaccination, these individuals with
hybrid immunity had neutralizing antibody titers that had fallen below levels for newly
vaccinated individuals [7].

Linking protection against infection and disease with neutralizing antibody titers

We modeled the relationship between protection from SARS-CoV-2 infections or disease and the
ratio of neutralizing antibody titers relative to convalescent sera using logistic regression,
following a previous approach [17]. In this analysis each data point is a single study of protection
against SARS-CoV-2 infection or disease for a single virus variant. We included an interaction
between neutralizing antibody titers and variant-endpoint to estimate separate relationships for
each of four variant-endpoints (pairwise combinations of Delta and non-Delta, symptomatic
disease, and all infections). We used the separate relationship for the Delta — all infections
endpoint for all analyses described below.

The raw data for each estimate of protection (vaccine efficacy, vaccine effectiveness, or
protection from previous infection) were unavailable, so we determined the effective sample
sizes for a sample from a binomial distribution that matched the confidence intervals of the
protection estimates (Table S1). We used the fitted model (Figure 1) to estimate protection
against all infections for the Delta variant from Pfizer - BioNTech vaccination using neutralizing
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antibody titers measured after eight months of waning and titers measured after a 3 dose [21].
We performed a similar analysis using the limited data available to link neutralizing antibody
titers to the minimum protection against transmission given infection [20] (Figure S4).

The impact of a third dose on the reproductive number, R:

We used patterns of waning and boosting of neutralizing antibody titers and the relationships
between neutralizing antibody titers and protection against all infections and transmission to
estimate the impact of providing a third dose of the Pfizer — BioNTech vaccine to increasing
fractions of vaccinated individuals on the reproductive number of SARS-CoV-2, R:. The
effective reproductive number, Ry, is the average number of secondary cases that each case
infects. It is equal to the basic reproductive number for a fully susceptible population, Ro,
multiplied by the fraction of the population that is still susceptible. We split the population based
on vaccination and infection to determine the effective fraction susceptible: fraction previously
infected and unvaccinated, fpu, fraction previously infected and vaccinated, fpv; fraction
unvaccinated, fu, fraction vaccinated (with two doses of either Pfizer-BioNtech or Moderna), fv,
and fraction boosted with a third dose, s (fu+fv+fs=1). We estimated the susceptibility of each
group using estimates of the protection against infection, VEi, (Figure 1) and the minimum
reduced probability of transmitting given infection, VEr, (Figure S4) for each group using the
subscripts above, except VEm and VErH which are estimates of protection from hybrid immunity
from infection and vaccination. We used these estimates of protection to calculate R: for five
groups of people : fully susceptible unvaccinated (1-fp)fu, previously infected unvaccinated fpfu,
previously uninfected vaccinated (1-fp)fv, previously infected vaccinated frfv, and previously
uninfected vaccinated and boosted with a third dose (1-fp)fs:

Re= Ro [ (1-fpu)fu + frufu(1-VEwr)(1-VETp)+(1-fpv)fv(1-VE)(1-VETv)+ (fevfv)(1-VEm)(1-
VEth)+(f8)(1-VEB)(1-VETB) ]

We examined the effect of boosting vaccinated individuals with a third dose by considering five
scenarios that differ in contact rates/Ro (Ro = 3.7 or 7 reflecting mid-summer 2021 levels in the
USA and pre-pandemic behavior, respectively), vaccination coverage (56% similar to USA in
mid-October [22]; 60%, 75% and 100%), and the fraction of the population previously infected
(0.5%, 28.2% and 56.4%, with the last value being similar to estimates of the fraction of the
USA population that had been infected by mid-October, based on 44 million cases and an
infection to case ratio of 4.2 [24]). The scenarios and rationale were (Table S3):

1) RO=3.7,56% vaccinated, 56.4% previously infected: approximates USA population in
mid-October with contact rates similar to summer 2021, as might occur in winter 2021

2) RO =3.7,60% vaccinated, 0.5% previously infected: approximates countries/populations
that effectively suppressed transmission and haven’t yet reached high vaccination levels
and have somewhat reduced contact rates (e.g. New Zealand, Australia, Hong Kong, etc.)

3) RO =3.7,75% vaccinated, 28.2% previously infected: approximates some populations
with higher vaccination and lower fraction infected than scenario (1) (e.g. California)

4) RO =7, 100% vaccinated, 56.4% previously infected: a hypothetical optimistic scenario
to compare to scenario (1) to determine if vaccination with or without boosting could
limit transmission if behavior returns to pre-pandemic levels
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5) RO=7,56% vaccinated, 56.4% previously infected: a more realistic optimistic scenario
to compare to scenario (1) to determine if boosting could limit transmission if behavior
returns to pre-pandemic levels

For all scenarios we estimated the waning of vaccine-derived immunity as of October 15, 2021
using the timing of vaccination in the USA [25]; Figure S5) and patterns of waning neutralizing
antibody titers over time for Pfizer-BioNtech (Figure S1) and Moderna vaccines (Figure S2) or
hybrid immunity (Figure S1 with a higher initial starting value — see above). We estimated the
waning of infection-derived immunity as of October 15, 2021 using the timing of deaths in the
USA [22] shifted by 24 days [26] (Figure S6) and the rate of waning of infection-derived
immunity (Figure S3). We estimated the number of infections in vaccinated and unvaccinated
people using the ratios of cases in these two groups over time [27] (Figure S7). We used these
data on the timing of vaccination and infection and rates of antibody waning to determine the
protection against infection and transmission as of October 15, 2021 (Table S4). We calculated
95% Cls for predicted values of R: that incorporated uncertainty in the relationships between
neutralizing antibody titers and protection against infection and transmission (Figures 1 and S4).
We drew 10,000 samples from a uniform distribution c(0,1) and used these as quantiles for a
normal distribution to generate draws (on a logit scale) for values of protection VE for each
value of neutralizing antibody titer adjusted for waning for the fraction of the population that was
vaccinated or infected at each day in the past. This approach essentially drew a single line from
the 95% CI of lines in Figure 1 and used that for all levels of waning. We then inverse-logit
transformed these values of VE and used them to generate 10,000 values of R: for that scenario.
We took the 2.5% and 97.5% quantiles to estimate the 95% confidence intervals (ClIs) for R for
each point of each scenario.

Results

There were strong relationships between the ratio of neutralizing antibody titers to convalescent
sera and protection against both symptomatic infection and all infections (Figure 1; Table S3).
Protection was highest for symptomatic disease for non-Delta variants and lower for protection
against all infections for both non-Delta and Delta variants (Figure 1; Table S3).

Neutralizing antibodies generated by vaccination with the Pfizer-BioNtech vaccine wane 8.06-
fold after 8 months (Figure 1), with most of this waning occurring in the first 3 months (Figure
S1). The strong relationship between protection and neutralizing antibody titers (Figure 1; Table
S3) suggests that this waning of neutralizing antibody titers will reduce protection against all
infections for the Delta variant from 80.0% (95% CI: 77.0% to 83.0%) to 60.4% (95% CI: 53.3%
to 67.2%) (Figure 1, red line, compare points labelled “Pfizer 1 week” to “Pfizer 8 mo waning”).
Similarly, this waning reduced the minimum protection against transmission given infection
from 38% (95% CI: 28% to 47%) to 10.5% (95% CI: 6.6% to 16.4%) (Figure S4). A third dose
of the Pfizer-BioNtech vaccine boosted antibody titers 25.9-fold relative to levels after 8 months
of waning, or 25.9/8.06 = 3.22 higher than one week after dose 2 [21]. The fitted relationship
(Figure 1; Table S3) suggests a third dose of the Pfizer-BioNtech vaccine would increase
protection against infection from an eight-month waned value of 60.4% (95% CI: 53.3% to
67.2%) to a boosted value of 87.2% (95% CI: 82.8% to 90.7%) and would boost minimum
protection against transmission given infection from 10.5% to 60.7% (95% Cl: 42.3% to 76.5%).
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Fig. 1. Protection against symptomatic infections or all infections plotted against the ratio
of neutralizing antibody titers relative to convalescent sera. Each point represents a single
estimate of vaccine efficacy for a single vaccine & virus variant (from randomized control
trials) or vaccine effectiveness (from observational studies) or an estimate of protection
from previous infection from observational studies. Colors show the SARS-CoV-2 variant
(Delta or non-Delta) and endpoint of the study (symptomatic infections or all infections).
Closed symbols and 95% CIs show aggregated data for each vaccine-variant-endpoint.
Open symbols show estimates from individual studies if there were more than one estimate
for a vaccine-variant-endpoint. Points have been jittered along the x-axis to facilitate
presentation; all points for the same vaccine-variant have the same x-value. Lines show a
fitted logistic regression with protection as the response and an interaction between and
neutralizing antibody ratio and variant-endpoint as predictors (Table S3). The lower panel
shows relationships for the Delta variant, with all points shifted 2.88-fold along the x-axis
to reflect the lower neutralizing antibodies observed with this variant across studies (Table
S2). Although the fitted lines for symptomatic and infection endpoints cross at very low
values on the x-axis, there is little data in this range of neutralizing antibody ratios.

Boosting immunity, by providing a third dose of the Pfizer-BioNtech to all doubly vaccinated
individuals in the USA (56% of the total population), could reduce the reproductive number R«
by 22% from 1.26 to 0.98 and stop a surge (Figure 2, red line), assuming current levels of
vaccination coverage (56%), estimated immunity from previous infection (56.4%), and behavior
consistent with the summer Delta surge (Ro=3.7) (see Methods for further details).
Unfortunately, in places where vaccination is slightly higher (60%), but previous infection is
much lower, (0.5%; e.g. New Zealand), boosting with a third dose would be unable to prevent a
surge with the same contact rates (Figure 2, grey line). Conversely, in populations where
vaccination is higher (75%) and previously infection is lower (28.2%) (e.g. California), boosting
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at least 45% of the population (60% of those vaccinated) could push Rt below 1 (Figure 2 blue
line).

If contact rates return to pre-pandemic levels (Ro=7), with mid-October USA vaccine coverage
(56%) and infection history (56.4%), then boosting could reduce R¢ by a larger absolute amount
(but the same relative amount, 21%) than with lower contact rates, from 2.37 to 1.85 (Figure 2,
green line) but cases would still rise rapidly because 1.85 is still far above 1. Using the same
number of 3™ doses to doubly vaccinate unvaccinated individuals would be more impactful, and
could reduce R: to 1.49 (Figure 2, compare right end of green line to black point labelled 84%
vaccinated on left side). With contact rates return at pre-pandemic levels (Ro=7), then even if a
population had 100% vaccination coverage and 56.4% previously infected, waning of vaccine
and infection-derived immunity would cause cases to continue to grow without boosting (Figure
2, left end of yellow line: Ri=1.17 which is great than 1; without waning R would be 0.74, well
below 1). However, boosting >21% of a fully (100%) vaccinated population could prevent a
surge in cases even with pre-pandemic behavior (Figure 1, yellow line).

2.5 Scenario
— R0=3.7, 56% vacc., 56.4% prev. inf.
R0=3.7; 60% vacc., 0.5% prev. inf,
e — RO0=3.7; 75% vacc., 28.2% prev. inf.
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3
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Figure 2. Relationship between third dose coverage and the pathogen effective reproductive
number, R;. Lines and 95% CIs show the estimated reproductive number for five scenarios
(see Methods). The single black point shows the impact of using all third doses from the
right end of the green line to doubly-vaccinate unvaccinated individuals, which would
bring the vaccination coverage from 56 % to 84 %. Protection from vaccination and
previous infection for all lines reflect waning, as described in the text (Table S3). The
dashed horizontal line shows the threshold reproductive number R = 1, separating a
growing from a shrinking epidemic.
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Discussion

Vaccines have greatly reduced the impact of COVID-19 globally, but waning immunity and the
emergence of the Delta variant have led to surges in cases despite high vaccination coverage in
many populations [1, 6-9]. This has led to many countries recommending third doses to boost
immunity to protect at-risk individuals [13]. However, the impact of third doses on transmission
of SARS-CoV-2 has received far less attention [14].

We found that a third dose could substantially reduce transmission, especially in highly
vaccinated populations and the effect was larger in populations with lower acquired immunity
from infection and when contact rates (which scale Ro) were higher. We showed that neutralizing
antibodies are strongly correlated not just with protection against symptomatic disease [3, 17],
but also with protection against all infection and transmission given infection. This allowed us to
estimate the effect of waning and boosting on transmission, and the pathogen reproductive
number R:. Boosting immunity by providing a third dose to individuals vaccinated more than
three months ago (when most waning occurs: Figure S1, S2) could reduce transmission
substantially and could prevent a winter surge in many populations where vaccination coverage
is high, as long as contact rates and behavior don’t fully return to pre-pandemic levels. In
contrast, with pre-pandemic contact rates, only very high levels of vaccine coverage, and a
combination of a moderate level of previous infection and boosting could prevent a surge.

We also show that despite the substantial potential impact of boosting on transmission, deploying
vaccine doses to unvaccinated individuals has a larger effect on transmission (Figure 2, black
circle versus the right end of the green line). In addition, the direct effect of vaccinating
unvaccinated people is much larger than the benefit of providing a third dose for severe disease
and death since protection against severe disease has barely waned except in older or at-risk
individuals [10]. Unfortunately, vaccine hesitancy among those not vaccinated is quite high in
many populations (e.g., USA, Russia, etc.) and many people are unwilling to get vaccinated
despite strong incentives, often due to misinformation [28-30], making it difficult to increase
vaccine coverage in some populations. In contrast, there other populations where vaccine
coverage is very low, primarily due to poor availability, especially in Africa [31]. Clearly,
limited vaccine doses would be most effectively used in these populations and should be
deployed there until supplies are no longer limiting.

Our study has several limitations. First and foremost is the reliance on neutralizing antibody
titers as a predictor of protection against infection and transmission. Although the analyses here,
and elsewhere suggest a strong relationship between neutralizing antibody titers and protection at
the population level [3, 17] and individual level [32], other parts of the immune system, such as
T-cells, also play key roles in protection from infection and disease. Second, our analyses use
population averages for estimates of protection against infection and transmission and ignore
age-specific variation among individuals (as well as other factors). Third, the data available to
estimate vaccine protection against all infections was very limited and we are unaware of any
studies that have estimated the full impact of vaccination against transmission given infection
from the Delta variant. Finally, we assume well-mixed populations in calculating reductions in
the reproductive number R:. Clearly a targeted vaccination approach would be more effective
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than that outlined here if individuals that were highly connected to at-risk individuals could be
targeted for third doses [33]. Finally, we focused on third dose boosters using the Pfizer vaccine,
but third doses for other vaccines, including heterologous boosting [34], have also recently been
approved in the USA and elsewhere.

In summary, many countries have already begun to deploy third doses to protect at-risk
individuals, and some countries (e.g. Israel, [16]) have even deployed third doses to the general
population to reduce transmission. However, uptake in most countries has been low, criteria for
third doses are still vague [13], and only moderate effort has been deployed to deploy third doses
widely. Our results suggest that widespread boosting of the general population could
substantially reduce transmission. Polls in some countries suggest a large fraction of the
population would be willing to get a third dose (e.g., 76% of Americans; [35]). If vaccine
supplies can be increased to provide initial doses to populations with very low coverage, then
offering third doses to the general public could play a significant role in reducing transmission.
This would directly protect boosted individuals, indirectly protect unvaccinated and vaccinated
individuals, and reduce the possibilities for viral evolution [15].
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Supplemental Tables and Figures

Table S1. Data and studies used to estimate the relationship between protection (VE)
against infection, disease and transmission endpoints and neutralizing antibody titer (NAT)
ratios relative to convalescent sera (Figure 1). A single value of the neutralizing antibody
titer ratio was used for each vaccine and variant; values for the Delta variant are 2.88-fold
lower than for non-Delta variants (Table S2). Nt are the effective sample sizes used for the
logistic regression (Table S3).

Study | Vaccine or Variant Endpoint NAT Ratio | VE (95% CI) Nett
Convalescent

[12] | Moderna non-Delta | Symptomatic 4.13 1 0.99 (0.92-1.00) 70
[36] | Moderna non-Delta | Symptomatic 4.1310.94 (0.86-0.97) | 112
[36] | Pfizer non-Delta | Symptomatic 2.37 1 091 (0.88-0.93) | 550
[37] | Pfizer non-Delta | Symptomatic 2.37 1 0.94 (0.87-0.98) 96
[38] | Astrazeneca | non-Delta | Symptomatic 0.54 | 0.75 (0.42-0.89) 16
[20] | Astrazeneca | Delta Transmission 0.19 1 0.16 (0.12-0.21) | 243
[20] | Pfizer Delta Transmission 0.82 | 0.38 (0.28-0.47) | 109
[39] | Convalescent | non-Delta | All infections 11]0.83(0.76-0.87) | 168
[39] | Pfizer non-Delta | All infections 2.37 | 0.86 (0.76-0.97) 49
[17] | Astrazeneca | non-Delta | Symptomatic 0.54 | 0.62 (0.41-0.76) 34
[17] | Convalescent | non-Delta | Symptomatic 1 ]0.89 (0.66-0.98) 18
[17] CoronaVac non-Delta | Symptomatic 0.17 | 0.50 (0.36-0.62) 60
[17] |1 non-Delta | Symptomatic 0.47 | 0.67 (0.59-0.74) | 147
[17] Moderna non-Delta | Symptomatic 4.13 1 0.94 (0.89-0.97) | 150
[17] | Novavac non-Delta | Symptomatic 3.97 1 0.96 (0.68-0.99) 25
[17] Pfizer non-Delta | Symptomatic 2.37 1 0.95 (0.90-0.98) | 200
[17] | Sputnik non-Delta | Symptomatic 1.41 1 0.92 (0.85-0.95) | 140
[40] Astrazeneca | Delta Symptomatic 0.19 | 0.67 (0.61-0.72) | 330
[40] | Astrazeneca | non-Delta | Symptomatic 0.54 1 0.75 (0.68-0.79) | 240
[40] | Pfizer Delta Symptomatic 0.82 | 0.88 (0.85-0.90) | 750
[40] | Pfizer non-Delta | Symptomatic 2.37 1 0.94 (0.92-0.95) | 720
[41] Pfizer non-Delta | Symptomatic 2.37 1 0.82(0.73-0.88) | 110
[42] Convalescent | non-Delta | All infections 1] 0.97 (0.81-1.00) 25
[43] | Astrazeneca | non-Delta | Symptomatic 0.54 | 0.91 (0.62-0.98) 22
[43] Astrazeneca | Delta Symptomatic 0.19 | 0.87 (0.69-0.95) 32
[43] | Moderna non-Delta | Symptomatic 4.1310.92 (0.88-0.95) | 225
[43] | Moderna non-Delta | Symptomatic 4.13 |1 0.96 (0.85-0.99) 50
[43] | Moderna Delta Symptomatic 1.44 1 0.95 (0.91-0.97) | 220
[43] | Pfizer non-Delta | Symptomatic 2.37 1 0.89 (0.86-0.91) | 1440
[43] | Pfizer Delta Symptomatic 0.82 1 0.92 (0.90-0.94) | 600
[43] | Pfizer non-Delta | Symptomatic 2.37 10.93 (0.88-0.95) | 210
[44] | Astrazeneca | Delta All infections 0.19 | 0.67 (0.62-0.71) | 420
[44] Astrazeneca | non-Delta | All infections 0.54 | 0.79 (0.56-0.90) 25
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[44] Convalescent | Delta All infections 0.3510.72 (0.58-0.82) 53
[44] | Convalescent | non-Delta | All infections 11]0.60 (0.50-0.68) | 125
[44] Pfizer Delta All infections 0.82 |1 0.80 (0.77-0.83) | 780
[44] Pfizer non-Delta | All infections 2.37 1 0.78 (0.68-0.84) | 100
[45] | Astrazeneca | non-Delta | All infections 0.54 | 0.79 (0.65-0.88) 50
[45] | Pfizer non-Delta | All infections 2.37 1 0.80 (0.73-0.85) | 185
[46] | Convalescent | Delta Symptomatic 0.35 1 0.93 (0.87-0.96) | 169
[47] | Moderna Delta Symptomatic 1.44 1 0.86 (0.71-0.94) 42
[47] | Pfizer Delta Symptomatic 0.82 ] 0.56 (0.41-0.67) 64
[48] | Astrazeneca | non-Delta | All infections 0.54 ] 0.56 (0.41-0.67) 63
[49] | Astrazeneca | non-Delta | Symptomatic 0.54 1 0.78 (0.70-0.84) | 150
[49] | Pfizer non-Delta | Symptomatic 2.37 1 0.93 (0.86-0.97) | 100

Table S2. Ratios of neutralizing antibody titers to Delta or non-Delta variants of SARS-
CoV-2 from vaccination or infection SARS-CoV-2.

Reference non-Delta variant Sample type

]

|—1r—|r—1|—1r—||—1|—1r—1|—1r—|r—1r—|r—||—1r—|
L L L e O O L L e D

e b b bd b

D614G
D614G
Wild Type
Wuhan
Wuhan
Wild Type
Wild Type
Wild Type
Wild Type
Wild Type
Wild Type
D614G
D614G
D614G
D614G

Pfizer-BioNtech
Astrazeneca
Pfizer-BioNtech
Pfizer-BioNtech
Astrazeneca
Pfizer-BioNtech
Astrazeneca
Pfizer-BioNtech
Astrazeneca
Pfizer-BioNtech
Astrazeneca
Pfizer-BioNtech
Astrazeneca
Convalescent
Convalescent
Estimated ratio*

Ratio non-Delta to Delta

4.5
4.5
1.28
11.30
4.01
2.1
2.1
5.8
8.0
1.18
1.22
2.0
5.0
2.1
2.1
2.88

*There was no significant difference in the ratios among sample types (either vaccines or

convalescent sera): mixed effects model of log-transformed ratio with Sample Type as a fixed

effect and study as a random effect; likelihood ratio y*(df=2) = 2.6; P = 0.26.
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Table S3. Logistic regression analysis of protection (vaccine efficacy or effectiveness or
protection from previous infection) with the log-transformed ratio of neutralizing antibody
titers (NABT-Ratio) relative to convalescent sera, with an interaction with four groups for
variant (Delta and non-Delta) and endpoint (symptomatic cases or all infections) as shown
in Figure 1. Delta — infections was the reference level.

Predictor Estimate | SE Z-value | P-value
Intercept 1.47 | 0.10 14.49 | <0.0001
log2(NABT-Ratio) 0.32 | 0.064 4.97 | <0.0001
non-Delta - symptomatic 0.10 | 0.11 0.87 0.39
non-Delta - infection -041| 0.13 -3.00 | 0.0027
Delta - symptomatic 0.77| 0.13 5.79 | <0.0001
log2(NABT-Ratio):non-Delta - symptomatic 0.27 | 0.076 3.59 | 0.00034
log2(NABT-Ratio):non-Delta - infection -0.035 | 0.12 -0.29 0.77
log2(NABT-Ratio):Delta - symptomatic 0.22 | 0.089 2.50 ] 0.012

Table S4. Fraction of the population in each group for the five scenarios in Figure 2, using
the case ratios in vaccinated and unvaccinated individuals and the timing of vaccinations
and infections derived from COVID-19 deaths and vaccinations as of October 15, 2021 in
the USA (Figures S5-S7).

Scenario Fraction Fraction Fraction Fraction fully
vaccinated and | vaccinated and unvaccinated and | susceptible
infected not infected infected ((1-feu)*fu)
(fev*tv) ((1-fpv)*fv) (fru*fu)
R0=3.7; 56% 0.26 0.30 0.30 0.14
vacc., 56.4%
prev. inf.
R0=3.7; 60% 0.0012 0.60 0.004 0.40
vacc., 0.52%
prev. inf.
R0=3.7; 75% 0.18 0.57 0.11 0.14
vacc., 28.2%
prev. inf
R0O=7; 100% 0.56 0.44 0 0
vacc., 56.4%
prev. inf.
RO=7; 56% 0.26 0.30 0.30 0.14
vacc., 56.4%
prev. inf,
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Table S5. Estimated protection (and 95% CI) against infection (VE;) and transmission
(VET) given waning of vaccine and infection derived immunity, as of October 15, 2021 in
the USA, using case ratios in vaccinated and unvaccinated individuals and the timing of
vaccinations and infections derived from COVID-19 deaths and vaccinations.

Endpoint Estimate with waning (95% CI)
VErr (infected and unvaccinated) 0.627 (0.565-0.685)
VErp (infected and unvaccinated) 0.125 (0.086-0.181)
VE1v (vaccinated and uninfected) 0.675 (0.637-0.712)
VErv (vaccinated and uninfected) 0.186 (0.152-0.226)
VEmn (vaccinated and infected) 0.827 (0.792-0.857)
VETH (vaccinated and infected) 0.464 (0.341-0.583)
VEiB (boosted with third dose) 0.873 (0.828-0.907)
VETB (boosted with third dose) 0.608 (0.428-0.764)
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Fig S1. Decay in neutralizing antibody titers following vaccination with Pfizer-BioNtech
based on two studies [9, 21]. Titers from the two studies were scaled to the maximum value
observed in each study to account for differences among studies in methods used to
measure antibody titers.
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Fig S2. Decay in neutralizing antibody titers following vaccination with the Moderna
vaccine [8]. Titers were scaled to the maximum value observed.
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Figure S3. Decay in neutralizing antibody titers following infection with SARS-CoV-2 over
time [6]. Titers are scaled relative to the peak shortly after infection.
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Figure S4. Minimum protection against transmission given infection plotted against the
ratio of neutralizing antibody titers relative to convalescent sera from infection with SARS-
CoV-2 for Astrazeneca (left filled triangle) and Pfizer (right filled triangle) [20]. Open
squares show the estimated protection with waning (left open square) and boosting (right
open square).
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Figure SS. Number of people fully vaccinated in the USA [25].
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Figure S6. COVID-19 cases, deaths, and infections inferred from deaths in the USA [22].
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Figure S7. Ratio of COVID-19 cases in unvaccinated individuals relative to vaccinated
individuals in the USA in 2021 [27].
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